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To participants of the International Conference on Computer Technologies
and Mathematical Modelling in Welding and Related Technologies
Kiev, June 2006

WELCOME ADDRESS
First of all, I would like to greet you at the E.O. Paton Electric Welding
Institute of the National Academy of Sciences of Ukraine – the major science
and technology centre of welding and related processes.
Current advancements in science, technology and manufacturing depend
to an increasing degree upon the application of high technologies, based on
extensive utilisation of computer engineering, mathematical modelling and advanced information technologies.
This equally applies to welding and related processes, where a great
interest has been seen for the last decades in application of computer facilities
at stages of research and development, manufacturing and operation of products.
International conferences focused on the above topics, which are held
regularly by TWI in Great Britain, the University of Austria in Graz-Seggau,
College of Judea and Samaria in Israel, and the E.O. Paton Electric Welding
Institute in Ukraine, attract attention of a large number of specialists from all
over the world. The Conference we are opening today is not an exception, as it
gathered scientists and specialists from 15 countries of four continents of the
Globe.
Issues we are to discuss can be somewhat conditionally divided into the
following areas:
• Fundamental research of complex physical phenomena accompanying
welding and related processes (surfacing, coating and special electrometallurgy),
where the application of modern mathematical models and numerical implementation methods allows obtaining a number of new results, which are important
for subsequent technological developments;
• Multi-variant design and development of rational technologies, based
on application of computation-information systems and computer facilities;
• Production control, monitoring of manufacturing operations, inspection
of quality of welded products, etc., where the required quality is ensured by
modern computer systems based on appropriate control feedbacks, models and
algorithms
• Prediction of safe service life of welded structures and products of
related technologies at different stages of operation, based on monitoring of real
service and loading conditions, as well as diagnostics of an actual state in terms
of defects and degradation of resistance of materials to different types of fracture.

These areas are covered to different extents in papers to be presented at
our Conference. I do hope the discussions will be fruitful, and will inspire you
for further creative work.
I sincerely wish you every success, great achievements, efficient cooperation and mutually beneficial contacts, as well as pleasant stay in our beautiful
Kiev.
Prof. Boris E. Paton

SESSION I
COMPUTER TECHNOLOGY
IN WELDING
AND MANUFACTURING

VISION SYSTEM
FOR MONITORING ARC WELDING PROCESSES
B.M. ABDULLAH1, J.S. SMITH1 and B. LUCAS2
1
University of Liverpool, UK
2
TWI Ltd., Cambridge, UK
This paper describes a vision-based approach for obtaining high quality images of the weld pool and the surrounding
area. The objective is to provide reliable real-time measurements of the molten pool width for use with a process
controller. The weld pool contains important information about the welding process, which can be used by the process
controller to adjust the welding parameters and regulate the weld pool width in order to allow for consistent welds.
To extract the information from the weld pool, a novel vision-based system is developed. The basis of the system is to
capture clear, stable and high quality images of the welding process for image analysis and processing. The extreme
intensity of the arc light makes it impossible to see through the arc to the weld pool. Therefore, for effective viewing
and in order to do any kind of image processing, the arc light intensity must be reduced or eliminated.

Extensive experimentations have shown that the geometry, i.e. the size and shape of the weld pool, contains sufficient information on the weld penetration
[1]. It is also know that the weld penetration is a
major determinant of the weld quality. Thus, the geometrical features of the weld pool should be sensed
and controlled [2]. The visual information that is
accessible in real-time will also enable a quick reaction
to various types of malfunctions. Figure 1 shows a
high quality image of a TIG welding process in argon
shielding gas [3].
The main difficulty encountered in vision-based
sensing of the weld pool geometry is the strong interference from the arc light across a wide spectrum.
Many attempts have been made in the past to find a
method of sensing weld penetration so that it can be
adequately controlled. The system developed by Kovacevic and Zhang is valued at $100,000 [4]. From
an industrial point of view, this is too expensive to
apply in industry, so other alternatives are to be investigated. The reduction in the cost of cameras and
illumination systems has allowed vision systems to be
increasingly used as sensors to extract information
about the weld pool. This information will be used
to control the system and modify the welding parameters to maintain the required weld quality and productivity.
Camera technology. CCD and CMOS imagers
have unique strengths and weaknesses that make them
appropriate to different applications. Neither is categorically superior to the other, although vendors selling only one technology often claim otherwise [5].
In recent years some new CMOS sensors have appeared, which have lowered the technological gap between the two technologies. CMOS cameras use arrays of photodiodes as the imaging sensor. These sensors can be accessed to give an output voltage proportional to the instantaneous illumination. Hence
there is no requirement for charge accumulation and
© B.M. ABDULLAH, J.S. SMITH and B. LUCAS, 2006

consequently these devices are not prone to blooming.
With the CMOS cameras the electronics are configured to give a logarithmic response to the illumination.
This allows a wider dynamic range to be viewed than
can be observed with CCD cameras [6]. The benefits
of a CCD sensor include better light sensitivity, better
colours and sharper image and low background noise.
Some drawbacks with the CCD technology include
more expensive to produce, more expensive and complex to incorporate and blooming and smear; when
there is a very bright object in the scene (e.g. welding
arcs), the CCD may bleed causing vertical stripes
below and above the object.
The CMOS technology is the standard technology
in which almost all chips are made, including memory
chips, microprocessors and more. This makes the technology much more affordable than the CCD. The
benefits of the CMOS sensor include lower cost, antiblooming, the ability to drain localized overexposure
without compromising the rest of the image in the
sensor. CMOS generally has natural blooming immunity. CCDs, on the other hand, require specific engineering to achieve this capability. Many CCDs that

Figure 1. Characteristic appearance of the AC TIG arc
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Planck’s law gives the intensity radiated by a blackbody as a function of frequency. Eq. 2 is Wien’s
displacement law, which is derived from Plank’s law
(Eq. 1):
ν3
2h
;
2
h
c e ν/(kT) —

(1)

2.898⋅10—3Km
hc
=
.
4.965kT
T

(2)

Bν(T) =

λ(Bλ) =

Figure 2. Quantum efficiency of a CMOS camera used

have been developed for consumer applications do,
but those developed for scientific applications generally do not. The benefits also include fast shuttering
speed, windowing and large dynamic range. The
CMOS electronics are configured to give a logarithmic
response rather than a linear response to the illumination [7]. Some drawbacks with CMOS technology
include appearance of fixed-pattern noise in low light
environments that can be seen as small dots or noisy
lines in the image and higher noise ratio than CCDs.
Quantum efficiency. Quantum efficiency indicates the efficiency of the conversion of photons in electron hole pairs and the ability to collect these pairs.
Typically the quantum efficiency is the ratio of the
impinging photons on a pixel to the number of collected electrons. Figure 2 shows the quantum efficiency of the CMOS camera used in this study. The
quantum efficiency of the pixel is equal to the quantum efficiency of the CMOS photodiode multiplied
by the fill factor of the pixel.
Optical emissions. Arc light emissions have the
potential as a welding information source. The emission varies with weld parameters; these parameters
include current, voltage, electrode diameter and type,
and shielding gas. Some researchers have applied spectra for weld monitors. In these studies, it was shown
that the emission spectra can be used to detect changes
in the welding arc. Other studies including this one
incorporated welding spectra to enhance the image
quality of the weld pool. Further studies investigated
the possibility of sensing welding behaviours based
on arc light [8]. In another research work, an arc
light sensor was used to monitor the droplet transfer
mode in GMAW [9]. Extensive research was also
made by Richardson and Edwards towards the feasibility of arc light sensing, such as investigating the
sensitivity and stability of arc light [10]. Similar work
was carried out by Pengjiu and Zhang [11].
The spectra can be roughly predicted by two ways
one is by using Wien’s displacement law and the second is by combining the spectrum of the parent material (e.g. stainless steel) with the spectrum of the
shielding gas [12]. According to Wien’s displacement
law, objects of different temperatures emit spectra
that peak at different wavelengths. Using this law
allows us to find the frequency (or wavelength) at
which Planck’s law has the maximum intensity.

Therefore, (2) can be approximated to the following form:
λT ≈ 30,000,000.

(3)

The melting point of stainless steel type 302 is
1420 °C (i.e. 1693 K), therefore according to Wien’s
displacement law, the wavelength where most energy
is given off (λmax) is
λmax =

30⋅106
— 1772 nm.
1693

Temperature of the arc varies from 5,000 to
30,000 K [8]. Therefore, the wavelength where most
energy is emitted is
λmax = 100 — 600 nm.

StellarNet optical spectrum analyser with a wavelength range from 300 to 850 nm was used to obtain
the arc spectrum of TIG welding process on stainless
steel in argon shielding gas. Figure 3, a shows the
emissions emitted by the argon [13], and Figure 3, b
and c shows the arc spectra as measured by the optical
analyser with different current settings.
Arc light elimination. Spectral filtering. A typical spectral response range for a standard visible-light
camera is 400—900 nm, falling sharply outside this
range. On the other hand, laser illumination is at a
very specific wavelength, with a typical wavelength
much smaller than 1 nm. This is illustrated in Figure 4, a, which shows how the light from a laser
light-source might compare with the arc light. However, if a BPF is used, then only the laser light will
pass with some arc light. The result is a much-attenuated arc light with little effect on the laser light
as illustrated in Figure 4, b.
Temporal filtering. More arc light will be captured if longer exposure time is used, this does not affect
how much laser light is captured as long as the pulse
width remains shorter than the exposure time. Laser
light will only be attenuated if the laser pulse width
is greater than the exposure time of the camera or if
the laser is a continuous wave laser rather than a
pulsed laser. The contributions to the image brightness from the laser and the arc light are illustrated
in Figure 5.
Vision system structure. Initial investigations
used infrared cameras and high band pass filters to
allow the weld to be observed whilst eliminating the
arc light [14]. However, these infrared cameras are
14

Figure 3. Argon (a) and arc spectrum in TIG welding at 100 (b) and 200 (c) A

expensive and bulky. Numerous other techniques for
arc welding process automation have been studied.
These range from an artificial intelligence based approach to automate process parameter selection [15,
16] to sensors for process monitoring and control [17]
and advanced control strategies designed to process
sensor information [18—20]. Recently, intensive research has been done to develop a system, which can
be used for direct weld pool viewing. However, these
techniques have been affected by the high expense of
the components.
The laser light-source can either be mounted on
the same side as the camera i.e. backward reflection,
or opposite the camera i.e. forward reflection, as
shown in Figure 6. More laser light is reflected to the
camera when the laser is on the opposite side. Hence,

less laser energy is required. However, uneven reflection from the weld pool occurs, varying the angle
between the laser beam and the workpiece can improve
this. On the other hand, mounting the laser on the
same side as the camera gives natural lighting with
little glare but requires more laser energy, since most
of the laser light reflects away from the camera.
Laser-camera synchronisation. Trigger methods.
Figure 7, a—d shows four synchronisation methods
that can be used to capture the laser pulse. In Figure 7,
a the camera is driving the laser, a strobe output from
the back of the camera is connected to the laser external input. In Figure 7, b the laser is driving the
camera, this will also introduce a delay to the camera
shutter, which can be overcome by introducing a pulse
delay. In the third method, which is shown in Fi-

Figure 4. Comparison of light from laser light-source with arc light before (a) and after (b) filtering
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Figure 5. Contributions to the image brightness from the laser and the arc light before (a) and after (b) temporal filtering

gure 7, c, both the camera and the laser are driven
by an external master-triggering unit. This is the preferred method for synchronising pulsed lasers. Since
both the camera and the laser are triggered at exactly
the same time no delay is introduced. The frame rate,
laser frequency and timing of the system can be controlled when connected to a pulse generator. The fourth method shown in Figure 7, d, is used when using
a continuous wave laser as an illumination source.
Both the camera and the laser are free running and
are independently controlled.
Trigger modes. In the camera-controlled exposure
mode, the exposure time is defined by the camera.
For an active high trigger signal, the camera starts
the exposure with a positive trigger edge and stops
it when the programmed exposure time has elapsed.
In the level-controlled exposure mode, the exposure
time is defined by the pulse width of the trigger signal.
For an active high trigger signal, the camera starts
the exposure with the positive edge of the trigger
signal and stops it with the negative edge. Figure 8
shows the timing diagram for capturing the laser
pulse. The signal EXSYNC denotes the trigger signal
that is provided by the I/O trigger. A pulse is sent

to trigger the FLASHLAMP signal. Another delayed
pulse is then sent to trigger the Q-SWITCH and EXSYNC signals.
Results and discussion. Diode laser. The results
obtained using a diode laser as an illumination light
source are shown in Figure 9. Its wavelength of emission is 808 nm and it peak power is 200 W. Although
the peak power is relatively low but its pulse width
is relatively long compared to other lasers, which can
be manually set from l to 80 us. Pulse energy varies
from 0.15 to 15 mJ depending on the pulse width,
the longer the pulse width the higher the pulse energy.
For maximum power a pulse width of 80 us was used,
hence the exposure time was also set to 80 us.
Nd:YAG laser. This is a FlashLamp pumped Qswitch Nd:YAG laser with a frequency doubling option, pulse energy of 20 mJ and pulse width of 5 ns.
Figure 10 shows the results obtained when the laser
is operated at 532 nm.
Copper vapour laser. Although this is considered
a pulsed laser but its repetition rate is 10 kHz, which
means synchronising the laser pulse with the camera
shutter is not possible due to the camera’s limited
frequency. The exposure time was set to 100 us; this

Figure 6. Forward (a) and backward (b) reflection
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Figure 7. Synchronisation methods for capture the laser pulse: a – camera driving laser; b – laser driving camera; c – camera and
laser driven by an external trigger; d – camera and laser driven independently

was the longest exposure time possible without capturing too much arc light. The pulse width is 5 ns,
average power is 5 W, peak power is 70 kW and pulse
energy is 2.75 mJ. Figure 11 shows the images obtained when the copper laser was used as an illumination
source. They appear to be out of focus due to the
narrow depth of field, which is caused by the aperture
setting. The narrower the aperture the greater the
depth of field, in this case the aperture was set to two
resulting in a narrow depth of field.
Continuous wave laser. Figure 12 shows the images obtained using a high power Nd:YAG continuous
wave laser as an illumination source. The emission
wavelength is 1064 nm, i.e. operating at the end of
the camera’s spectral response, which is less than
0.5 % in Figure 2. The arc light is totally eliminated

Figure 8. Camera—laser synchronisation diagram

Figure 9. Use of diode laser as an illumination light source in TIG welding of stainless steel at 50 (a) and 100 (b) A with exposure
time of 80 us
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Figure 10. Use of Nd:YAG laser operating at 532 nm for TIG welding of stainless steel at 100 (a) and 150 (b) A with exposure time
of 10 us and backward reflection

Figure 11. Use of copper laser as an illumination source in TIG welding of stainless steel at 150 (a) and 200 (b) A with exposure time
of 100 us and forward reflection

Figure 12. Use of high power Nd:YAG CW laser as an illumination source for TIG welding of stainless steel at 100 (a) and 160 (b) A
with exposure time of 20 ms and backward reflection

due to spectral and temporal filtering and operating
at the end of the spectral response where emissions
are mainly from the weld pool.
CONCLUSION
The vision system described has been shown to
effectively remove arc light and produce reliable and
high quality real-time welding images. The system
incorporates a CMOS camera with a lens and narrow
band pass filter along with a frame grabber and an
illumination source. Several laser illumination light
sources were used, pulsed and continuous wave. High
quality images are obtained using relatively low
power pulsed lasers. However, images with the same
quality can obtained using relatively high power CW
lasers. Arc and weld pool emissions were studied to

enhance the image quality. It was found that arc
emissions abound at the lower part of the spectrum,
and the weld pool emissions abound at upper end of
the spectrum, i.e. infra red region. The noise level is
dependent on the shielding gas, if the shielding gas
is argon then argon emissions, which abound at the
700 to 900 nm wavelength would increase the noise
level at this region. Meanwhile, operating at wavelengths greater than 1000 nm is preferable since arc
and argon emissions are low and weld pool emission
are high but the camera’s spectral response is low and
therefore more laser energy is required.
1. Anderson, P.C.J. (1994) A review of sensor systems for
the top face control of weld penetration: TWI Members
Report 503.
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Traditional form of presenting technological documents for assembly-welding processes does not meet to full degree
state-of-the-art requirements to its operative perception, correction, and bringing to commercial level status. GTD is a
set of sketches and abstracts, a located on the process chart sketch, which shows mutual arrangements of parts in a
structure, joints, which connect them, and sequence of assembly. After selection of an annotated item its characteristics
appear in the dialogue window of the screen. Designation, mass, overall dimension of an item are indicated, and time
of its installation on table and into a jig. For a welded joint its designation is given and mass, volume of built-up metal,
welded joint length, main and auxiliary time are indicated. Software-methodical means are implemented in graphic
environment Mechanical Desktop 6 under operational system Windows XP.

State standards of technological documents representation forms is conventional and integral part of
welding production planning. There is too much text
information on the traditional form of assembly-welding processes documents. It makes documentation
difficult for perception, editing, mustering process
plan is embarrassing.
There is base of development of perspective computer-aided welding process planning systems: constant decrease of computer hardware price and increase
of computer productivity, approaching personal computer parameters to graph stations parameters, extension of computer graphic systems capabilities, solid
modeling. In the CIS as well as beyond of its bounds,
new approaches of welding production documents forming is found and developed [1, 2]. One of them is
supported by INWELDEN system (INstrument of
WELDing ENgineer) (Figure 1). This approach is
based on virtual 3D models of assembly-welding structure, parts which assembly-welding structure-assembly-welding fixture (AWS-AWF) consist of welding
seams.
Three problem types are considered in the CAD
of assembly-welding process planning [3], namely calculation and optimization of arc and spot weld and
heat treatment; process planning as sequence of location, clamping, sticking of assembly parts and seams
laying; and automatic or automated forming of process
documentation.
In this paper documentation forming is considered.
Assumed welding conditions are calculated or are selected from reference book, assembly-welding sequence is determined by qualified welding engineer.
There is the tendency of organization of integrated
systems of modern welding production preparing [4].
In accordance to this tendency, AWS and their technological environment (AWF and equipment) is con-

sidered as united technological assembly-welding system in its own stations space.
It expediently distinguishes next fixed stations of
AWS-AWF system:
• start station of AWS as collection of its parts;
• terminal station of AWS on check operation;
• station as assembly-welding scheme;
• stations on the process operations which represents interaction and relations parts and seams with
AWF units and welding tools (welding torch, welding
pincers);
• auxiliary (intermediate) stations, strains of AWS
parts is taken into account;
• stations of individual joint while multi-passed
seams are laid on;
• reserve and additional stations.
Pointed stations of assembly-welding system may
be represented by graphic. Images are results of are
supplied by welding parameters, rates of main and
auxiliary welding materials expenses and other technological data. That image collection fully determines
process; it is named graphic technology documentation (GTD). To develop scientific-methodological approaches experimental system INWELDEN-GTD was
making.
3D models of AWS are initial information for system. Those models may be represented with STEP or
SAT solid formats.
Subsystem FSS 01 is intended to set AWS in position, which suits for welding, as well as creating
visual assembly-welding schemes in dialogue mode.
Seams are drawn on the AWS model by means of this
subsystem. Seams are automatically grouped according to types and calibres. Seams summary length is
determined too.
Subsystem FSS 02 is used under two modes, namely creation of visual location-clamping scheme
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Figire 1. Scheme of program-methodical system INWELDEN-GTD

(principal fixture scheme) by means of placement locators and clamps signs on the AWS model; and forming output file which includes fixture units coordinates in the AWS coordinate system for further using
in AWF synthesis subsystem (FSS 03).
Subsystem FSS 04 forms and represents stations
of AWS-AWF system, which are requested by user
(manufacturing engineer). AWS 3D model, AWS assembly-welding scheme are used by FSS 04.
Subsystem FSS 05 calculates expenses of electrodes, welding wire and shielding gas. Dimensions of
seams are used. Data are placed into suitable fields
of process blanks.
Program system INWELDEN functions are based
on Mechanical Desktop 6 [5]. Its facilities are accessible for user. The results of any subsystems may be
modified interactively.
GTD is an outline collection represented sequence
of states to be passed toward terminal station. Outlines are supplied by annotations describing features
of assembly-welding system units illustrated (Figure 2).
For outline creation AWVIEW command is used.
Its running is started by suggestion to select objects
for outline in the command line. Blank of GTD will
be inserted and just formed outline will be placed and
scaled on.
Every blank contains three outlines. New outlines
are placed below of one existing. For scaling the biggest size of outlines collection bounding box is compared with correspondent size of blank. If active blank
contains three outlines, new blank will be inserted in
the right of active blank. If user wants to place in
the current blank less than three outline, one may
insert next blank in right of current one. It may be
carrying out automatically by means of BLANK command. Next outlines will be placed in a new blank.
Second key operation of INWELDEN-GTD is annotating. There is AWANN command for its carrying-out. When it has started suggestion to select annotated object will appear in command line. Annotated object selection is followed by appearance of dialogue window which contains object features. For
the parts name, code, mass property, bounding box
dimensions, location time is represented. For the seam

notation, mass, welded metal volume, length and operation time are represented.
Auxiliary time for part clamping is determined
taking into account clamp driver type (lever, screw,
etc.), thread length (for screw clamps). Special tables
are used. Welded metal mass is extracted from solid
seam model.
INWELDEN-Seams module is provided for solid
seam models creating. User should select seam type
and its parameters from menu, mark start and end
points on the AWS model, input weld parameters.
3D seam models including fusion zones and irreversible plastic deformation zones models are formed
programmatically.
After INWELDEN-GTD subsystem had been exploited special GTD-blank was proposed. Certain semantic zones are its peculiarity (Figure 3).
Zone 5 may be detailed with additional blank containing corresponding semantic zones (Figure 4).
Offered blank application is considered. Welded
structure example is introduced in Figure 5, and Figure 6 demonstrates special GTD-blank. Its zones contain GTD-information filled in by means of INSWARGTD.

Figure 2. Example of graphic technology document based on standard outline blank
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Figure 3. Semantic zones of special GTD-blank

Figure 6. Example of special GTD-blank variant
Figure 4. Semantic zones of additional GTD-blank

then text, GTD is unambiguously assimilated by welder. Essential reduction of documentation count is
other GTD advantage. Offered approach was tested
at manufacturing enterprises of Belarus. Mentioned
advantages have got confirmation and positive estimation of welding specialists.
Further investigations are appropriately realized
in next general directions:
• perfection of program-information means of interactive-algorithmic documents forming;
• development and testing of variants of GTDblanks;
• development of approach of welding process parameters determination for the purpose of reduction
of interactive operations quote in documents forming.
1. Engh, E. (1996) The product model as a sourсe for quality
assurance and quality control – a new approach to product
documentation. In: Proc. of 6th Int. Conf. on Computer
Technology Welding (Cambridge), p. 1—12.
2. Medvedev, S.V. (1998) Formation of welding process documents. Svarochn. Proizvodstvo, 5, p. 37—40.
3. Babkin, A.S. (1996) Methods for problem solution in technological CAD of welding production (Review). Ibid., 4,
p. 20—23.
4. Medvedev, S.V. (1994) Principles of integrated system construction in welding production. Ibid., 12, p. 26—28.
5. Polishchuk, V.V. (2001) Mechanical Desktop. Мoscow: Dialog-MIFI.

Figure 5. Welded structure

Proposed document forms have several advantages. Due to 3D image information is conceived easily
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COORDINATOR SOFTWARE SYSTEM
A. BRIGHTMORE1 and G. HOLE2
1
TWI Ltd., Cambridge, UK
2
Heatric Ltd., UK
The Heatric manufacture printed circuit heat exchangers (PCHEs), which are highly compact, highly robust heat
exchangers, constructed from a process of chemically etching metal plates and diffusion bonding. This unique technology
is well established in the upstream hydrocarbon processing, petrochemical and refining industries for applications ranging
from gas compression cooling and gas dewpoint control offshore to ethylene oxide processing and hydrogen production.
The welding of attachments, valves, frames, etc. is carried out using more conventional arc welding processes and is
qualified mostly to ASME IX. Heatric has been using TWI Weldspec and Welderqual software for a number of years
to manage its welding procedures and welder qualifications. This paper describes the implementation of TWI Welding
software to manage all aspects of welding. It describes the process of implementation and the benefits gained from using
the software. These benefits include savings in time in creating and managing welding procedures and welder qualifications; savings in time through the use of the electronic signature capability of the software; easier assignment of
qualified procedures and personnel to production welds; ensuring the documentation is up-to-date by checking documents
with the latest welding codes/standards; and better traceability of information through links between the welding
Coordinator and the Weldspec and Welderqual software. Finally, the paper describes how development of the system
in the future will bring additional benefits to Heatric Ltd.

Heatric and PCHEs. Heatric is based in Poole, Dorset
(Figure 1) in the UK and manufactures PCHEs.
PCHEs are highly compact, highly robust heat exchangers, constructed from a process of chemically
etching metal plates and diffusion bonding (Figure 2). This unique technology is well established
in the upstream hydrocarbon processing, petrochemical and refining industries for applications ranging
from gas compression cooling and gas dewpoint control offshore to ethylene oxide processing and hydrogen production.
PCHEs offer a number of advantages over conventional heat exchangers as follows:
• they are 4—6 times smaller than conventional
shell and tube heat exchangers of the equivalent duty;

Figure 1. The Heatric premises in Poole, Dorset, UK

• they have a pressure capability in excess of
600 bar (9000 psi) and can cope with extreme temperatures, ranging from cryogenic to 900 °C;
• PCHEs can achieve thermal effectiveness of over
98 % in a single unit;
• they can incorporate more than two process streams into a single unit. This design feature has space
and weight advantages, reducing exchanger size together with piping and valve requirements.
About 50 heat exchangers are built by Heatric
each year, and a typical completed PCHE is shown
in Figure 3.

Figure 2. PCHEs are constructed from flat metal plates into which
fluid flow channels are etched
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Figure 3. Typical completed PCHE

Welding procedures and welder qualifications.
The welding of attachments, valves, frames, etc. is
carried out using more conventional arc welding processes and is qualified mostly to ASME IX (Figure 4).
Heatric has an ASME U-stamp as well as EN ISO
9001 accreditation. Heatric has been using TWI Weldspec and Welderqual software for a number of years
to manage its welding procedures and welder qualifications and the use of the software is embedded in
Heatric quality procedures.
Heatric has 16 full time welders and the welders
have an average of 35 qualifications each (a total of
558 qualifications). This is a very large number of
qualifications to create and keep track of. Heatric
uses Welderqual’s «File save-as» function to create
multiple welder certificates only changing the document number and the welder’s name on each certificate (for a screen shot from Welderqual see Figure 5).
On the welding procedure side, it used to take
half a day to create a PQR using the previous paper
system. Using Weldspec, this can be cut down to
about 1 h and the WPS is created automatically by
the software. In addition, the software checks all the
latest code rules, so the ranges of approval and test
requirements are generated automatically.
The company has about 90 WPSs, all backed up
with a PQR. The welding procedures are a mix of

Figure 4. Welding headers to the exchanger core

Figure 5. Entering WPQ generating ranges of approval

generic documents and some which are contract-specific. Weldspec’s «File Save-as» function is used extensively to create contract-specific WPSs.
Heatric also makes extensive use of the both programs’ electronic signature capability. On start-up, the
user logs into the software with a user name and
password. To sign a document, the user simply clicks
in the relevant signature block. The software adds
the user’s name, signature graphic and date automatically and locks that document to prevent unauthorised editing. The QA Manager and Third-party inspector also add their signatures electronically.
The use of the login system prevents any unauthorised creation and editing of documents in any of
the welding software programs.
The «Export to PDF» function is used by the
contract engineers to e-mail documents to clients and
customers for review. PDF versions of documents cannot be changed and are easily extracted from e-mails
by client staff. Sending documents in this way is much
more efficient than the previous paper method. PDF
documents do not suffer from grease, fingermarks,
tears and spatter burns.
Heatric only keep paper copies of welding documents as back-ups. The master copies are all electronic, within Weldspec and Welderqual. An efficient
IT back-up policy means that electronic storage is
much more effective than paper for disaster-recovery.
Welding Coordinator. After successfully integrating Weldspec and Welderqual within the Heatric
working practices, the company investigated the use
of the Welding Coordinator software to manage production welding information. Heatric previously used
a paper-based Weld Log and NDT Record system on
which information on weld numbers, processes, welders, filler materials and other QC information was
recorded.
The layout editor built into Welding Coordinator
was used to design a form which contained similar
information to the paper form. The paper form was
examined but it was felt that it did not need a complete
redesign (Figure 6).
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Figure 6. Electronic Weld Log and NDT record

The system was implemented on number of computers and information is entered into the system wherever it is generated. This includes welders entering
visual test information into the system as soon as
welds are completed. This, in turn, means that live
progress reports can be generated on heat exchanger
projects.
One key aspect of the Welding Coordinator system
that Heatric make extensive use of is the instant traceability that the system gives between welds and
associated information, such as welding procedures
and welders. Clicking on a WPS number on a Weld

Log in Welding Coordinator, for example, displays
that document directly from Weldspec.
Future work. Currently, Heatric are still monitoring the use of the Welding Coordinator system. The
electronic system was used successfully in parallel
with the paper system on four projects. As the systems
continue to be used, more of the systems’ functions
will be implemented, including the following:
• automatic generation of welder performance reports directly from the system;
• automatic NDT requisitions;
• automatic updating of welder qualifications in
Welderqual.
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TAKING FABRICATION MANAGEMENT
INTO THE 21st CENTURY
M. CHINERY and J. STRACHAN
TWI Ltd., Cambridge, UK
As the business world moves at an ever-increasing pace, pressures increase to complete projects faster, to ever stricter
quality requirements. To compound the situation law suits against faulty manufacture are becoming increasingly common
so the need to prove the quality of workmanship is vital. All of these factors lead to a situation where areas of business
must improve to even retain market share, let alone improve the business position. This paper will address the impacts
of changes in the modern working environment and discuss how fabrication project management and quality assurance
could use the latest technologies to meet the high demands placed on industry today. We identify the advantages and
shortfall of existing methods of managing welding projects, welder qualification and welding certificates, proposing
improvements to these systems with respect to issues including sharing data, task scheduling, process optimisation and
quality assurance. In an increasingly technologically orientated world, new electronic devices could provide us with an
elegant solution to many of the problems discussed. Powerful, portable equipment such as mobile phones and palmtop
devices, combined with implementations of modern communications standards (existing wireless technologies such as
802.11a, 802.11b and Bluetooth, and emerging standards including Zigbee and WiMax) could allow us to push forward
fabrication management to a new level. The paper considers the advantages and possible safety issues that could arise
in the use of these technologies, presenting a «visionary case-study» of a technologically advanced welding project,
which in reality could be implemented today. We also look at longer term ideas such as extending technologies to
address site safety issues, identifying possible problem areas by monitoring project failure and repair data.

Fabrication management today
Fabrication project management has traditionally
been an area where good traceability, progress reporting and review of historical data is very important.
At present there are many different solutions to this
problem. Technology moves at a very fast pace but
in some areas we can be slow to make the most of the
advancements to improve the way we complete tasks
in the world. This paper will discuss the various methodologies that are currently used today, explain some
of the new technologies that have been developed and
then give an example case study of how we can utilise
new technology to make business more cost effective,
improve manufacturing quality, and increase traceability.
Of the existing solutions to the fabrication management problem, a paper based system is the most
common. In a paper based system, the company designs a paper document in order to record information
regarding the project in question (typically a table
of welds, material information, welding procedure
information and NDT results). A paper based system
offers the advantages of being very cheap to create,
no specialist skills are required to design and use it,
the information is stored in one location and many
people can view the information. However, this is a
very dated system and has some major drawbacks.
Although all necessary information is recorded, the
process is very time consuming to mine information
from – to find information concerning a particular
weld could take a vast amount of time as the data
must be checked by hand. As the document can only
physically be in one place it cannot be updated by

people in different locations at once which for large
scale projects makes for serious difficulties. Backing
up information in paper based systems must be done
manually which can lead to human error as if this is
forgotten and the original is lost/misplaced all the
data is lost.
With the introduction of computers an obvious
next step was to use them to aid in this process. As
computer systems have been around for a considerable
amount of time there are various different solutions
currently available.
The cheapest solution to this is by adapting an
existing package to meet the needs of fabrication project management. By using a spreadsheet package such
as Microsoft® Excel a weld data sheet can be created
quickly, the set up time is fairly small and the initial
cost outlay is minimal as most working environments
will currently already use a spreadsheet package. By
having a computerised system saving of information
is much more straight forward – many different people are able to look at an up to date view of the data
at once. By being computerised the system can easily
be backed up as well as being able to historically view
the state of the information at any date. Finding information is also much more straight forward as the
computer will take the work out of searching as the
package will most likely come with a built in search
facility. On the negative side if computer systems are
not present the start-up cost can be vast, and if the
employees do not currently have IT skills training
maybe required. By using an off the shelf package
that is not specifically designed for this purpose it
may not be possible to create weld data sheets to the
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exact specification wanted, or extract the information
in the way desired.
To move on from this, the next stage of a computer
based solution would be to use an off the shelf package
designed specifically for weld data. An example of an
existing product designed specifically for this purpose, is the TWI’s Welding CoordinatorTM software
(Figure 1). Off the shelf fabrication management packages are designed to meet the needs of industry and
specifically create weld data sheets, welding procedures and welder qualifications. These products typically make setting up the weld data sheet very simple
and allow quick up times because of the similarity in
layout to the traditional paper based system. The off
the shelf packages will often all integrate with each
other so when creating a fabrication map you will be
able to search records of welders and procedures to
find a suitable procedure and welder at the touch of
a button. This can save a lot of time, and greatly
improve traceability compared to the paper based approach.
Due to the system being designed for fabrication
projects, reporting systems will often be built in. This
will allow the information about the welds, the welders and procedures to be extrapolated into a report
to give information on which procedures are being
used most, the most productive welders, the highest
quality welders and also identify that the correct amount of NDT is being performed in order to meet the
required standards. On the negative side these products are generally quite expensive and require time
to set up. They also could possibly require some changes in working practice to take full advantage of the
new features, and this could impact productivity in
the short term whilst the company is getting to grips
with the new working practices.
The most expensive solution to quality assurance
is to have a bespoke software solution created. This
will involve working on a tailored solution for a specific business that will fit in their working practices
and give all reporting and support they require. This
will hopefully mean the system will become automatically productive and improve the business and the
quality of their product. With all the diversity of
fabrication projects and the differing requirements
even within a company for specific products it can be
difficult to find an off the shelf solution that will not
be a hindrance to working practices. The bespoke
solution should hopefully remove this problem from
the equation. If a very effective piece of software is
developed and allows a company to produce higher
quality products due to better quality assurance this
will then give them an advantage over their rivals,
and allow the business to profit. If the company has
a bespoke solution that they have funded to be produced they will then own the rights and keep the
advantage over their rivals.
Unfortunately producing a bespoke solution can
be very costly and be impossible to justify the huge
costs to fund. While it may exactly meet their needs

Figure 1. Welding Coordinator

TM

software

a cheaper solution may not meet their exact specifications but offer enough functionality to be chosen
as the most appropriate solution. A major drawback
of a bespoke solution could be that as a business changes and the ways they work, a bespoke solution if
incorrectly engineered could be too tightly coupled
to the old ways of working that using it in the future
becomes impossible. This could lead to a very expensive development becoming redundant and a wasted
investment.
All of these present solutions have their place in
the business world, however, on the largest projects
with the most information that are safety critical it
is very important to find the best solution possible.
Other technologies and software
In addition to the fabrication management solutions discussed previously, there are several other software solutions available, addressing other parts of
the fabrication lifecycle.
TM
TM
system (FiCrackFirst . The CrackFirst
gure 2) is a device for monitoring and reporting the
fatigue damage that a structure has suffered. CrackFirstTM indicates the portion of the design life that’s
been consumed and enables engineers to estimate its
remaining life, using Bluetooth to communicate wirelessly with a base station, allowing engineers to view
the results. The system won the Worshipful Company
of Scientific Instrument Makers Annual Achievement
Award in 2005.
Crackwise®. Crackwise® is decision support software designed to assist engineers in evaluating the
integrity of pipelines, pressure equipment and structures containing flaws. Crackwise® applies BS
7910:2005, and is the leading fitness for purpose software.
RiskwiseTM. RiskwiseTM is Risk Based Inspection/Risk Based Maintenance software for process
plant, boilers, tanks, pipelines, and gas turbines. RiskwiseTM advises users when components are reaching
the end of their design life, and need to be inspected
or replaced. As well as these industry specific solutions, in this paper we are also concerned with the
27

TM

Figure 2. CrackFirst

sensor

standardisation of mainstream computer hardware
and technologies.
Wireless technologies. Wireless LANs (802.11b
and 802.11g wireless networks) are now more reliable,
easier to implement, and at a lower cost than ever.
This is an important advance in communication technologies as it allows people to connect to networks
and communicate with others whilst on the move.
Another important wireless technology is Bluetooth – a short range wireless communication protocol.
Bluetooth is now a globally accepted standard, with
over 5 mln Bluetooth devices shipping every week at
the end of 2005.
Portable devices. As wireless technologies develop, devices making use of them improve and get cheaper. Notebooks, powerful PDAs and other handheld
devices make use of both Bluetooth and 802.11 wireless protocols. The continually falling costs of this
hardware mean that for some companies, it is now
financially viable to equip all members of staff with
a mobile device, allowing communication at all times
from all points on site.
Case study
The case study presents a purely hypothetical fabrication project, suggesting how the technologies and
software discussed in this paper could be used to overcome problems faced by the construction and maintenance teams working on the project.
We will consider an oil rig, because of the safety
critical nature of the structure, and the difficulties
involved in construction and maintenance:
• adverse weather conditions mean a high level of
maintenance is required, and make it difficult to check
for damage and carry out maintenance;
• sheer size of the structure means high stress levels
and a large area to maintain;
• areas that experience most stress are the most
difficult to access;
• safety is a top priority as people live on the
structure.
For simplicity, some of the problems involved in
the fabrication lifecycle of the oil rig are broken down
below, with suggested solutions from the technologies
we have discussed.

Problem: size of the structure makes it hard to
manage all of the required documentation.
Solution: electronic fabrication management system:
• at the most basic level a system such as Welding
CoordinatorTM would offer traceability of construction and maintenance of the structure;
• system could be used to trace anything from
filler batch numbers used from a particular joint, through to welder qualifications and NDT reports.
Problem: data cannot be automatically entered
into the fabrication management system.
Solution: wireless access points around the site
allowing users to connect to the network from all
locations:
• welders can update the system when they have
completed a weld, the system can then automatically
ask an NDT inspector to check the joint;
• PDAs could be used around the site by NDT
inspectors to find the joint (using GPS) and to send
NDT data back to a central location over a wireless
connection;
• welding managers can monitor fabrication in real
time using a laptop anywhere on site.
Problem: routine inspections do not flag up joints
under more stress than expected.
Solution: CrackFirstTM on all critical joints allow
engineers to view real time results but routine maintenance is also very important. RBI software such as
RiskwiseTM would allow engineers to schedule inspections based on the design life and calculated stress
and fatigue on the components of the structure:
• while RiskwiseTM is very comprehensive, it
doesn’t provide us with real time information on the
state of joints;
• CrackFirstTM on all critical joints would allow
engineers, or automatic decision support software to
schedule early maintenance to a particular joint;
• using Bluetooth, CrackFirstTM systems could
automatically communicate with a base station, reporting the current fatigue of a joint.
Problem: most critical joints are in hard to access
areas.
Solution: CrackFirstTM and Bluetooth:
• Bluetooth enables CrackFirstTM devices to reports results from the most awkward locations;
• Bluetooth enabled handheld devices allow welders and NDT inspectors to ensure they are looking
at the right joint.
CONCLUSION
The necessity of traceability in fabrication management systems will continue to grow. From the ideas
presented in the case study, we can see that technologies and software available today can be used to
make a more complete fabrication management system. With the correct design, implementation and
training, today’s solutions could combine to provide
full site wide fabrication management, with an incredibly high level of traceability and reliability.
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SENSOR AND CONTROL SYSTEM FOR METAL
DEPOSITION USING ROBOTISED LASER WELDING
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Metal deposition is in this paper a technique for building metal structures according to a 3D-CAD-drawing using
robotised laser welding technology, and can thus be considered as a kind of free form fabrication for metal. The component
structure is built-up layer by layer by using robotised welding and wire filler material. The technique has shown to be
very successful when skilled welders continuously control the parameters, and the main objective of this research is
automation of the process. This includes selection of a sensor system as well as development of an adequate control
strategy. The proposed sensor system measures metal temperature before and after a new layer is laid on former layer
in order to obtain controlled material properties. The sensor system also measures the built geometry after and before
a layer is produced and acquires on-line images of the scene close to the weld pool to detect disturbances in the process.
The control system takes decisions based on the sensor information and modifies the nominal wire feed, heat source
power and welding speed.

There are a number of different techniques for free form
fabrication (FFF) for metal, each with their own specific
characteristics. Applications of these techniques are mainly rapid prototyping, rapid manufacturing and tool
repairing as described in the annual Wohlers report [1].
They are sometimes named according to the process
involved or to the deposition type (e.g. [2]) for a review
of these techniques. Robotised fusion welding was successfully used in [3]. Cladding is the often used term
when the power source is a laser beam [4], while metal
deposition (MD) seams to be a more general term for
any type of welding energy source.
Most references found for processes building metal
structures are for processes using metal powder and
special nozzles for powder feeding in the melt pool
[5] using a 2 kW CO2-laser. They show promising
results for different metals. In [6] however wire is
used motivated as in our project in order to give higher
deposition rates by using a simpler feeding mechanism. A comparison of material properties resulting
from powder and wire feed is made in [7] for a 1.5 kW
diode laser, and for a combination of wire and powder
in [8]. Directed light fabrication (DLF) and laser
engineering net shape (LENSTM) were developed for
powder melting in Los Alamos and Sandia laboratories
and practical issues regarding these are discussed in
e.g. [9]. Specific thermal issues regarding the LENS
process are studied in [10]. Some projects use CNCmachines to move either the power source or the work
piece. One such example is [11], which investigates
a CO2-laser melting powder. This system makes use
of a sensor- and feedback system for on-line change
of the process parameters. Since analytical modelling
of the deposition process is complicated, [12] uses
fuzzy-logic control, which does not need an exact
analytical model of the process. Direct metal deposition (DMD) is the name for the POM-group system
© A.-K. CHRISTIANSSON and P. GOUGEON, 2006

using CO2-laser and powder fed through a special
designed concentric nozzle. There are some dedicated
and specialised FFF-machines for metal like [13],
which produces a metal 3D structure from a CADdrawing using a controlled electron beam (EB) to
melt metal powder in a closed vacuum chamber.
Rolls-Royce has successfully developed a robotised
TIG welding process using metal wire. Their process is
called shaped metal deposition (SMD), and it is now
commercially available. This process is semi-automatically controlled by using a monitoring system that allows the operator to change parameters when necessary.
The current project is inspired of the success of this
SMD-process. However, to be able to obtain even higher
deposition rates and less heat input into the metal a
laser source replaces the TIG-source, and the process is
aimed to be fully automated. This automation is the
main issue for this paper which presents a joint work
by University West and Volvo Aero Corporation, Sweden, and Rolls-Royce plc and KUKA Robot, UK, within
the EU FP6 VITAL (EnVIronmenTALly Friendly Aero
Engines) project. The power sources in the project are
Nd:YAG-lasers and the material is titanium for making
parts in new aero engines. The use of a laser as power
source implies possible higher deposition rates and introduces less energy into the base material than in TIG
welding. The spot size needs to be relatively large –
compared to standard laser welding – to obtain efficient melting of the wire and also be able to use larger
wire diameter. To obtain this larger spot one possibility
is to work with a defocused laser. Another possibility
is to adapt the optics in the laser head in order to have
a larger spot size at the focal plane.
Project background
Metal deposition is in this work a technique for
building features of titanium on titanium through wire
melted by an Nd:YAG-laser source. The wire is fed
to the base material in the weld pool at a certain angle
to the laser beam. The metal is melted and added to
the base plate as beads side by side and layer by layer
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Simplified overview of the proposed sensor and control system for
metal deposition

with the goal to form the designed geometry. Some
specific simplified features like bosses and flanges are
defined in the VITAL project. The current work is
aimed for automating the process for titanium features, more specifically to develop a sensor and control
system so as to be able to automate the MD process.
Equipment includes the laser power source, an industrial robot, sensors and control system(s). Parameters
to be measured during the process have to be measured
using non-contact type sensors to give robustness and
flexibility to the control, meaning sensors will mainly
be optical ones. The MD has to be made in a controlled
atmosphere to avoid oxidation, and for this a chamber
was built that is filled with argon gas around atmospheric pressure.
Prior to the deposition process can start an off-line
program (OLP) must be made for the specific 3DCAD-geometry to build. This OLP gives nominal data
for the process parameters, however out of the scope
for this paper.
The sensor and control system will be built as
modular as possible to allow for different types of
robots, laser sources, different geometries and sizes,
etc. It can also easily be modified for different situations and be easily expandable. It is worth noting
that some machining might be needed to obtain the
final geometrical finish.
The paper discusses the need for sensors and control
strategies to obtain a fully automated process and avoid
the need for continuous monitoring and actions by an
operator. This means that the task for the control system
is to introduce modifications to the nominal OLP-parameters so as to meet up for disturbances or unforeseen
process behaviour. The target for the project is to produce add-ons on metal parts to be used in aero engines,
which is why demands are high and the process needs
to be verified. It is not allowed to modify process parameters in this kind of applications outside a specific
range, which is why it is important to have full traceability of the changes made by the control system.
Limitations. In the initial stage of the project,
the size of the features is initially limited to some
10 cm in all dimensions and simple geometries are
considered. The CAD-geometry is assumed to be preprocessed using OLP into a robot-path and initial

nominal weld parameters. As a starting point the robot
is assumed to be well calibrated and able to exactly
follow the programmed path. The paper does not consider other possible interesting applications for the
process such as modifications of existing products,
tool repair, etc.
Sensor system: an overview
The sensor system consists of three main parts
(described in subsections below and illustrated in Figure: sensors for off-line measurements to give a general view of the process during operation and for development and evaluation of trials; sensors for on-line
measurements for control (the main part of the work);
a computerised measurement system to analyse and
store data (the measurement system shall communicate with the control systems for robot movement,
for wire feed and for laser power).
Sensors for off-line measurements. The sensors
for off-line measurements are not central for the control system, but of utmost interest to obtain controlled
conditions for the process. This in turn is needed to
be able to rely on the feedback control.
It is strongly recommended to analyse the laser
beam quality on a regular basis to avoid disturbances
due to varying beam quality, however not on-line.
The spot size where the wire is introduced needs to
be constant and to have uniform energy distribution.
Since the process must be performed in a controlled
atmosphere and with laser safety regulations there is
need to monitor the overall scene. At least one CMOScamera shall be connected to a monitor just outside
the environment for the operator to monitor and to
the measurement system for recording. The choice of
camera depends on distances and other local constraints at either partner, but demands are not very
specific which is why a standard camera could be
used.
A 3D-scanning needs to be performed on the built
feature from time to time during process, however
with laser source switched off or with the laser beam
away from the reflective surfaces, and always at the
end of the process to verify that the built feature
fulfils the CAD-model. This is not time critical, but
possibility to automate the scanning to some extent
would be helpful. It is however observed that the
shiny titanium is very difficult to scan successfully
without manual touch up, and it is therefore initially
not intended to be automated. This measurement is
outside the VITAL project.
It has been shown to be most critical to measure
temperature during the process in order to control the
microstructure in the built feature. For this an IRcamera has been used during initial trials. To protect
the camera from the laser power and to keep the oxygen outside the controlled atmosphere a Ge-window
has been mounted on the chamber wall with the camera placed outside. This camera will however not be
used regularly during parts production.
Sensors for on-line measurements. On-line sensors are the main part of this work. The wire feed rate
has shown to be most critical to control, and thus also
to measure. This can be done with a contact measurement
close to the feeding equipment, e.g. using a potentiome30

ter affected on the axis by the feed motor. This signal
can also be obtained directly from a high quality wire
feeding equipment. Depending on situations, a more
precise feed rate measurement can be achieved by
using the observed images of the wire tip as seen by
a CMOS-camera fixed on the robot arm.
The surface temperature of the titanium part under
process needs to be measured in order to maintain product quality. For this purpose a pyrometer is mounted
on the robot arm to measure the temperature just before
a new layer is laid and also just after. The surface temperature before deposition must not be too high, since
that could imply that the whole structure collapses. It
must not be too low either, since that could imply bad
material properties like bad adhesion. The temperature
just after deposition is an important parameter controlling the material properties. In case of too hot, the
control system shall cause a pause in the deposition,
and in case of too cold, the control system shall lead to
a heating path without wire feed or an increase of the
laser power. Within a certain temperature range this
pyrometer signal shall not lead to modifying the process
parameters. The pyrometer emissivity calibration needs
to be taken care of, however the situation will be rather
constant during the process and thus the need for recalibration is minor during deposition.
The part geometry needs to be captured by measurement and we propose to do it by using two laser
lines: one projected in front of and behind the weld
pool. Both laser diodes are to be placed on the robot
arm in order to illuminate the part without any shadowing during the robot move. Both projected lines
and the weld pool are captured by a camera equipped
with a filter of the same wavelength as the laser lines,
and an image processing will give as output the height
of the last layer and the width of the weld pool, which
correspond to the bead width. The measurement idea
is similar to what is used in a triangulation seam-tracker, however the built profile is of interest here –
not to follow a seam. The camera should preferably
be placed in the optics at the top of the laser head
viewing the scene through a beam splitter. This avoids
the high power laser to enter the camera sensor and
also protects the camera from the hot process.
The content of oxygen when welding titanium must
be held below a certain limit to avoid oxidation. For this
purpose an O2-sensor is mounted close to the weld pool.
Control system and database
There are mainly two levels of control system, one
that is closely related to the robot and welding basic
functions, and one that is supervisory taking care of
the modifications of the normal robot and welding
parameters, called MD-control in the Figure. The
MD-control is a multivariable control system that
holds both a sequence program that handles each layer
correct and also a feedback control algorithm that
calculates how the process parameters shall be modified based on the sensor information.
This MD-control system shall give deviation signals
to the robot control system, which in turn needs to be
capable of handling such modifications. The modifications are change in wire feed, change in laser power and
change in travelling speed. These changes in parameters

need to be logged in a database in order to have full
traceability of the process. The project uses a general
measurement and data processing software – LabView – to take care of both sensor signals and control
algorithms. The reason for this is to make an open
architecture and take advantage of standard functions. This applies to both communications between
system parts using standardised signal interface, signal conditioning, filtering, data logging, alarming,
sequence program, control algorithm, etc. and eliminates the use of difficult-to-handle specialized solutions.
The process is considered to be multivariable and
needs to be sequentially programmed in order to take
into consideration a number of functions that need to
be executed in sequence. One typical example is that
the sensor information will be discarded when the program «knows» that this information is incorrect, as in
sharp corners. The multivariable control considers the
combined influence of all available sensor information.
Summary
The paper proposes a sensor- and control system
to be used for automated MD using robotised laser
welding of titanium wire on titanium. This system is
inspired by how experienced welders work, and one
important issue has been to design a modularised system that assures traceability of the result using standardised computer hard- and software. Just as experienced welders increase their knowledge with time also
the control system is prepared for adding new functions when there is a need for this.
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VERSATILE WELDING POWER SOURCE CONTROLLER
FOR RESEARCH AND PRODUCT DEVELOPMENT
D. CUIURI and J. NORRISH
University of Wollongong, Australia
The diminishing cost and increasing speed of microprocessors has made them ubiquitous in modern welding control
equipment, whether it is mass produced or custom made for research purposes. Flexible, programmable controllers for
gas metal arc welding research at the University of Wollongong are described. This equipment has been used to conduct
both government funded research and industry funded development of specific process control algorithms for implementation onto existing commercial equipment platforms. An overview of various equipment architectures is given, with
examples of embodiments that have been used over a period of nine years for various projects, including implementation
of conventional power sources with accurately controlled inductance, resistance and OCV; replication of pre-existing
controlled short-circuiting transfer techniques; investigation of benefits of adding fast current turnoff capability to the
process; testing and development of alternative methods of controlled short-circuiting transfer; research to combine
short-circuiting transfer and dynamic reversing wire feed systems; and twin wire pulsed transfer welding research.

In order to effectively conduct both basic research
and process parameter development, a flexible welding power source controller is essential. The central
controller should be easily programmed, and should
have sufficient processing speed to meet the likely
welding process control requirements.
The interfacing equipment should be capable of
electrically isolating the output command signals applied to the power sources being controlled. It should
also provide clean and responsive feedback signals
that can be reliably used to control the process.
The associated data acquisition system is required
to faithfully capture and analyse the feedback signals
from the process, so that detailed analysis of the process can be made with confidence.
This paper describes how such a flexible controller
has been designed and used within a variety of equipment architectures to investigate and improve a
number of gas metal arc welding control techniques.
The auxiliary equipment that is controlled and co-ordinated by the controller is also described.
Description of controller. The welding controller
is based on a DSP processor board that is installed
into a desktop computer (PC). The processor has a
32 bit floating point core capable of 50 MFLOPS
(million floating point operations per second). Hardware on the board is configured to generate an interrupt every 40 μs (25 kHz), and this is used as the
basis for repeated execution of the various process
control programs. Once initiated, this execution is
independent of the host PC’s operating system. Other
functions, such as data transfer to the PC and auxiliary «background» calculations, are performed in
the free time between servicing the process control
program interrupts. The control program is programmed in C high level language. An appropriate proprietary compiler is used to produce the downloaded
executable file. The availability of floating point ope© D. CUIURI and J. NORRISH, 2006

rations allows for fast, simple code which uses engineering units (such as Volts, Amperes and metres per
minute).
The controller’s function is adaptable to a range
of welding processes and different equipment that
may be fitted to the welding test facility. This is done
by changing the control software that is executed by
the processor board. Corresponding changes are made
to the operator’s graphical user interface (GUI) software that is executed in the host PC, so that the
appropriate parameters can be modified and monitored during welding trials. Changing between control techniques is a matter of loading the relevant
software package into the DSP board, and executing
the associated operator interface software. The
changeover time is very short, and this is extremely
valuable for back-to-back comparison of competing
control techniques. The simple changeover is also convenient where a number of people are using the same
facilities for different projects.
Figure 1 shows the host PC, electrical interface
equipment, and other equipment that is associated
with the test facility.
The user interface (GUI) offers a medium through
which welding parameters are transferred to the DSP
controller, and also is used to display the process data
and status. It is programmed in C++, and is compiled
using a commonly available compiler with convenient
debugging facilities. The GUI also incorporates the
mechanism that selectively downloads the DSP executable and initiates the execution within the DSP
board. Program download and data exchange is performed through dual port RAM, a shared area of memory that is accessed by both processors. Low level
arbitration is transparently performed by the hardware. An additional level of software arbitration is
incorporated into both PC and DSP programs, to
ensure that consecutive transfers of data always contain fresh data. The facility for data recording is con32

tained in both DSP and GUI programs. This feature
is not intended to replace the general data acquisition
function, which is performed by a separate dedicated
system with significantly greater storage capacity. Instead, DSP data recording is used as a fault-finding
or debugging tool for process development. This software has the advantage of access to all data within
the DSP controller, not just the basic external signals.
By collecting, logging and analysing this data, subtle
errors in the programming code can be uncovered,
feedback noise and incorrect A/D conversion can be
checked, and access can be gained to multiple realtime internal calculations which would otherwise be
inaccessible. This has been a useful tool in the development of complex control processes. A typical interface screen is shown in Figure 2. It shows the various process parameters that are adjustable. Parameters are altered as required through pull-down menus
and dialog boxes.
The flexibility of the overall system is illustrated
by the examples in subsequent sections.
Description of welding test facility. An example
of the architecture of the welding test facility is shown
in Figure 3. Due to its flexibility, the «slave» equipment within the facility can vary, but the controller
and interfacing equipment is relatively static. Figure 3 shows the configuration for a twin wire system,
which is one of several options investigated. This application illustrates the most intensive requirement
for analogue I/O.
The arc power required by the welding processes
is supplied by either one or two current-controlled
power sources having a high dynamic response. These
can be either commercial inverter-based power sources, or custom units that have been constructed at the
University of Wollongong for welding research. The
mechanical feeding of the electrode (or electrodes)
can be performed by a range of alternatives. For commercial single-wire processes, a commercial wire fee-

Figure 1. Equipment including controller host PC (left) and interfaces (bottom)

der with external control of the feed rate can be used.
For research-oriented tasks, a custom feed unit with
closed-loop speed control is used. For high-current
deposition with CO2 shielding gas, a dynamic reversible wire feed system is available [1]. As shown in
Figure 3, a dedicated twin-wire feed unit (non-reversing) is connected. The position and height of the
welding torches are fixed above a moving welding
table, to which the workpiece is clamped. The main
advantage of this arrangement is the ease with which
detailed photographic work can be carried out [2].
The travel speed of the welding table is regulated by
a variable speed drive.
Conventional GMAW power source emulation.
One of the earliest tasks undertaken with the flexible
controller was to emulate the operation of a conventional constant-voltage (CV) power source, but in a
manner that enabled precise and repeatable adjustment of the electrical parameters independently of
the «slave» power source that is being used in current-controlled mode. The model of an ideal CV power
source is shown in Figure 4.
The controller can be programmed to produce the
required output current by using the following equations:

Figure 2. Typical user interface screen
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Figure 3. Test facility configuration diagram for twin-wire system

ΔI =

(Vo.c — Vfb) — IfbRslope
TS;
Lm
Inext = Ifb + ΔI,

where TS is the sampling and controlling period of
the controller; ΔI is the change in current for a particular period; and Inext is the current reference supplied to the power source for the next controlling
period.
By using this approach, it is possible to emulate
other output circuits of more complex design [3].
Control of the GMAW short-circuiting transfer
process. Methods for regulating short-circuiting transfer using current control were first investigated in
the late 1960s and early 1970s [4, 5]. The first major
development involved control of the current waveform [5]. The process stability is remarkably improved
by this method, and is attributable to the use of a
controlled current waveform and the ability to rapidly
turnoff the welding current just before the end of the
short-circuiting period. However, stability could not
be maintained for large variations in contact tip to
work distance (CTWD) because the prediction of the
short-circuiting event was performed by a simple voltage comparison. In the late 1980s and early 1990s,
various developments allowed for much more reliable
prediction of the short-circuiting rupture event [6, 7]
and also allowed for an economical method of fast

Figure 4. Model of ideal CV power source

current turnoff [8] using inverter-based power sources.
Detailed investigations of the current-controlled
short-circuiting GMAW process have been conducted
using the controller described above [9]. To simplify
programming, the process control software has used
a state-based programming approach. In this concept,
the welding process is considered to proceed in a finite
number of sequential steps or states. The current supplied to the process by the power source is regulated
in different ways, depending on the state of the weld.
The transition between states is determined mainly
by voltage changes within the welding process, and
sometimes by pre-determined time limits. As an example, for the short-circuiting GMAW process described in [7], the state diagram and corresponding current and voltage waveforms are shown in Figure 5.
This approach simplifies the control of the process,
and allows greater flexibility than that possible solely
by programming separate voltage-current characteristic into the controller [10].
Having investigated and quantified the performance of this control method, it is then possible to devise
and test a simpler method of process control that
captured most of the benefits of the more elaborate
method, but without the added complexity of a fast
current turnoff switch and a short circuit rupture premonition circuit. This method [11] minimises spatter
by limiting the short-circuiting current to low values,
and allowing surface tension between the weld pool
and molten droplet to perform a greater proportion
of the metal transfer process. This allows the current
at the point of short circuit rupture to be low, thereby
reducing spatter and physical disturbance to the weld
pool at the start of the arcing period. The program
state diagram and typical waveforms are shown in
Figure 6.
34

Figure 5. DSP program state diagram and typical waveforms for short circuit GMAW method 1

The straightforward implementation of this process control method to standard inverter-based power
sources has made this project attractive to industry.
Consequently, a significant part of the industry-funded project was devoted to establishing robust parameters for a variety of electrode types (low alloy steel,
stainless steel and silicon-bronze) and argon-based
shielding gases. The control method has also been
patented by the industry sponsor [11]. To bring the
concept closer to production, a stand-alone flexible

DSP-based controller was designed and constructed
(Figure 7). This design encapsulates the control and
interface functions of the laboratory system, retains
the programming flexibility, and provides a more rugged package for field trial.
Short-circuiting transfer with dynamic reversible electrode feed. The methods of controlled shortcircuiting transfer discussed in section above have
focused on manipulating the current to achieve the
desired process behaviour, while feeding the electrode

Figure 6. DSP program state diagram and typical waveforms for short circuit GMAW method 2
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Figure 7. Field-trial version of flexible controller

at a constant rate. An alternative is to mechanically
adjust the instantaneous electrode feed rate to improve the process, while using relatively simple power
sources. Earlier attempts involved the unidirectional
stepped feeding of wire [12]. This approach used step
feeding to dictate the short-circuiting frequency of
the process. More recently, Huismann [13] has described in detail the operation of a dynamic wire feeding
system which rapidly reverses the direction of the
electrode at the start of the short circuit. In this system, the dipping frequency is not enforced. Instead,
the control system merely responds to the incidence
of a short-circuiting event. The withdrawal of the
electrode away from the weld pool guarantees that
the rupture of the short circuit can successfully occur
even at low currents for large electrodes, with minimal
disturbance to the weld pool. Once the arc is re-established after the short circuit, the wire is fed forward at the desired feed rate. Tests in [13] were conducted at relatively low wire feed rate and constant

current (150 A) with a 1.6 mm steel electrode in Ar +
+ 3 % CO2 mixture.
At the University of Wollongong, research has
been undertaken where the dynamic control of the
electrode feed is combined with the advanced current
waveform control [1]. The objective of this approach
is to develop a means of stable metal transfer at high
deposition rates with low spatter and high stability
when using 100 % CO2 as a shielding gas. In CO2, it
is possible to reach high deposition rates (above
3 kg/h) only by using pulsed-spray transfer. However, the dissociative nature of CO2 at high temperatures generates asymmetrical arc forces that destabilize the process and generate very high spatter as
metal is transferred in free-flight across the arc [1].
These issues are avoided by using short-circuiting
transfer, and the use of a reversing electrode feed
system ensures that the short circuit reliably ruptures,
even at high average wire feed rates. With a 1.2 mm
electrode, average feed rates of 10 m/min to
13.5 m/min (5.3—7.1 kg/h) were achieved with very
low spatter and high stability. The current waveform
and wire feed profiles are shown in Figure 8. The
equipment used in this research is shown in Figure 9.
Because of commercial interest, the control method
has been protected by patent [14].
TWIN wire pulsed GMA welding. With the need
to increase travel speeds and deposition rates in manufacturing, the twin-wire process operated in pulsed-spray mode has been successfully adopted in many
applications [15]. While single wire pulsed-spray
transfer is well studied, multi-wire systems are less

Figure 8. Typical waveforms for current, wire feed rate and welding voltage
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Figure 9. Reversing wire feed unit and custom power source with fast current turn-off

well known. A major hurdle to research and development is the difficulty involved in constructing the
torch and electrode feed system, and the coordination
of the independent power sources to avoid electromagnetic interference between the adjacent arcs.
The use of a versatile controller with sufficient
I/O capability greatly simplifies this task, and lowers
the entry barrier to this area of study. This allows

more time to be dedicated to the control software,
which presents its own unique problems when two
electrodes are involved.
Magnetic interaction between the arcs is minimised by introducing a preset time delay between the
pulsing period of the two electrodes. This requires
the pulsing frequency for both electrodes to be the
same. Independent arc length control for each elect-

Figure 10. Program state diagram for twin-wire GMAW
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Figure 11. Twin-wire feed units and experimental torch

rode must therefore be performed through adjustment
of the background current, rather than adjustment of
the background time [16]. With this approach, control of the twin-wire system is relatively straightforward, provided that both electrodes operate in openarc conditions.

However, complications arise where one electrode
is in short circuit while the other is in open-arc mode.
This situation can occur either at the start of the weld,
or during the weld if there is a step reduction in
CTWD. In either case, the control scheme must place
priority on not disturbing the open-arc electrode that

Figure 12. Typical data acquisition control panel for twin-wire GMAW
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is operating in a stable condition. To avoid disturbance, the large current pulse that is usually applied
to the short-circuiting electrode as a rupture occurs
is delayed if the open-arc electrode is in the pulsing
period. Once the pulsing period of the open-arc electrode expires, a current pulse is applied to the electrode that is emerging from the short circuit, to increase
the arc length and establish a stable open-arc condition.
This control technique produces rapid and reliable
arc starting, and recovers well from disturbances during the welding process. Figure 10 shows the program
state diagram for this method, and Figure 11 shows
the wire feed units and twin-wire torch that have
been used in preliminary trials.
Data acquisition facilities. A data acquisition system with suitable sampling rate and memory depth
is necessary for evaluation and comparison of welding
conditions, irrespective of the welding process being
investigated. The system that is currently being used
is based on a low-cost PC-based acquisition card with
eight 16-bit analogue input channels and a maximum
sampling rate of 200 kS/s for all channels. For the
twin-wire process, four channels are being sampled
at 20 kS/s over 10 s for most welding trials. The
sampled data is streamed to disk, so the memory depth
is ultimately limited by the storage capacity of the
host PC.
A generic acquisition software package has been
written at the University of Wollongong that is readily modified by individual researchers to suit their
particular application. It contains the usual facilities
such as adjustment of sampling rate, data scaling,
triggering level, triggering delay, and automatic file
saving for repeated welding trials. Figure 12 is a typically adapted operator panel from this software.
CONCLUSION
A programmable welding controller has been designed and used for research and development of GMAW
processes. The flexibility of the facility is gained from
the modularity of the hardware and also from the
extensive software control and monitoring of almost
all aspects of its operation. The development and

application of control algorithms can be easily implemented. The performance of the process can be readily
evaluated due to the comprehensive monitoring capabilities. These features make the versatile controller
and associated test facility an indispensable tool for
welding research.
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SOFTWARE-CONTROLLED TECHNOLOGIES
OF ADAPTIVE WELDING
V.D. GORBACH, N.A. STESHENKOVA and R.F. PONIKAROVSKI
Central Research Institute of Shipbuilding Technology, St.-Petersburg, Russia
In this paper the results of the work are set forth on development of experimental model of automatic welding machine
provided with geometrical and technological adaptation systems. The automatic machine is intended for consumable
electrode gas-shielded welding in all spatial positions of the most demanding metalworks having a large thickness. The
problems arisen in the process of design, manufacture and test of the automatic welding machine are formulated and
methods of their solution are determined. The advantages of software-controlled adaptive welding technologies are
outlined and prospects of adaptive welding equipment improvement are evaluated.

One of the trends in growth of reliability and service
life extension of metalworks is application of adaptive
welding technologies with guaranteed level of high
quality of welded joints independent of continuously
changing welded joint geometry and welders’ qualification.
The Central Research Institute of Shipbuilding
Technology (CRIST), Russia, has developed automatic welding machine «Junior» provided with geometrical and technological adaptation systems. The
automatic machine is intended for consumable electrode gas-shielded welding of butt joints in various
spatial positions.
In the automatic welding machine a unique welding technology with the use of the «cross-hill» method developed by the CRIST has been implemented
(Figure 1). The essence of this technological version
consists in the weld formation in single pass over the
full cross section due to complicated movement of
welding head.
The adopted technology has the following advantages:
• welding can be done in all spatial positions, including of non-rotary joints with radius of curvature
exceeding 2.5 m;
• insignificant angular deformations;
• possibility for welding a wide range of steel and
alloy grades, including titanium-based alloys;
• single-pass welding of butt joints 10—50 mm
thick;
• wider, in comparison with other welding methods, range of permissible gap sizes: the tolerance
zone is 4 mm;
• no need for manipulators or rotators.
The following algorithm serves as the basis for the
control system:
• radiative videosensor block with immediate advance, determined by a distance of the sensor block
from welding torch, provides scanning of welded joint
line;
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• received numerical information is delivered to
the computing module of the automatic machine control system; then the parameters of welding conditions
are computed with the «cross-hill» algorithm: a number of beads laid out on the layer to provide the groove
filling in coordinates are determined with regard of
welding current and welding speeds ensuring the obtaining of high quality welded joint;
• information about the parameters of welding conditions is transferred by the actuating mechanism;
• welding is executed;
• parameters of welding conditions and layer coordinates are recorded in the database.
The whole cycle from reading of groove elements
to correction of welding process parameters takes
0.03—0.05 s. With regard to actual welding speeds of
5—8 mm/s in welding of the «cross-hill» beads, such
rate of correcting data input exceeds many times the
minimum required rate.
The developed automatic welding machine consists of the following modules (Figure 2):
• welding tractor installed on a guide and provided
with five drives to ensure the welding tractor and
welding head linear and oscillatory transfer and across
the butt and the welding wire feed;
• adaptive radiator-videosensor block to provide
collection and transfer of information about the actual
condition of the welded joint;
• automatic machine control systems combining in
themselves two levels of control: lower level presented
by a controller, control power source and the machine
drives, and the upper level processing information
obtained from the sensor block and correcting the
welding process parameters;
• welding power source.
Optimization of welding conditions using the automatic machine with adaptive control system demands
that the welding conditions satisfy the following
needs:
• ensuring the highest productivity;
• correspondence of thermal cycle to technological
properties of steel to be welded;
• holding of weld pool on the deposited surface.
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Figure 1. Scheme of «cross-hill» method of welding: 1 – initial position of tool prior to start of welding; 2 – bisectrix of groove
angle; CNC – computer numerical control system; Y, Z, vf, vw – actuating mechanism drives: cross correcting carriage (Y), torch
scanning device by the depth of weld joint (Z), cross-scanning device (A); RCD – remote control desk

In order to achieve the highest productivity it will
be enough to select the filler wire of maximum diameter and preset for execution by the automatic machine the maximum allowable values of current and
voltage (Table).
Such conditions should be used in welding of joints
when the weld pool is in the lower position and technological properties of the base metal do not require
the cooling speed quotation and restriction of metal

stay time at a higher than the adjusted for this steel
grade temperature.
At the weld formation by the «cross-hill» method
a multiple repetition of procedure for deposition of
subsequent layer on the previous one takes place (Figure 3).
Surface area of deposited layer Fd.l, cm2, is determined from formula
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Range of acceptability of welding current and arc voltage
Filler
wire
diameter,
mm

1.0

Type of base metal
Type of
wire

Carbon steels
,
IDCRP
w

Solid

А

Ua, V

А

Ua, V

80—300

18—32

80—280

18—28

1.2

120—380

18—34

120—350

20—33

1.4

150—420

22—36

—

—

110—300

21—32

110—300

21—32

130—320

22—32

130—320

22—32

150—380

24—32

150—360

24—34

1.2
1.4
1.6

Fluxcored

Figure 2. Adaptive automatic welding machine «Junior»: 1 –
control system; 2 – sensor block; 3 – power source; 4 – welding
tractor

Fd.l

S(b + S tg α)
=
,
cos β

Tres = T0 + ΔT,

n

Tres n = T0 +

(2)

where T0 is the reference temperature, °С; ΔT is the
temperature of layer at the moment of starting the
second layer deposition, °С.
At the deposition of subsequent layers the residual
temperature Tres n will be increased, i.e. an effect of
automatic heating will take place:

∑ ΔTi .

(3)

i=1

(1)

where S is the plate thickness, cm; δ is the deposited
layer thickness, cm; α is the groove bevel angle, deg;
β is the «vertical hill» inclination, deg; b is the root
gap, cm.
The weld formation by the «cross-hill» method
demands the use of such welding condition, which
provides the weld pool holding on the inclined plane.
Choice of the condition for deposition of the first
layer does not involve difficulties. This is possible to
perform in experimental way on the basis of data of
the Table. However, the deposition of subsequent layers will be executed over the surface having a residual
temperature Tres

Low-alloy steels
IDCRP
,
w

In consequence of heat accumulation in the surface
layer one should expect a growth of welding pool
volume and deterioration of conditions for the pool
holding on the inclined plane. As a result of action
of automatic heating on the vertical weld formation,
an increase in angle β will be provided. This, in its
turn, will cause a change in weld geometry (shape):
as it is shown in Figure 4, increase in weld height h
will occur.
For estimation of this process intensity it will be
of interest to determine the dynamics of temperature
rise in automatic heating under various conditions of
the deposited layer formation.
Computation methods of defining the temperature
in the welded joint points, being used in engineering
practice, are not applicable for this welding method,
as they all are built-up for some different conditions
of heat input and distribution.
For estimation of heat distribution in welding process using f the «cross-hill» method we shall consider
the action of instantaneous heat source over the surface of semi-infinite body.

Figure 3. Deposited layers as weld composition parts formed by the «cross-hill» method (for designations see the text)
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Assume that per unit of the end surface of S in
thick plates to be welded with instantaneous source,
the amount of heat Q is input, which is determined
from the equation
Q = θδ,

(4)

where θ = 9000 cal/сm3 [1] is the heat content of
1 сm3 of weld metal corresponding to the used type
of welding; δ = 0.1—0.3 сm [2] is the deposited layer
thickness, cm.
At the moment of heat input a temperature in a
zone of instantaneous source action is Tmelt. The input
heat is distributed in semi-infinite body according to
the Fourier differential equation having a solution
towards the temperature for t time of the body selected
points with coordinates X, У, Z of the following type:
2

R

2Q
4at
T=
e ,
cρ(4πat)3/2

(5)

where R = √
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
X2 + Y2 + Z2 is the distance between the
point to be considered and the heat input spot; Q is
the amount of heat derived from formula (4), J/cm2;
c is the specific heat, J/(kg⋅K); a is the heat conduction coefficient, W/(m⋅K); t is the time from the
moment of heat input, s.
The temperature field from the instantaneous heat
source as some time t passes from the moment of heat
input is shown in Figure 5.
Formula (5) is true in the case of semi-infinite
body, in practice we have dealings with plates of
restricted thickness, i.e. the body is infinite in merely
one of the directions. Assume that these limits are
adiabatic. Then, the temperature of this limit must
be twice higher than the temperature calculated from
formula (5). We assume also that there is no heat
exchange of welded joint with the environment. These
assumptions give an error, which reduce the degree
of risk when taking the decision. The error value is
insignificant as the heat transfer in the environment
at temperatures below 300 °С is less than 2 % [3].
For the zone of beginning the welding X = У =
= Z = R = 0. Thus, an increment of weld surface
temperature in the zone of beginning the next layer
deposition is
ΔT =

θδ
4Q
=
.
cρ(4πat)3/2 2cρ(πat)3/2

Figure 4. Variations in the weld formation at increase in weld pool
fluidity as a result of automatic heating: β – angle between back
surface of parts and welding tool movement trajectory plane; βi –
angle between actual surface of deposited layer and back surface
of parts; h – weld height; l′z = S/cos β – range of welding tool
movement along the plane of its movement trajectory

for specimens with a thickness of 20, 30 and 40 mm
in welding of 20 layers with the use of experimental
data obtained during technological trials of automatic
welding machine «Junior». The calculations have
been provided for layers of the «hill» 1, 2 and 3 mm
height. In this case the welding current values allow
performing the «cross-hill» welding, have been selected on the basis of experimental data.
The analysis of received data (Figure 6) shows
that the minimum temperature of automatic heating
will take place using the welding conditions corresponding to the minimum welding current and maximum thickness of deposited layer. For accepted values of welding current, when carrying out the analysis, an interval of allowable welding speeds amounts
to 0.3—1.2 cm/s.
The relationship between the intensity of automatic heating process and welding tool movement

(6)

The time for one deposition of the «cross-hill»
layer is defined by deposit mass and actual welding
current:
t=

3600M
,
αsIw

(7)

where M is the mass of deposited layer metal, g; Iw
is the welding current, A; αs is the deposition factor,
g/(A⋅h).
The temperature calculation has been made for
automatic heating of the next layer of the «cross-hill»

Figure 5. Heat distribution in semi-infinite body (a) at t = 0 (b),
t = t1 (c) and t = t2 > t1 (d)

43

Figure 6. Relationship between automatic heating temperature and numbers of deposited layers 0.1 (a), 0.15 (b), 0.2 (c) and 0.3 cm
(d) thick at Iw = 120 (1), 130 (2), 140 (3) and 150 (4) A and different plate thickness S
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speed has been analyzed for the interval of welding
speed values from 0.3 to 1.2 cm/s and is presented
in schedules (Figure 7).
Based on the results of made computations, the
algorithm of welding technological process loaded in
the automatic machine software, has been corrected,
namely:
• from calculated values of welding current by actual groove section a minimum value is selected;
• welding torch travel speed according to the automatic heating minimization conditions should not exceed 0.8 cm/s.
Consideration of such phenomenon as automatic
heating made it possible to provide the weld formation
when using the «cross-hill» method with even height
of weld reinforcement.

1 Kuzminov, А.S. (1974) Welding deformations of ship structures. Sudostroenie.
2. Petrov, G.L., Tumarev, А.S. (1977) Theory of welding processes. Moscow: Vysshaya Shkola.
3. Dyurgerov, N.G., Sagirov, Kh.N., Levikin, V.A. (1985)
Equipment for consumable electrode pulsed arc welding.
Moscow.

Figure 7. Relationship between temperature of automatic heating
and welding speed in deposition of the 20th layer at Iw = 150 (1),
140 (2), 130 (3) and 120 (4) A for S = 20 (a), 30 (b) and 40
(c) mm
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AUTOMATIC PIPELINE WELDING SYSTEM
WITH SELF-DIAGNOSTIC FUNCTION
AND LASER VISION SENSOR
HYEONG-SOON MOON, YONG-BAEK KIM, JONG-JOON KIM, JONG-CHEOL KIM and MOO-RYEONG PARK
Hyundai Industrial Research Institute, Korea
Automatic welding has been used frequently on pipeline projects. The productivity and reliability are most essential
features of the automatic welding system. The mechanized GMAW process is the most widely used welding process and
the carriage-and-band system is most effective welding system for pipeline laying. This application-oriented paper
introduces new automatic welding equipment for pipeline construction. It is based on cutting-edge design and practical
welding physics to minimize downtime. This paper also describes the control system designed and implemented for the
automatic welding equipment. The system has the self-diagnostic function which facilitates maintenance and repairs,
and also has the network function via which the welding task data can be transmitted and the welding process data
can be monitored. The laser vision sensor was also designed for narrow welding groove in order to implement higher
accuracy of seam tracking and fully automatic operation.

Automatic welding has been used frequently on offshore pipeline projects. The productivity and reliability are most essential features of the automatic welding system. It has been proved that the carriage-andband system is most effective on pipeline lay barges.
Currently, many pipe laying contractors rely on automatic welding by using their own proprietary equipment or renting it at a high cost.
The aim of this work is to develop a new generation
automatic pipeline welding system based on cuttingedge design and practical welding physics to minimize
downtime caused by weld defects and machine faults
on the barges. To achieve this, the self-diagnostic
function has been developed so that the system can
automatically detect faults status for each control
board and cable connection.
The system consists of dual torches, a mechanized
carriage with five axes (four for dual torch up/down
and left/right motion, one for travel motion), a guide
ring, a main control unit, a wire feeder box and two
welding power sources.

Figure 1. Layout of automatic welding production line on lay barge

The developed system has various features to make
a weld effectively. In addition to the self-diagnostic
function, the system offers through-the-arc weld seam
tracking, a laser vision sensor, a remote pendant, a
remote jog and remote monitoring function. Process
monitoring and job data transfer are possible using
delicate software running on a Windows system via
LonWorks network.
The laser vision sensor was specially designed for
narrow welding groove in order to implement higher
accuracy of seam tracking and fully automatic operation. Front and rear torches can be controlled individually, and weaving frequency and width can be set
separately on both torches. Arc amperage is maintained in each torch within a specified range through
either the arc sensor or laser vision sensor. We adopted
the advanced motor control technology to move the
carriage under a smooth speed profile around pipe
circumference.
The mechanized carriage has been designed to have
a slim, ergonomic design and less weight so that the
operator can handle easily. Utilizing CAD software,
a unique, patented clamping handle design was obtained.
System configuration
For offshore pipeline installation, a number of equipment should be adequately considered such as lineup, welding, NDT and coating stations on a lay barge.
Figure 1 shows a layout of automatic welding production line on a lay barge. The number of welding
stations depends on the thickness of a pipe or welding
speed. In pipeline welding process, two welding carriages with controllers traveling on a guide ring are
necessary to weld girth welds in the 5G position simultaneously. Each welding carriage is controlled by
fully computerized control system around pipe circumference.
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Figure 3. Automatic welding carriage developed

Figure 2. Block diagram of system configuration

The components of the welding system consist of
mechanized carriage with dual welding torches, a
guide ring, a main control units, a wire feed box and
two power sources. Figure 2 shows components of the
welding system.
Automatic welding system
The feature of the developed automatic welding
system is outlined below:
Pipe size, inch ................................................... above 8
Travel speed, mm/min ........................................ 0—4500
Torch distance (adjustable), mm .................................. 55
Oscillation speed at 2 mm oscillation width, Hz ............... 5
Oscillation width, mm ............................................ 0—50
Torch up/down stroke, mm ........................................ 50
Welding position, deg .................................................. 1
Torch type ........................................ water- or air-cooled
Carriage weight, kg ................................................... 15

Welding carriage. Offshore pipe laying is achieved consecutively during 24 hours a day. So durability, reliability and easy maintenance should be considered in design of the carriage. The mechanized orbital carriage developed consists of total five axes,
four axes for dual torch up/down and oscillation
motion and one for travel motion. The weight of carriage is crucial point because welding helpers normally manipulate the carriage more than 400 times in a
day. Figure 3 shows the picture of automatic welding
carriage developed.
Main control unit. The main control unit has various functions as follows and is shown in Figure 4.

Figure 4. Main control unit

The features of main control unit can be summarized
as follows:
• fully micro-processor control;
• multi-processor system;
• process monitoring, logging and saving function;
• accurate arc control;
• through-the-arc tracking;
• self-diagnosis function;
• automatic torch alignment.
The self-diagnosis function of the system monitors
various faults caused by the system, and judges fault
status of hardware malfunctions. So the fault diagnosis can minimize down time caused by the system
problems.
Remote pendent. The welding operator handles a
remote pendent most frequently for welding database
selection and carriage operation. Therefore, the remote pendent should be designed so that the operator

Figure 5. Types of remote pendent developed
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Figure 6. Remote weld and production monitoring

Figure 7. Laser vision sensor developed

can use very easily. Figure 5 shows the developed
remote pendent.
Network monitoring and welding database.
There are at least eight main control units and each
main control unit uses different welding parameters.

All main control units developed can be connected
each other via local operating network or Ethernet.
Remote monitoring software (SpeedArc Manager) has
functions such as welding database management, remote weld monitoring and remote fault diagnosis function. The SpeedArc is a user-friendly application applying a graphical user interface. It allows fast development of welding procedure. It manages welding
database and allows easy management of weld passes
and conditions according to carriage angle. Figure 6
shows some sample screenshot of SpeedArc software.
Laser vision sensor. The term «Automatic welding» has been used to describe pipeline GMAW process for over 30 years but none of the systems are
actually automatic. The carriage in use is actually
mechanized and requires a high degree of welder skills.
The daily productivity depends on welder skills. The
welder continually monitors the position of the weld
tip and makes corrections to keep the weld tip center

Figure 8. Extraction of line characteristics for fillet joint

Figure 9. Result of image processing after eliminating the arc noise
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Figure 10. Captured image data with noise original image for fillet joint

Figure 12. Final result of image processing

Figure 11. Reconstructed image data

on the welding bead. The travel speed of welding
carriage is higher than that of normal GMAW carriage
and highly skilled welder can operate it without any
welding defect.
The laser vision sensor was specially designed for
narrow welding groove in order to implement higher
accuracy of seam tracking and to eliminate lack-offusion defects. Figure 7 shows laser vision sensor developed.

Arc spatter, sunlight or welding environment influence against image processing results because these
have same wavelength of semiconductor laser used
for laser vision sensor. To eliminate various kinds of
noise images and detect accurate weld profiles by filtering the noise images, a new type of image processing
algorithm was developed. A new pattern matching
algorithm for detection of weld center position was
developed based on [1]. The developed pattern matching algorithm focuses on minimization of image pro-

Figure 13. Example of image processing
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• if there exists any matching point between the
reconstructed image and the line characteristics, determine the weld seam position (linear regression)
(Figure 12).
Figure 13 shows typical example of the proposed
image processing algorithm. In this case, various type
of noise are involved, however, the weld seam center
is exactly detected.
The result of seam tracking is shown in Figure 14.
It shows center points of front and rear torch.
CONCLUSIONS

Figure 14. Result of weld seam tracking

cessing time and error caused by arc noise. The pattern
matching algorithm contains the followings:
• save the original image without noise and extract
line characteristics (Figure 8): line angle, line type,
line magnitude;
• eliminate noise images (Figure 9) caused by open
arc and surroundings from captured image (Figure 10);
• reconstruct the image data reflected from weld
groove exactly to match original weld profile (Figure 11);
• examine the reconstructed image data with the
line characteristics saved before welding (the new
pattern matching algorithm);

The automatic welding system for pipeline construction has been developed and applied for Chunxio,
China, and PTT, Thailand, pipeline projects in 2004
and 2005.
The developed automatic welding system was designed to minimize downtime caused by weld defects
and machine faults during production. To do this, the
main control unit has self-diagnostic function and can
automatically detect faults status of each control
board and cable connections.
The mechanized carriage has been designed to have
a slim, ergonomic design and less weight so that the
welder can handle it more easily.
The laser vision sensor has been used for welding
seam tracking. The GUI software for welding database management and welding state monitoring was
successfully applied to actual project.
1. Pierre, S., Martin, D.L. (1989) Joint recognition and tra—
cking for robotic arc welding. IEEE Transact. on System,
Man and Cybernetics, 15(4), p. 714—728.
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BLENDED LEARNING FOR WELDING ENGINEERS:
FIRST EXPERIENCE
S. KEITEL, C. AHRENS and A. ARYUS
SLV Duisburg, Germany

Since 2001 nearly 500 students have taken the advantage of studying welding by distance learning courses
offered through the GSI. 47 of them have participated
in «Blended Learning» in DVS Welding Designer
Courses. In August 2005 – after preliminary authorisation of the International Authorisation Board
(IAB) – a newly developed blended learning course
for International Welding Engineers (IWE) and International Welding Technologists (IWT) started in
Germany. In this work our experience with this new
form of learning after about one year upon the beginning of the course shall be presented. The training
courses offered by the SLV have been approved by
the State Central Agency for Correspondence Learning by the personnel certifying committee, DVSPersZert, and by IAB of the International Institute
of Welding. Parallel to the IWE/IWT distance learning courses, training as an International Welding
Designer (IWD), an International Welding Specialist
(IWS) as well as training on economic efficiency
(CONTIUNUED) are being offered as a computer
based training in Germany at present. Internationally,
the IWE training Part 1 is being offered by the GSI
and its partners in English, Italian and French.
History of development and utilization of CBT
programmes in the education on welding by the SLV
duisburg
The GSI GmbH (Gesellschaft fuer Schweisstechnik International mbH) offers neutral expertise for
individuals, crafts enterprises and industrial companies, authorities and research committees. It is a merger of high-performance welding institutes with an
experience of 80 years of the individual institutes in
joining, cutting and inspection technology. The objective of the GSI is the common education and consulting as well as the transfer of technology in Germany and abroad [1].
The GSI was founded in 1999 by the DVS –
Deutscher Verband fuer Schweissen und Verwandte
Verfahren e.V. (German Association for Welding and
Related Processes) first by merging of four SLVs
(Welding Institutes).
Based on their longstanding experience in welding, cutting and inspection technology, the GSI is
the competent partner on the field of theoretical and
practical education and training.
The development and the utilization of computer
based training (CBT) programmes in welding educa© S. KEITEL, C. AHRENS and A. ARYUS, 2006

tion have an almost 20-years tradition within the SLV
Duisburg and therefore the GSI mbH.
As early as in the year 1988 a first project for an
educative film of the Institute for Vocational Training
(Institut fuer Berufliche Bildung) was developed by
the SLV Duisburg. It was the description of the transfer of droplets through different types of arcs.
In the year 2001 the CBT programme IIW IWE
Part 1 was approved by the State Central Agency for
Correspondence Learning (Zentralstelle fuer Fernunterricht – ZfU). The programme had been developed
by the SLV Duisburg. In the mean time several hundreds of participants in the IWE courses (welding
engineer courses) have completed part 1 as a distance
learning course.
Also in 2001 the SLV Duisburg marketed the distance learning course International Welding Specialist Part 1 (CBT IWS Part 1). This development was
mainly based on the experience and scope of the distance learning course CBT IWE Part 1 (Figure 1, 2).
For this target group, however, the contents had been
considerably reduced and presented easier to understand. In addition, the illustrations and animations
had been revised and improved.
In the year 2003 the SLV Duisburg included its
CBT course IWE Part 1 in English into its scope of
training courses. This distance learning course has
since been made use of worldwide.
In 2004 the first Blended Learning (BL) Course
of the SLV Duisburg was offered, the IWD Course
G1. This course consists of a CBT-part and phases of
classroom learning. The build-up of the IWD Courses
is shown in Figure 3.

Figure 1. Graphical user interface CBT IWE Part 1
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Figure 2. Graphical user interface CBT IWS Part 1

In 2005 the GSI developed the IWE Course Part
3 (main course) as a BL Course [2].
Blended learning in the IWE-education of the
GSI mbH
In this paragraph the build-up, concept and background of the application of BL in the international
education of welding engineers will be explained. The
structure of the training in the distance learning part
and the classroom learning part in the SLV will be
shown. The IIW IWE blended learning was developed

Figure 3. Build-up of the International Welding Designer Courses
of the DVS (basic course G1 is offered as blended learning)

by the GSI mbH under the responsibility of the SLV
Duisburg.
In practice, it has shown that the educational success of the participants is the same as that of the
participants learning in classrooms.
Training concept IWE Part 1. In the year 2000
the SLV Duisburg developed a distance learning course for the IWE Part 1 which has been offered since
2001. Since part 1 comprises the so-called fundamentals, a concept particularly based on the computer
(CBT) has been realised. The participants of the distance learning course receive the complete scope of
the course on a CD together with the appropriate
training software. The participants are guided by a
tutor and have to do some homework depending on
their learning progress which will be evaluated. This
distance learning concept IWE Part 1 has been accepted by ZfU in Germany and nationally been authorised under No.663901.
Since the introduction of the distance learning
course IWE Part 1, approximately 280 participants
have been guided by the SLV Duisburg, more than
180 of which have terminated the distance learning
course and officially completed it by doing an examination. The examination for part 1 can be taken at
every GSI SLV in Germany.
Training concept IWE Part 3. The distance learning course for the IWE Part 3 has been set up as a
BL concept strictly in compliance with IIW-Guideline
IAB-195—2004 [3] being currently the most modern
design of a distance learning course system. It is particularly suitable for training subjects having to teach
a high extent of practice-related knowledge as it is
the case with the education of welding engineers. BL
is a combination of distance and classroom learning.
In addition to a plain part of distance learning, the
participants get the opportunity during their phase
of classroom learning to consolidate their knowledge
and to understand the practical subject matter by
practical training. At the same time the periods of
classroom learning guarantee the obligatory participation in the practical training required according to
the IIW-guideline.
The distance learning concept of the GSI for IWE
Part 3 comprises the division of the periods into distance and classroom learning. Therefore, part 3 comprises of about 150 h distance learning and of about
150 h classroom learning, plus 2 h each of a written
examination at the end of each module. There are
various dates for the oral final examinations offered
by the SLVs concerned. The CBT-documents have
been developed by the lecturers and the staff in charge
from all eight GSI-SLVs and coordinated and supervised by the SLV Duisburg. The required phases of
classroom learning however are exclusively offered
and conducted by the SLVs in Duisburg, Halle, Hanover and Munich. Having passed the examination,
the candidate will be awarded the diploma by the
national board. Currently, the candidate will receive
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3 diplomas: one by the DVS, one by the EWF and
one by the IIW.
Distance learning material. CD CBT IWE
Part 3. For the part of distance learning the participant will receive a CD for CBT, a book comprising
the most essential standards as well as the documents
for the phases of classroom learning (Figure 4).
Recommended course of studies, media features
and options. The CBT-material has been set up using
the market leading, well-proven and approved software «Authorware» by the company Macromedia,
which has been furnished with every function necessary for sequential learning. The participant will receive extensive information on the content, the recommended learning (course of studies) as well as
the programme together with a description (Figure 5). Menu guidance of the software is self-explaining. The modules have been numbered according to
the guideline and have been divided into individual
sub-groups. Printer options, text search, notepad and
bookmark options have complemented the tools necessary for organised and structured learning. The
course of studies constitutes an aid for the participant
to find his way through the relatively comprehensive
documents. Here, he will receive the information how
to structure his studies. The sequence of learning may
be organised by the participant on his own complying
with his own needs. It is recommended, however to
follow the course of studies.
Control of the study progress. At the end of each
teaching unit multiple choice tests for self-control and
control of the study progress have been entered. The
participant will have the opportunity to read again
the respective teaching units and to understand the
correct answers. In addition, the participant within
the frame of tutorial assistance will, either upon approximately 4 weeks of commencing the correspondence learning course or upon his own request, be
sent some homework provided with trial tests, in order
to carry out a performance test. The completed homework shall be returned to the tutor after 2 weeks
upon receipt. Within a further week it shall be controlled, evaluated and the participant will receive the
result of his trial test.
Attendance of participants. If required the participants will have the opportunity to enter into contact with the tutors, either via phone (at standard
prices), via fax, via e-mail or personally.
On the Internet Homepage of the GSI a portal
will be opened where the participant can log himself
into using an admission number. On this site, a forum
will be installed where a fixed schedule of times will
be published during which the participants may enter
into contact with their co-students and the responsible
tutor. In addition to this, there is an agenda with the
topics and the teaching unit, particularly reviewed
by the tutor. Attendance to the forum is optional.
The option of attending a forum offers the participants
additional opportunities of learning, e.g. to ask questions and therefore to get a better understanding.

Figure 4. Graphical user interface CD CBT for Blended Learning
IWE Part 3

Further, the distance learning course participant has
the opportunity to communicate with his co-students.
Group of participants. Admission to the participation in the GSI IWE Distance Learning Course
Part 3 has been regulated following guideline DVSEWF/IIW 1173 and corresponds – according to its
designed concept – to the admission to the standard
IWE classroom courses in Germany. The stipulations
of guideline IAB-195—2004 and guideline DVSEWF/IIW 1196 March 2005, as well as of the German additional regulations will be complied with.
Quality assurance, system analysis and corrective actions. Based on their experience with almost
500 participants in various training courses obtained
so far, GSI has introduced a system of permanent
control and guidance of the participants. Error messages by the participants and the tutors in charge will
be collected via an organizer and forwarded through
the responsible lecturer to the CBT development
team. According to the experience gained in Duisburg

Figure 5. Course of studies: example main subject 1
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so far, the quality of the distance learning course has
been constantly improved.
Curricula. All participants will receive a recommendation on the course of studies. Since the distance
learning concept, however offers the participant the
most possible flexibility, this recommendation serves
as a didactic aid only. Fixed curricula will be set up
for the phases of classroom learning which will be
handed over to the participants prior to commencing
these modules. The participation in the classroom phases is obligatory for the participant. Attendance to
the module will be controlled by an attendance list.
In case of absence of more than 10 %, admission to
the final examination will not be given.
Experience with the BL Course IWE Part 3
The fact that this distance learning course could
be developed within 1.5 years has certainly been influenced by various positive factors within the GSI:
• existing of high-quality and well-proven documents for IWE Courses standardized within the GSI;
• existing of experience obtained from other distance learning courses (IWE Part 1 in German and
English, IWS Part 1, IWD G1, CONTINUED);
• business plan with estimation of costs and profit;
• existing of competent IT experience (in 5 projects);
• allocation of tasks to expert lecturers and software specialists;
• close co-operation with all persons involved;
• working in the IIW IAB (as chairman of the
IAB A) and in the working group distance learning
courses;
• strong support by the GSI managing director
and the branch managers.
In the mean time, as many as 12 participants of
the distance learning courses have completed the
whole course. A further more than 20 participants

have made use of this flexible possibility of learning
during the classroom phases in Halle, Munich and
Duisburg. Almost all participants also make use of
the forum, i.e. the direct contact with the main tutor
and the four subject tutors, thus offering the necessary
feedback for constantly improving the course. The
classroom phases in particular are felt to be of decisive
importance. Almost all users of the BL concept have
already passed IWE Part 1 as a distance learning
course. After part 2 which in general has been conducted in the nearest of the 8 GSI SLVs, the participants, for the first time, will enter into personal contact to each other and to the lecturers. Therefore,
very interesting discussions and a strong team spirit
will arise.
Summarized it can be stated that in the final examination the same results are obtained as in the «normal» classroom courses. It must be stated, that the
extent of guidance by tutors, however is more intensive.
Outlook
Blended learning has obviously proven itself as a
new concept of learning in Germany. After the starting phase, it seems to turn out that approximately
20 % of all participants are choosing this way of learning. The rest of the participants – probably due
to the large number of training houses in Germany
(overall 10 SLVs in Germany), are further choosing
a classroom course in the form of a day, evening or
weekend course. It must also be stated, however, that
the development of such a concept needs a large extent
of time and money, thus not being possible to be
offered by any institution.
1. Documents of the GSI mbH.
2. Training course concept GSI distance learning IWE Part
3.
3. Guideline DVS-IIW/EWF 1173 and IAB-195—2004.
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VIRTUAL ENTERPRISE BASED ON HIGHLY EFFICIENT
USE OF INDUSTRIAL LASER SYSTEMS
V.S. KOVALENKO and V.V. KOLPAKOV
Laser Technology Research Institute of NTUU «KPI», Kiev, Ukraine
Some aspects of scientific, academic and industrial potential of Ukraine integration into European community based on
the Laser Technology Research Institute (LTRI) Internet resources are discussed in this paper. Being the most highly
developed country from the post Soviet republics, Ukraine has the significant scientific, academic and industrial
fundament for laser technology development and its implementation into industry. The country has quite numerous
parks of industrial laser systems belonging to different institutions and companies which are not used efficiently. To
some extent the similar situation is typical for other countries. The concept of more efficient use of sophisticated
industrial laser systems based on opportunities of web-technologies is proposed.

Global economy development discloses new challenges for human activities. Advent of information technologies, airspace developments, new success in health care, new results in biotechnology and other science and technology achievements are possible among
others due to fundamental changes in manufacturing
science and possibilities to use new approaches in
product developments [1]. Laser technology born in
the middle of the last century continues to bring new
challenges and to open new horizons for scientists and
manufacturers up to now.
Nevertheless it is quite common practice that some
sophisticated industrial equipment at small companies
and different research institutes and universities can
not be used 24 hours a day 7 days per week. At the
same time such equipment is quite expensive and it
is difficult to get fast money return. The solution of
the problem may be found by combining unique opportunities of laser technology – high productivity,
versatility and flexibility – with ultra fast communication possibilities of modern information technologies. The wide range of industrial laser applications
(hole piercing, welding, cutting, hardening, cladding,
rapid prototyping, marking etc.) may be realized
using quite limited variety of different available industrial and experimental systems.
The virtual enterprise may be proposed as an effective means to get constant flow of orders to keep
industrial laser systems close to 100 % efficiency. The
structure and some features of such enterprise are
discussed. It includes the databank of equipment owners from different institutions both from Ukraine
and outside the country, the range of technological
parameters of every particular peace of equipment,
availability of materials to be used for product manufacturing, data on optimal working conditions, set
of special treatment recommendations, etc.
Globalization is a strategic goal. The world economy is moving towards globalization in the last few
decades. This became possible due to intense develop© V.S. KOVALENKO and V.V. KOLPAKOV, 2006

ment of information technologies and other advanced
technologies [2]. Generally speaking the globalization
is based on advanced manufacturing technologies, information technology, and modern communication
systems.
As a result of globalization processes in industry
the customer may gain the following benefits:
• productivity increase;
• final product variety rise;
• product cost decrease.
The classic economy low says that the manufacturing cost of product is decreasing with the amount
of manufactured products in a batch. But the modern
society is very much interested in the product variety
rise. As Prof. K. Hitomi from Kyoto University, Japan, stated in his book «Manufacturing Systems Engineering», NY, 1975, «about 80 % of components in
modern industry were manufactured in amount not
exceeding 50 pieces in a batch». This caused the product individualization, impossibility to use mass production (expensive moulds, dies, automatic lathes,
etc.) in products manufacturing. Such trends are becoming even more accentual now.
Thus the solution to overcome the discrepancy between the need of the product variety increase and
product cost decrease may be found in application of
more versatile and flexible technologies and equipment like laser industrial systems and corresponding
technologies.
Laser technology – universal solution. Among
the varieties of laser technology there are more than
20 different industrial applications, such as hole piercing, welding, cladding, hardening, surface alloying, cutting and material shearing, micro- and nanomachining, marking, engraving, sheet material deformation, combined or hybrid processing, and others.
Mentioned processes may be realized practically
using the same piece of equipment and generally speaking by simple change of main working conditions:
focused laser radiation power density and the duration
of irradiation.
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Figure 1. Interactions between customer and manufacturer

Laser-aided manufacturing in Ukraine. First research activities in laser aided manufacturing in Ukraine date back to 1964 and had been initiated at the
Kiev Polytechnic Institute (now National Technical
University of Ukraine «KPI»), in the E.O. Paton
Electric Welding Institute and at other institutions.
There was a splash of increased interest to this advanced technology in the last two decades. The interesting feature of this process is the appearance of the
number of small private organizations, different jobshops and the development of new R&D activity in
a number of universities and research institutes (total
around 50). Along with traditional industrial laser
applications (cutting, surface treatment, welding,
cladding, marking, cleaning, etc.) some new fields
are emerging such as rapid prototyping, micro- and
nanoprocessing, and development of the new types of
lasers.
From the very beginning of the laser era, activities
on the development of academic programs in laser
technology were initiated at KPI. Thus, at KPI, the
first graduates of this course received their Engineering Diploma in 1966—1967 from the Mechanical Engineering Department. This course has the official
status of the new specialty «Technology and Equipment for Laser Processing» and created in 1984. The
corresponding academic program started first in the

Figure 2. E-enterprise service

FSU and in Ukraine at KPI in Kiev and at the Bauman
Institute in Moscow.
During the last years the academic program is
being adapted to the Bologna Agreement concept, the
main goal of which is the integration of the national
education systems into the European and global one.
From that time up to now more than 800 engineers
and masters (both from Ukraine and other 32 countries) in laser technology graduated KPI. For the last
decades 27 PhD theses and 6 DSci theses of researchers
in laser technology had been successfully defended.
The developed technology and equipment are quite
widely used at different plants – Arsenal, Bolshevik,
Aviant (Kiev), Malysheva Plant, Tractor Plant
(Kharkov), AvtoKraz (Kremenchug) and many others. At these plants, soviet-made CO2 and Nd:YAG
lasers are mainly used for components welding, hardening, cladding, material cutting, etc. Last time more
than 60 new industrial laser systems had been purchased by companies from foreign manufacturers –
Trumf, Bistronic, Rofin Sinar, etc. The number of
small private organizations and different job-shops
appeared at the market in the last few years, with
their activities focused on sheet material shearing,
welding, and components restoration by cladding,
marking and engraving, etc.
Role of Laser Technology Research Institute in
promoting the integration processes. The international collaboration in the field of laser technology has
improved significantly for the last decade. Different
mechanisms are involved in stimulating such moves.
Apart from bilateral agreements on scientific collaboration between Ukraine and different countries, there
is a number of direct ties between universities and laser
centres (for example, LTRI has such agreements with
Okayama University (Japan), Ohio State University
(USA), Zhejiang University (China), etc.). A number
of projects is financed by NATO, by different institutions of EU (INTAS, EURIKA, etc.), and by the Scientific and Technological Centre of Ukraine.
It is obvious that the globalization goes hand in
hand with the integration process. We witness such
integration in every field of human activity, in different regions, in America, Europe and Asia. Ukraine,
as a country located in the very geographical centre
of Europe, is trying to be an integral part of the
European community and supports different integration initiatives.
Prof. V. Kovalenko (NTUU) and Prof. A. Grabchenko (Kharkov NTU) had been invited by EU officials as coordinators from Ukraine to develop the
National Manu Future Technological Platform. Based
on the achieved results and gained experience in advanced technology R&D activity this Manu Future
Technological Platform of Ukraine has been developed recently and proposed for integration in EU Manu
Future Platform. Laser-aided manufacturing is considered as a key technology of this concept.
In spite of chronic financial problems, Ukrainian
experts in laser technology are becoming regular par56

ticipants of different international professional institutions: LIA, CIRP, IEEE, LEOS, LAS, etc. and
their events: ICALEO, ISEM, and CIRP General Assemblies, etc.
Thus it was quite natural that due to the gained
experience in research, academic and industrial activity, not only in Ukraine but internationally as well,
the concept of virtual enterprise based on more efficient use of industrial laser systems was proposed and
developed at LTRI.
Functions and structure of virtual enterprise.
The main function of the proposed e-enterprise is to
become the integrating unit between the customer
needs and the manufacturers proposed service [3].
The generalised idea of these interactions is demonstrated in Figure 1.
To realize this interaction the following steps should be developed in the framework of the e-enterprise:
• database of accessible production facilities;
• database of the necessary fixtures and materials;
• orders acceptor;
• structure of the close-loop virtual manufacturing.
The e-enterprise may propose the service shown
in Figure 2.
The web-site of LTRI for electronic processing of
orders includes the following program modules [4, 5]:
• presentation of general information in the form
of HTML-files with possible inclusion of active advertising pages;
• formation and processing of the database of orders with active acceptance modules;
• information about customer;
• formation and processing of a data file from/for
the database of orders using active modules of acceptance of information on the characteristics of the product suggested for manufacturing;
• processing the file of order payment and issuing
a command for manufacturing and realization of products;
• support and recording of receiving of the order
by the user.
During construction of a virtual manufacturing
the last listed items should be complemented with
evaluation of accessibility of equipment, which enables fulfilling the order and calculation of the possible manufacturing time, and preparation of technical
documentation for manufacturing and transfer for performance.
The electron version of database on available equipment was created at LTRI to make possible to accept
orders from customers both from Ukraine and outside – the post Soviet countries and some countries
of EU. According to the e-enterprise structure accepted orders are processed at the e-enterprise and are
transferred to the chosen manufacturer to perform the

Figure 3. Scheme of connections of interested sides via LTRI

necessary laser operation. The scheme of connections
is demonstrated in Figure 3. It is accentual to note
that when it is necessary, the additional e-education
program may be supplied as well.
CONCLUSIONS
1. The combination of advanced processing technology
with information technology is crucial factor in development of globalize society.
2. Research, industrial and academic activity in
laser technology in Ukraine has the obvious trend to
globalization.
3. E-enterprise based on more efficient use of laser
technology is the right solution to solve the problems
in the modern industry.
4. The proposed principles of web-enterprise may
be spread out on other technologies based on different
types of unique equipment.
5. The discussed concept of e-enterprise is developed at LTRI as ingredient part of the National Manu
Future Technological Platform.
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DEVELOPED COMPUTER TECHNOLOGY
FOR DESIGNING ASSEMBLY-WELDING
TECHNOLOGICAL TOOLING
D.P. KUNKEVICH, S.V. MEDVEDEV and Zh.G. YAKOVLEVA
United Institute of Informatics Problems, NAS of Belarus, Minsk, Belarus
Computer technology and supporting it software-methodical complex INWELDEN for automated multi-version designing
of assembly-welding technological tooling are considered. INWELDEN was successfully used for equipping welded
structures of tractor cabs at the Minsk Tractor Plant, and designing and preparing for production of soil-cultivating
machines. The term of development of assembly-welding tooling reduces 1.5—4 times.

Initial data for fixture design are assembly-welding
structure (AWS) volumetric model in solid format,
technological process and welding assembly scheme.
By means of 3D marks that correspond to standard
conventional signatures for supports and clamps
(GOST 3.1107—81) welded structure parts mounting
and fixing scheme is formed.
On the next stage the formed mounting and fixing
scheme constructive fulfillment is made. During this
stage mounting or fixing element from the constructive elements (CE) database is put in the conformity
with every mark. Displacement parameters are automatically taken off from the conventional marks substituted by CE.
Placed in conformity with basing scheme functional CE are algorithmically composed into fixture
structure by body the later being rectangular, round
or arbitrary form plate or frame and beam structures
from standard and normalized rolled metal.
60—70 % of technological preparation labour-intensiveness (laboriousness) is expended on designing,

matching and assembly-welding fixtures (AWF) making processes. In [1, 2] the importance of skillfully
developed AWF is emphasized, there is direct relation
between welded assembly quality and fixture design
levels.
Computer technologies for designing technological tooling for AWS base on the method of interactive-algorithmic synthesis of special WAF designs in
space of incomplete description CE extensive databases [3—5].
The last version of system INWELDEN (INstrument of WELDing ENgineer) has contemporary user
interface, its realize is based on Mechanical Desktop 6
(Figure 1).
CE database is continuously increased. Now it includes more than 500 items and reflects traditions of
several industries such as automobile, agriculture
machine building, as well as experience of production
and design engineers of welding departments.
Every fixture unit model is to include description
of principal bases – the faces by means of it will be

Figure 1. Mechanical Desktop 6
© D.P. KUNKEVICH, S.V. MEDVEDEV and Zh.G. YAKOVLEVA, 2006
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Figure 2. Picking up principal bases of fixture units: а – plane base; b – mounting hole

mounted onto fixture. Is considered two kind of principal bases, namely plane base (Figure 2, a) and mounting hole (Figure 2, b).
Solid model of AWS is principle data for fixture
design (Figure 3). Contemporary graphic systems allowed creation models of height complexity parts and
connection thereof in assemblies by means of coordinates or object snap. By means of graphic exchange
formats (STEP, SAT etc.) solid model may be transform into system from any graphic system.
Carried out investigations showed that the processes of analysis of manufacturability and assemblability AWS, principal technology, assembly-welding
and location-clamping schemes creating processes, as
well as process of interactive-algorithmic fixtures and
jigs design may be realized in the context united 3D
models of AWS, AWF and attachment. The possibility of operating assembly-welding system component
models provides really computer embodiment of principals of constructive-technological welded assembly
design.
User interaction with design system starts from
set up of preferred state object and locating-clamping
scheme formation. During development of module
«Stationing» attention was focused on flexibility of
scheme graphic model. Locator and clamp signs are
used to forming location-clamping scheme (Figure 4).
As united graphic object, any sing may be moved,
rotated, copied in AWS model space. Placement of

Figure 3. Welding construction solid model

signs around of 3D graphic model is not difficult for
trained users. Thus, the wide set interactive tools
compensate for a deficiency in automation procedures.
During location-clamping scheme forming any
sign may be redefined. It means that sign contents
may be changed while insert point and orientation
will be saved. It provides at principal scheme level
to show and to estimate different variants of constructive embodiment.
The programs of automated design are supplied
with information about fixture technical conditions
of its manufacturing and utilized from spatial block
«Performance specification». It includes information
about codes and names of object and fixture, power
of issue, fixture type, power drive type, fixture body
material etc. Active editing of these data is possible
with window dialogue (Figure 5).
INWELDEN may be used in algorithmic mode or
interactive-algorithmic mode. In algorithmic mode
the system analyzes location-clamping scheme, selects
suitable CE from database and places them in geometry synthesis space. Along with geometric form the
results of this step are saved in ASCII-file (<Project_Name>.KSP). That representation is named as

Figure 4. Welded structure basing example: a – locator sign; b –
flexible locator sign; c – clamp sign
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Figure 5. Example of assembling scheme and its embodiment

assembling fixture scheme and may be modified in
dialogue form (Figure 6).
For CE selecting several criteria are used: necessary clamping forces for any parts, clamp driver type,
necessary response speed and forces direction. Clamping force power is determined by means of experiment-calculated dependences and rule of thumb as
well as stochastic similarity dependences, the manufacturing experience and traditions taking into account too.
Body type and dimensions are selected algorithmically based on performance specifications. Body
model is united together with CE models algorithmically.
In interactive-algorithmic mode referred operations are carried out by designer of assembly-welding
attachments. The results of automatic fixture design
may be edited at 3D models level or at level of drawings.
Special format is used for CE description in assembling scheme:

up from channel or tube roll-metal; frame with spine
bulk; rotated frame with spine bulk; and table support
appeared as channel bulk.
The body as rotated frame with spine bulk is shown
in Figure 7, а. It consists of two channels. Distance
between channels comes to 580 mm. Non-rotated fixture with body as rectangle frame is shown in Figure 7, b, body as plate – in Figure 7, c. 10—25 mm
plate thickness is assumed. These bodies are applied
for fixtures for small objects functions.
Contact between CE and body may be realized
directly or by means of adapters, which should carry
out compensation and adjustment functions.
If adapter height is less than 80 mm, then it will
be making as seamless part with through holes. If
adapter height is more than 80 mm, it will be making
as two plate connected with strengthening member.
Strengthening member as 12 mm sheet is used in welded adapter if its height is less than 150 mm (and
more than 80 mm). If height of adapter is more than

#<KENAME>(:TPR)(,<P1>=P1),...
(,<Pi>=Pi),...(,<Pn>=Pn);
XYZ:X,Y,Z(,Ax,Ay,Az),

where <KENAME> is the CE identifier; TPR is the
version; <Pi> is the parameter identifier; Pi is its
mean; XYZ is the key word for coordinates input; X,
Y, Z are the insert points; Ax, Ay, Az are the angels
of rotation about coordinate axes.
Assumed AWS parts usually are placed up to fixture body. This placement provides good position object for welding, better condition for forming seams
and their accessibility for welding tools. Because direct contact elements of fixture correspond to geometry of AWS parts, plane constructions of body are
considered. They appear as mono plate or frame welded structure.
Mentioned body type is widely used. Their design
is easier to formalize. Such body types are usually
used in industry: rectangle plate with certain thickness; circular table, the diameter is dependant of fixture dimensions; free form plate; rectangle frame make

Figure 6. Example of computer-aided design task
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150 mm it is defined from perfomance specification.
Material may be channel, tube (rectangle or cilinder).
There is information about channel version or tube
dimensions in this line. If there is not mentioned line
in perfomance specification file, adapter material will
be assume as one of body. Adapter is situated among
clamping holes. Space for spanner should be reserved
among adapter and holes. If selected by this manner
material is not suitable, then smaller version of matirial will be selected.
Insertion adapters in fixture model are finished
fixture design processes.
Several characteristics are used for quantitative
assessment of fixture variants (Figure 8). Computeraided technology INWELDEN (Figure 9) allows one
to form basic part of design documets in algorithmic
mode. Using system INWELDEN to equip production of AWS of agriculture mashinery revealed positive

Figure 7. Fixtures with different body types

Figure 8. Quantitative INWELDEN welding-assembly fixture characteristics

Figure 9. Examples of INWELDEN computer-aided fixture design
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and negative sides of scientific approach, as well as
allows directions of futher investigaition to be defined:
• development inteligent proceduries to forming
CE models and fixture assembling schemes;
• continuous perfection CE database for constructive implement and for applied materials;
• extending sphere of algorithmical fixturing synthesis in the context adjusted by user program-information multimedia environment;
• development of stress-strain state estimation
methods with supercomputer systems (www.skif.basnet.by).

sitions for welded assembly manufacturability improvement.
3. Reduction of fixture design period is achieved.
It comes to 1.5—4 times in comparison with interactive
design (using only universal graphic facilities); result
quality is improved due to multi-version design, the
principal mistakes revealed on body fabrication stage
(tooling body with coordinate drilling machine) are
eliminated.
1. Medvedev, S.V. (2005) Constructive-manufacturing principles of welded structure designing at supercomputer environments. In: Transact. of Tula State University on Computer
Technologies in Joining of Materials, Vol. 3; Proc. of 1st
Int. Sci.-Eng. Internet Conf. on Computer Technologies in
Joining of Materials. Tula: TulGU, p. 70—76.
2. Medvedev, S.V., Rakovich, A.G. (1997) Computer technology of welding-assembly fixture design. Avtomatich. Svarka, 7, p. 33—38.
3. Medvedev, S.V. (2000) Computer technologies of assemblywelding attachment design. Minsk: IIK.
4. Medvedev, S.V., Kunkevich, D.P. (2001) Experience of effective computerized design of assembly-welding jigs. The
Paton Welding J., 3, p. 39—43.
5. Denisov, L., Medvedev, S. (2003) A differentiated approach to the computer design of welded structures. Welding
Int., 17(11), p. 899—904.

CONCLUSIONS
1. Program facilities INWELDEN provides possibility
of variant design of fixtures and jigs for equip arc
welding production processes.
2. United 3D model of AWS, AWF and non-regular attachment provides to connect assemblability
analysis, selection of preferred object state for assembling and welding, forming and realization of propo-
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MODELLING AND TESTING OF DIELECTRIC HEAT
SOURCE DESIGNS FOR THE MICROWAVE
THERMAL SPRAYING PROCESS
P. MAVROMATIDIS* and J. LUCAS
*
University of Liverpool, UK
The microwave thermal spraying process is a unique spraying technique whose novelty is focused on the use of a microwave
powered heat source. This enables the construction of long heat exchangers that significantly reduce the power consumption
and operational costs. However, the presence of a metal heat exchanger and a variety of dielectric materials in different
shapes and forms, inside the microwave cavity, combined with the heating process make theoretical calculations of microwave
propagation and electric field distribution complex and tedious. Furthermore, the harsh environment of microwaves, due
to the radiation interference with electronic devices, and the induction of high temperatures make any sensing mechanism
or visual inspection within the cavity system, while in operation, unreliable and sometimes impossible. Therefore, the
investigation of multiple novel microwave heat sources was undertaken using the high frequency structure simulator. This
resulted in an approximate identification of potential flaws in the designing process and helped with the selection of the
right materials. Thus the microwave thermal spraying process was designed and constructed using an enclosing dielectric
heat source, which has provided stability of operation, reliability and elimination of arcing effects.

All existing metal spraying processes are based on the
use of high-pressure gas and a short heat interaction to
bring the powder particles at a high velocity and temperature and project them onto a well prepared (thermally and chemically) surface [1]. The microwave thermal spraying technique, on the other hand, is a direct,
continuous melting spray technique using a different
approach to create the bond between injected particles
and the surface. It brings the thermal and kinetic energy
in a balance to increase the coating efficiency. It uses a
high and long thermal interaction path to heat the coating powder above melting point and then project them
onto the substrate surface creating a weld-bonded coat.
Moreover it uses microwaves as the power source and
significantly reduces the power consumption of the process. In the early stages of the research, microwaves
were used to produce heat by means of a gas discharge
heat source [2, 3]. This design worked but subject to
temperature limitations. The instabilities of the plasma
discharge, the fragile nature and the limited endurance
to high temperatures of the construction material, created the need for a stable and compact design. This
approach is based on the use of lossy dielectrics [4] in
the microwave resonance cavity [5] as the heat source
and a metal spiral shaped tube as a heat exchanger. This
design faced different problems as electrical breakdown
between the metallic constructed spiral and the cavity
walls occurs at high microwave power levels. The microwave dielectric heating was further developed and
with the use of the high frequency structure simulator
(HFSS) a valuable insight of the microwave interaction
within the cavity was provided that could not be otherwise visualised. It provided crucial explanation, revealed weaknesses and validated assumptions.
Microwave thermal spraying process. The main
focus on the on the production of the microwave spraying system is in the construction of the microwave

heating system of the overall process. The heat source
is chosen to be a hot-pressed silicon carbide. The silicon carbide is chosen not as a compact structure but
porous, with 2 mm diameter holes alongside, exactly
the same structure used in catalysts. A bulk material
requires high power levels in order to allow uniform
power distribution and hence uniform heating. By
using a less dense material the power is uniformly
distributed due to higher penetration depth [6] and
the induced heat is distributed faster by means of
conduction, from unavoidable hot spots to lower temperature points where the field is weaker bringing the
whole structure in a thermal equilibrium. The induced
temperature is then conducted to a heat exchanger
which is a confined path and through which nitrogen
gas is streamed. The heat exchanger has a spiral configuration so that the flowing nitrogen is subject to
heating for a long period of time. The use of nitrogen
as the carrier gas significantly reduces the cost of
operation, whereas the use of a long interaction path
introduces a more efficient heating technique reducing
energy losses and therefore overall power consumption. The gas flowing at a constant rate will pick up
the heat energy from the walls of the heat exchanger
by means of convection and will act as the transfer
medium. When the nitrogen carrier gas is successfully
heated to the required temperature the coating powder
is introduced in its stream before entering the heat
source. The fine powder is carried in the gas stream
through the heat source where it is provided with the
essential melting temperature and the resulting molten particles are then propelled to the substrate surface. The whole process can be described as a conversion of microwave energy to useful heat through a
workload medium and can then be directed and managed according to the application requirements.
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Figure 3. Direct contact SiC heating system

Figure 1. E-field notations

High frequency structure simulator. The HFSS
is an electromagnetic field simulator allowing for the
design of 3D devices in a graphical operating environment [7]. It can give a visual representation of the
field distribution and emulate laboratory measurements to provide verification of the results. One advantage of the HFSS is that it allows for complex
geometries to be defined with a simple and common
graphical interface. The interaction of these volumetric models with frequency can then be simulated at a
user defined frequency. Each geometrical object has
to be assigned to a specific material like vacuum, air
or a dielectric either through the existing database or
by manually defining the material properties. The
magnitude of the E-fields can be viewed by creating
imaginary planes vertical and horizontal to the design’s cross section and plotting them along their path.
The field variations are graphically represented with
changes in colour following a value pattern according
to the notations shown in Figure 1.
The first step in the designing process is to model
the waveguide and cavity assembly. The model of the
waveguide system consists of a rectangular waveguide
with cross sectional area of 86 × 43 and 246 mm
length. The circular cavity has 97 mm diameter and
292 mm length. Both waveguide components are filled
with air. Figure 2 shows the electric field strength
across the system in a 3D view. The magnitude of the
electric field draws weaker when entering the circular
cavity, which is an expected effect as microwaves are
propagated to a wider dimension waveguide and the
field is stretched.
Silicon carbide heat source centred inside the
spiral flow structure. One of the early microwave
spraying designs was the direct contact SiC heat
source surrounded by the spiral heat exchanger as
seen in Figure 3. The SiC acting as a heat source
absorbs the microwave power and conducts the heat
to the spiral flow structure to be convected by the

Figure 2. 3D view of the field strength in waveguide system

gas stream flowing through. The heat exchanger is
selected to surround the spiral because the surface of
the SiC is expected to have higher microwave absorption than the rest of the mass and hence induce higher
temperatures. This will optimise the heat efficiency
of the system and reduce heat losses.
As a first step this heat exchanging assembly is investigated in the circular cavity with only air as an
in-between medium. In the simulation model the spiral
is designed as one object and defined as stainless steel.
The spiral structure made of a 5 mm diameter rod has
overall inner diameter of 45 mm with 7 spirals having
space gaps of 10 mm. A SiC rod of 44 mm diameter and
80 mm length is then centred in the spiral configuration
and the overall assembly is placed inside the circular
cavity filled with air as seen in Figure 4. The model is
then simulated at 2.45 GHz frequency. The 3D field
distribution can be seen in Figure 5.
As it can be seen from Figure 5 the field strength
initially reduces when entering the circular cavity but
substantially increases around the load. Some intense
field can be spotted inside the SiC which is a desired
effect as it will be induced into heat when absorbed
by the dielectric. However, there is also high field
intensity around the spiral structure mainly concentrated at the edges of the overall load stretching to
the cavity walls. Since the spiral is a metallic structure
the effect of an arcing across the spiral and the cavity
is imminent. This assumption is validated by experimental results as the SiC direct contact heat source
failed at a power level of only about 900 W. The
hottest point, where meltdown of the tubing occurred,
was at the end facing the microwaves where the gas
stream should theoretically be cold. The E-field concentrated on the edges will significantly heat the surface of the dielectric at these points, but because the
spiral flow structure is in direct contact with the
surface it will dissipate most of the heat prevailing
heat conduction to the overall mass of the dielectric
that will uniformly distribute the temperature.
Hence, the spiral structure at these points becomes
substantially hot. Furthermore, these high field
strength spots are observed between the spiral and
the cavity walls, and since air is the only in-between
medium, electrical breakdown between the two will

Figure 4. Design of the SiC rod centred in spiral flow structure
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Figure 8. Field strength plot along the spiral length

Figure 5. 3D view of the field strength in waveguide system

be induced even at low power levels. The metal structure is constantly subject to arcing as microwave
power increases and therefore localised melting on
the spiral is unavoidable and cause.
In further development, the above heating system
design is placed in an alumina powder filled cavity.
Because the cavity is only partially occupied with
alumina, the circular waveguide is divided into two
sections, one of 162 mm length filled with air and the
other 130 mm length filled with alumina powder, as
seen in Figure 6. The presence of alumina powder
between the cavity walls and the spiral structure significantly reduces the field strength, as shown in Figure 7, minimising the generation of arcs. Although
most of the field is concentrated in the centre of the
SiC, small spots of high field strength can still be
detected around the spiral as seen in Figure 8, that
are sufficient enough, at high power levels, to initiate
a dielectric breakdown. It should also be taken into
consideration that these simulations are an approximation and in practice the positioning of the spiral
and the dielectrics inside the cavity vary within a
couple of centimetres and if the spiral structure is
closer to the cavity wall, the E-field spots on that
side will be more intense. Nevertheless, even one detected spot is enough to create an arc, at high power,
and threaten the metallic structure of the heat exchanger as it has been observed in experimental work.
Enclosing heat source. In order to seal the metal
heat exchanger from microwave exposure and prevent
any arcing, in the final design of the microwave ther-

Figure 6. Design of Al2O3-filled cavity with the SiC centred in
spiral flow structure

Figure 7. 3D view of the field strength

mal spraying system, the whole spiral configuration
is enclosed within the dielectric heat source. A SiC
tube is used, with the one end sealed with a SiC disc.
In order to avoid uneven distribution of temperature,
due to the cooling effect of the inlet tube, the later
is designed to cross through the centre of the spiral
configuration as depicted in Figure 9. Therefore, the
flow path structure can be pushed inside the dielectric
and all the spirals to their external perimeter are in
contact with the heat source, as shown in Figure 10.
A big source of heat losses is the heat energy escaping
from the cavity walls. The temperature induced in
the dielectric will conduct throughout the whole material to bring it in equilibrium. Although the spiral
flow path will absorb the temperature from the centre
of the dielectric, a large amount of heat energy on
the surface of the dielectric will conduct to the cavity
walls and from there to the environment constituting
heat losses.
The filling medium within the heat source is selected to be alumina powder (Figure 11, a). The SiC
powder has higher thermal conductivity and would
be more appropriate to use but if it melts it solidifies
in a strong mass that cannot be removed and in the
case of failure the whole assembly would have to be
disposed. The alumina powder, on the other hand, if
it melts and solidifies it can easily be broken and the
various parts of the assembly can be freed. Therefore
the heat source and the spiral flow structure can be
reused, depending on the position of the failure.
Another SiC disc is further used to seal the front
end of the dielectric tube, as shown in Figure 11, b.
This way the alumina powder is firmly trapped inside
and furthermore the spiral is protected from arcing
effects. Because the open end of the dielectric tube is
close to the end of the cavity, the electromagnetic
field will be intense at that point. Arcing is therefore
possible between the short circuiting flange of the

Figure 9. Spiral flow path with inlet tube running through the
centre

Figure 10. Spiral structure pushed inside SiC tube
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Figure 11. SiC tube with spiral structure filled with Al2O3 powder (a) and sealed with SiC disc (b)

cavity and the spiral structure as it can easily penetrate through the alumina powder. The SiC disc will
ensure that there is no arcing reaching the spiral inside
the dielectric tube.
In order to minimise the losses from the perimeter
of the SiC tube a heat insulator is used to surround
the dielectric and fill the gap between the later and
the cavity walls (Figure 12). This heat insulator is a
superwool blanket. Its exact dielectric properties are
unknown because it is a synthetic material. However,
considering that it is made 60—70 % SiO2 that has a
dielectric constant of 3.8, 25—35 % CaO with dielectric constant of 11.8, MgO with 9.7 and traces of
Al2O3 with 9.0 the overall material is expected to
have a small dielectric constant. This was verified by
experimental results that showed no interference with
the microwave electromagnetic field.
The spiral heat exchanger built for the modelling
purposes consists of 7 spirals with 10 mm gap in-between
and 25 mm diameter (Figure 13). The gas inlet crosses
through the inside of the spiral structure and bends to
form a helix configuration. Once the spiral was designed, it was placed inside a SiC tube of 98 mm length,
32 mm inner diameter and 14 mm thickness with both
ends sealed. The inside gap that is not occupied by the
volume of the spiral is defined as alumina. The assembly
was then placed in a circular cavity (Figure 14) and
simulated at the microwave frequency of 2.45 GHz. The

field distribution along the horizontal and vertical
plane is depicted in Figure 15.
Figure 15 shows that the E-field in the second
section of the cavity is non uniform and high field
strength spots are scattered around and inside the
SiC. Because the SiC is a dielectric, there is no threat
of an electrical discharge across the cavity walls, so
the microwave power is dissipated as heat on the walls
of the dielectric. This means that substantial energy
is consumed on the surface of the SiC. Therefore, most
of it will be wasted as heat losses on the cavity walls
rather that being conducted throughout the dielectric
material. More high field spots are located inside the
SiC and around the spiral that would normally suggest
a risk of an electrical discharge. However, because
the spiral structure consists of one bulk material and
is isolated from any other conducting material, like
the cavity walls, such threat is diminished. This leaves
only the threat of a corona discharge. In practical
experiments, though, no such effect was observed so
it can be assumed that most of the power is induced
as heat in the dielectric.
In order to suppress the heat losses and as applied
in practice, an insulating material is used wrapped
around the SiC. The enclosing dielectric heat source,
in the practical experiments, was surrounded by a

Figure 13. Spiral structure

Figure 12. Heat source wrapped with superwool heat insulating
blanket within the cavity

Figure 14. Design of SiC enclosing spiral flow structure
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Figure 15. 3D view of the field strength

Figure 17. 3D view of the field strength in final design

Figure 16. Design of silicon carbide enclosing spiral flow structure wrapped in silica

superwool blanket. This insulating material appears
as a dielectric inside the cavity that effects the E-field
distribution. In order to simulate the impact of the
superwool blanket on the microwave field, the SiC
heat source is surrounded by a silica material. In practice, the insulating material is wrapped around the
SiC and also covers the front end where the nozzle is
exerted. A gap of air is therefore left in the back end
facing the power source as it is the only point not
occupied by the superwool, as seen in Figure 16. Although the insulating blanket is made of many materials for ease of design and with approximation the
material is selected to be SiO2 as it is the dominant
constituent (60—70 %). The introduction of the silica
around the silicon carbide (Figure 17) significantly
changes the pattern of the E-field.
Inside the cavity the E-field appears to be concentrated mainly in the centre of the dielectric load and
across the yz-plane centred to the cavity. Although
on the horizontal sides of the cavity the field is weak,
on the top and bottom sides of the yz-plane there is
high field intensity. Outside the SiC it seems to be
spreading almost radial across the cavity walls. It can
be visualised as if the field is confined inside the
cavity along a yz-plane centred to the cavity, inside
the SiC tube. As discussed previously the high field
strength around and inside the SiC is unlikely to
create an electrical discharge. The silica surrounding
the SiC does not have a high enough dielectric to
induce heat and since it is a heat insulator it can be
assumed that the power is consumed in the SiC and
induced into heat which is mainly conducted inwards
towards the spiral. In this heating technique more
power is wasted as heat losses but it can still operate
at higher power levels keeping the system within the
limits of an energy efficient thermal spraying method
as it can produce a nitrogen gas flow temperature of
about 700 °C with power consumption of about 2 kW.
The energy losses are a necessary compromise to ensure
stability of operation.

SUMMARY
The microwave thermal spraying technique utilizes
the dielectric properties to produce heat with low
power consumption and a metallic spiral heat exchanger to provide a long and uniform distribution of heat
in a flow of gas and powder mixture. The presence
of a metal spiral inside a microwave cavity, however,
significantly distorts the electric field. This results in
the creation of high field strength spots scattered
inside the cavity and posing a threat of electrical
discharge. However, with consideration of practical
experiments and simulations, in the case of the
enclosing dielectric these spots are eventually consumed in the high dielectric material inducing heat and
at the same time isolating the metal heat exchanger
from microwave exposure. Any spot outside the
silicon carbide can be considered either as an eventual
heat loss. Finally the presence of a dielectric medium
in the cavity such as alumina provides a more uniform
distribution of the field strength. In the case of the
superwool blanket used in the final deign, its use
significantly distorts the E-field but in essence it
reduces the heat losses without compromising the
microwave absorption of the dielectric and consequently the induced heat. The system stability has been
tested with the production of low melting temperature coatings such as babbitt and tin.
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velocity thermal spraying using 2.45 GHz microwave plasma. In: Proc. of 16th Int. Symp. on Plasma Chemistry (Taormina, Italy, June 22—27, 2003).
4. Langton, L.L. Radio-frequency heating equipment. Sir
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5. Baden Fuller, A.J. Microwaves: an introduction to microwave theory and techniques. 3rd ed. Pergamon Press, p. 68—69.
6. Meredith, R. Engineers Handbook of industrial microwave
heating. IEE, p. 3, 21—23, 32—33.
7. (2003) HFSS software for next-generation design. Microwave J., 46(1), p. 148—152.

67

METHOD OF OPTIMUM CONTROL
IN TECHNOLOGICAL PROCESSES FOR WELDING
AND FOR LOCAL THERMOCYCLIC TREATMENT
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N.A. Dollezhal Research and Development Institute of Power Engineering, Moscow, Russia
In treatment of materials with concentrated energy sources, there are problems caused by the increase of the process
productivity and the need to ensure high accuracy of a number of parameters. Many of these treatment processes are
carried out under non-optimum conditions which do not utilize efficiently the energy and functional possibilities of
concentrated sources, nor ensure the quality parameters of treatment which could be achieved otherwise. Analysis of
the approaches and methods of determining the conditions show that determination of the mode is in its formulation
an inverse problem. In formulating the problem of determining the conditions, the source of the thermal process must
be determined from the required properties of the material or from the given temperature field, constructed taking into
account these properties. In cases in which the aim of solving the problem is to determine the treatment conditions, the
inverse thermal conductivity problem can be formulated as a problem of the optimum control of the thermal process.
As an example of using the methods of the optimum control of the thermal processes, it is convenient to examine a
welding process with following local thermal or local thermocyclical treatment of the welded joint.

In welding and other types of treatment of materials
with concentrated energy sources, there are problems
caused by the increase of the process productivity and
the need to ensure high accuracy of a number of parameters. Many of these treatment processes are carried out under non-optimum conditions, which do not
utilize efficiently the energy and functional possibilities of concentrated sources, nor ensure the quality
parameters of treatment which could be achieved otherwise. In particular, the problem of determination
of effective conditions and welding mode is especially
acute when developing technological processes for
new materials which have been examined insufficiently.
Problem of determination of welding mode
In developing technological processes for welding,
the conditions are often determined by empirical methods, which depend on the experience and knowledge
of the technologist. This is followed by their verification. In this case, it is necessary to use handbook
data and recommendations or specify the parameters
on the basis of the technological experience followed
by their correction on full-size specimens.
Direct thermal conductivity problem. The parameters are determined in many cases by calculation
methods developed on the basis of the theory of thermal welding processes with taking into account the
non-linear condition [1—3]. These methods make it
possible to determine the welding conditions on the
basis of computing experiments by solving a direct
thermal conductivity problem.
The procedure used to select the required conditions on the basis of numerical modeling of a direct
problem of thermal conductivity requires repeating
© V. MELYUKOV, A. KOREPANOV and V. TYURIN, 2006

its solution for every given mode. Since the calculation
model does not contain dependences which justify
accurate and reliable selection of the type of source
and its parameters with an allowance made for the
requirement on the quality of processed material, the
range of application of the calculation methods in
developing technology and determining the conditions is restricted. In addition, it is necessary to correct
the selected conditions by experiments on full-size
specimens. This method of selecting the welding
modes is ineffective when developing new technologies and under conditions of small-series and singleitem production.
Determination of the welding conditions on the
basis of solving the direct problem of thermal conductivity has now been used for many years when
examining welding processes and developing technology. However, the absence in the solution of the
dependence of the source parameters on the temperature field in the treatment zone and on the properties
of the processed material does not make it possible to
obtain effective sources with the optimum effect.
Problem of welding process optimum control. In
solving the direct thermal conductivity problem, the
reason-consequence relationship typical of the actual
welding process the source-temperature field, is not
disrupted. However, analysis of the approaches and
methods of determining the conditions show that determination of the mode is in its formulation an inverse
problem whose typical feature is the disruption of the
reason-consequence relationship of the actual thermal
process. In formulating the problem of determining
the conditions, the source of the thermal process must
be determined from the required properties of the
material or from the given temperature field T′, constructed taking into account these properties [4, 5].
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In cases in which the aim of solving the problem
is to determine the treatment conditions, the inverse
thermal conductivity problem can be formulated as a
problem of the optimum control of the thermal process. At present, the methods of the theory of optimum
control have been developed most extensively for linear systems. This makes it possible to formulate and
solve the problems of controlling the welding processes on the basis of linear models. Taking into account
the non-linearities to increase the accuracy of the calculation model by 5—10 % almost completely eliminates the possibility of optimizing the process, the
search for new sources and the optimum treatment
conditions.
In formulating the problem of optimizing the thermal welding process on the basis of the model of the
linear inverse problem of thermal conductivity, the
problem can be solved using methods of the theory
of optimum control of systems with distributed parameters. With the restriction 0 ≤ q ≤ qmax for the
variation of the power in accordance with the actual
energy characteristics of the concentrated energy sources, the problem of optimum control of the thermal
welding process in relation to its formulation can be
solved using the maximum principle, the moment methods and finite functions. In contrast to the problems
of classic variation computation, optimum control q
is determined in a restricted region from zero to qmax
and is of the piecewise-continuous type with a finite
number of interruption points of the first kind. The
property of the inertialess, almost instantaneous and
jump-like variation of the individual parameters of
concentrated energy sources makes it possible to
model more accurately these parameters in the group
of piecewise-continuous or piecewise-constant functions. These properties are shown in most cases by the
electron beam and the laser radiation.
Optimising of process for circumferential welded joint
With welding circumferential joint of pipes the
heat flow circuits in direction of the welded joint and
forms a closed circuit. The effect of closed heat flow
influences on the heat weld process and this influence
depends on values of radius r and thickness s of pipe
wall. The influence becomes impotent if ratio s/r
remains 0, 1 and more. In order to stabilize a heat
regime and dimensions in the cross section along the
entire circumferential joint it is necessary to use the
mathematical model of thermal process in a moving
cylindrical coordinates y, θ, r (Figure 1) and to optimize the welding process. The cylindrical coordinates y, θ, r are attached to welding source, which move
at constant speed V.
Mathematical model of thermal process. Let us
assume that the heat input per unit thickness of pipe
wall is constant; then heat conditions are the same
throughout the thickness s, and the function of temperature T must be independent on r, i.e. ∂T/∂r ≡
≡ 0. In this case function q of the volume source must
be also independent of r. From this we may infer that

Figure 1. Scheme of pipe and cylindrical coordinate system

in this problem the radius r is constant and its value
must be equal the medium radius of pipe.
Taking into account this simplification we have
2D heat process of circumferential welded joint. The
mathematical model of this process in cylindrical coordinates y, θ is a non-stationary equation of heat
conductivity with boundary conditions of the second
kind.
The differential equation of heat is expressed with
partial derivative of T(y, θ, t) with respect y, θ, t
and the function q must be in the equation. In this
case we get [6]
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= q2(θ, t).

(2)

where T(y, θ, t) is the temperature of welded pipes
which is a uniform distribution through thickness of
pipe wall; q(y, θ, t) is the power density of volume
moving source; V is the speed of a moving source; θ
is the angle of rotation of the welding source; r is the
medium value of pipe radius.
Equation solution. The solution of the equation
(1) with the boundary conditions (2) is obtained by
use of integral Fourier transformation:
l π

Tn, m(t) = ∫

∫ T(y, θ, t)e—inθ cos μmydydθ,

(3)

0 —π

where l is the total length of two pipes; i is the imaginary unity; μm = πm/l; m = 0, 1, 2, ...
The solution of equation (1), reduced to the form
of an integral equation, can be written in an abbreviated form as follows:
t l π

G(y, θ, t) =

∫ ∫ ∫ q(η, α, τ)K(y, η, θ, α, t, τ)dτdηdα,

(4)

0 0 —π

where K is the kernel of the integral equation. This
kernel is a cosin series. The function T(y, θ, t) and
boundary conditions go in the expression of function
G(y, θ, t).
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Let us set values of the main parameters: Tm,
TAr1, Tmin, ω1, ω2, ω3, where ω1, ω2, ω3 are the rates
of heating (ω1) and cooling (ω2, ω3) during welding;
for exTm is the maximum temperature of heating,
__
ample, a fusion temperature; tg α1 = ω1 is the given
rate of heating up to the temperature Tm during the
period of time t2 — t1; tg α2 = —ω2 is the given rate
of cooling down to the temperature of a phase transition TAr1 during period of time t4 — t3; tg α3 = —ω3
is the given rate of cooling to the temperature Tmin
of thermal treatment of a weld.
The time of heating and cooling may be defined
from the next formulas:
t2 — t1 = Tm/ω1,

Figure 2. Simple thermal cycle

The temperature T(y0, θ0, t) in non-moving system
of coordinates y0, θ0 which is attached to the pipe
may be determinated from (4) using the transformations of coordinates
y = y0,

r = r0,

θ = θ0 +

Vt

r

.

(5)

Given temperature distribution. In order to formulate the problem of optimum control of a welding
process it is necessary to construct a given temperature
distribution taking into account required properties
which determines a weldability of materials to be
welded and a quality of the weld metal. The heat
conditions and the dimensions in every cross section
along the entire joint must be stabilized during welding process. For stabilization of these conditions the
required thermal cycle must be done in every point
of the welding zone. In this case the welding thermal
cycle must determine a maximum temperature of heating and a rate of heating or cooling in every point.
Model of required thermal cycle. In this case we
shall set the main parameters of welding thermal
cycle. As an example we take the model of simple
thermal cycle (Figure 2) which was proposed by
Prof. Rykalin [1].

t4 — t3 = (Tm — TA r1)/ω2,

t5 — t4 = (TAr1 — Tmin)/ω3.

(6)

On the other hand, the parameters ω1, ω2, ω3 may
be determined from (6) if the values of the periods
t2 — t1, t4 — t3, t5 — t4 and the parameter Tm, TAr1, Tmin
are set.
Many steels, particularly, carbon ones, may be
welded only in such a manner as there is no tendency
to form by quick cooling (quenching) a hard and
brittle constituent. The weldability of such steels depends upon the factors which govern the heat distribution and, primarily, the rate of cooling from TAr1
to Tmin. To prevent the appearance of hard and brittle
constituent it is necessary to keep the rate of cooling
ω3 below the «critical cooling speed». Using this and
any other conditions we can construct at every point
of the weld zone the model of the required thermal
cycle T′(t) which secures the weldability and quality
of the weld metal.
Function of the given temperature distribution.
On the pipe surface let us pick out a line which is
normal to the pipes butt and is attached to the pipe.
This line parallels the axis y. At every point of the
line the required thermal cycles are constructed taking
into account the width of the weld and the dimensions
of the heat-affected zone. Constructing such thermal
cycles at every point of this line we get a composition
of the required thermal cycle T′(y, t). After that using
the transformation of coordinates (5) and formulas
(6) we get the function of the given temperature distribution (Figure 3) which can be written as follows:
T ′(y, θ) =

⎧__
⎪ω 1
⎪
⎪__
⎪ω 1
⎪
= ⎨__
⎪
⎪ω 1
⎪
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⎩

Figure 3. Given temperature distribution
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where θ1, θ2, θ3, θ4 are the angular coordinates of the
weld zone along circumferential joint. The values of
this coordinates are got from the third formula of (5)
at the moments of time t1, t2, t3, t4 accordingly. The
diagram of the distribution T′(y, θ) and the axes y,
y0 shown in Figure 3 are drawn conditionally on the
plane for visual imagery.
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Formulating the problem of optimizing. The solution of the differential equation of heat conductivity
(1) written as the form (4) of integral equation permits to formulate the problem of optimizing and to
use the maximum principle for the systems with distributed parameters [7]. The maximum principle is a
method of the theory of optimum control. This principle may be used to solve the problems of control
with the restrictions. Such problems with the restriction are so called incorrect problems which may be
solved using the maximum principle [8].
The power of the welding source has the finite
value and consequently the power density must satisfy
the condition
0 ≤ q(y, θ) ≤ qmax,

(8)

where qmax is the maximum value of the power density
of the chosen weld source.
Let us formulate the problem of the optimum control as a correct problem by Tikhonov: «a simple thermal cycle is given taking into account the required
properties of the welded joint. Using the equation
(4) and the condition (8) the function q(x, y, t) of
a moving welding source is to be found with the condition of the smallest deviation of calculated temperature T(y, θ, t′) from the given temperature T′(y θ),
where t′ is the time of welding».
The smallest differences T′(y, θ) — T(y, θ, t′) are
determined by minimum of the quadratic functional [8]
∞ l

J=

∫ ∫ [G′(y, θ, t′) — G(y, θ, t′]2dxdy,

(9)

—∞ 0

where G′(y, θ, t′) is determined by replacing in G(y,
θ, t′) the function T(y, θ, t′) by the given temperature
distribution T′(y, θ).
Optimizing problem solution. The function G′(y,
θ, t′) is of the piecewise-continuous type with interruptions of the first kind, but G(y, θ, t′) is the continuous function. The control q(y, θ, t) with the restriction (8) does not provide the identity
G′(y, θ, t′) = G(y, θ, t′).

Then the minimum of the functional (9) determines the optimum control q(x, y, t), t ∈ (0, t′). According to the maximum principle the optimum con-

trol under which the functional (9) reaches minimum
is determined by the solution of integral equation.
The solution of this integral equation leads in its turn
to the solution of the system of non-linear algebraic
equation [9]. As a result of the solution we get the
function of optimum control:
q(y, θ, t) =
P

×

1
2

qmax +

1
q sign ×
2 max

d

∑ ∑
n=0m=0

—abn, m(t′ — t)

cos μmy e

×

(10)
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,

where γ1n, m, γ2n, m are the solution of the system of
(p + 1)(d + 1) non-linear algebraic equations. The
expression (10) is the solution of the degenerated
problem of optimum control which we get supposing
for n and m the finite value p and d accordingly.
Practical result. The N.A. Dollezhal Research and
Development Institute of Power Engineering uses the
method of mathematical modeling and optimum control when developing technological process and local
thermocyclic treatment of zirconium-niobium canals
for operating nuclear power plants and research reactors. Welded joints of zirconium alloys work in
corrosive medium, under pressure and at high temperatures [10].
The welded joint is the zone of structural heterogeneity and non-uniformity of the elastoplastic state.
The problem of increasing the corrosion resistance and
plasticity of welded structures of zirconium alloys is
solved by modern scientific and technological methods
using numeral modeling of the optimum mode for
electron beam welding and following local thermocyclic treatment of the circumferential welded joint
with the same electron beam.
The given temperature distribution (7) for welding and thermocyclic treatment must be constructed
with taking into account of the corrosion resistance
the welded joint and plasticity of the zirconium materials. The plasticity and corrosion resistance are greatly affected by residual stresses. The most uniform
distribution of the maximum heating temperature in
the cross section of welded zone tail part, the smallest

Figure 4. Results of metallography of the zirconium-niobium alloy welded joint: a – weld metal microstructure; b – weld metal
microstructure after local thermocyclical treatment; c – HAZ metal microstructure after local thermocyclic treatment
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width of the heat-affected zone and, correspondingly,
the minimum heat input during welding. All these
ensure the decreasing of the residual stresses in welded
joint [11].
When local treatment performed, the electron
beam is the surface source. It is known that the surface
source has the optimum distribution of the power
density q, i.e. the optimum form of the heat spot [11],
there can be most uniform temperature distribution
with respect to the thickness. In this case for the
calculation of the optimum surface source we can use
for the first approximation the mathematical model
(1) and (2) with the volume source.
The maximum temperature Tm of heating, when
performing the local thermocyclic treatment of zirconium-niobium alloy, assumes equal 900 °C and Tmin =
= 500 °C.
The micrographs of structure of welded joint of
the zirconium-niobium alloy are shown in Figure 4.
Figure 4, a is the microstructure of weld metal after
electron beam welding. This microstructure indicates
the grains of welded metal and the rough martensite
needles. Figure 4, b, c shows the microstructures of
welded metal and of heat-affected zone metal after
the local thermocyclic treatment of circumferential
joint with the same electron beam. The grains of metal
are smaller, the boundaries of martensite needles are
dispersed, and β-phase of niobium is picked out.

CONCLUSION
The optimum control of electron beam welding with
following local thermocyclical treatment of welded
joint made possible to reduce the heat treatment in
furnace and at the same time to increase the quality
of zirconium manufactures [12, 13].
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NOVEL OFFLINE ROBOT PROGRAMMING SOFTWARE
A. NICHOLSON1, J. NORRISH1 and P. Di PIETRO2
1
University of Wollongong, Australia
2
ANSTO, Australia
This work was initiated to address the problem of automated weld repair of hydro turbine cavitation damage. An
extensive review of the application requirements was undertaken [1] which highlighted the need for a new approach to
robot programming. This lead to the development of a novel rapid programming technique based on a vision system
which involved the development of algorithms to correlate robot and vision system coordinates, communication links
to the system hardware, and a software environment to «manage» the process. The complete system was successfully
validated by representative trials on a full-size hydro turbine mock-up. This paper describes the software used to
implement the vision based offline programming system.

Automated in-situ weld repair has been recognized
for some time to potentially overcome issues relating
to OH&S, poor weld quality, and excessive outage
time. The advantages of using an automated system
include the removal of the operator from a hazardous
area, greater availability to repair zones, improved
control of weld bead deposition, and ultimately reduced repair costs due to reduced downtime. A major
obstacle for robotic repair is the time required to generate the robot program.
Prior investigations [2, 3] have indicated that robotic
welding is a feasible option for reclamation of worn
components, however, the time needed to develop a
robot program has restricted robotic welding systems
to applications with high production runs, justifying
the programming effort with repeat execution of the
one program. Where individual components need to be
welded in various locations, each with unique wear patterns, tailored programs need to be generated quickly
and easily. Traditionally, offline programming has used
computer-aided design (CAD) data to assist in generating the weld paths necessary to perform repair operations, and the robot trajectories are simulated in software before downloading to the robot controller. Problems arise with this method when the damaged areas
are unknown in size and location (and are undefined in
the CAD model), direct weld path generation is impossible. Also, discrepancies with real world dimensions
and CAD dimensions often lead to misplaced or poorly
defined trajectories. These problems restrict the feasibility of robotic welding for smaller production runs,
and, as a result, robotic welding systems have found
limited acceptance in this market.
An offline programming methodology has been developed in this work that addresses certain shortcomings of robotic welding systems as described in the
available literature. The methodology developed involves capturing image data from a torch-mounted
camera and using software to assist the operator to
identify damage and define a region for repair, calculating the necessary weld path strategy, automating
© A. NICHOLSON, J. NORRISH and P. Di PIETRO, 2006

the robot program generation process, providing intercellular equipment communications, and monitoring
and adaptively controlling the welding process.
Control module. For this application it was necessary to provide a PC-based control system for the
cell in order to integrate monitoring and control of
the robot, profile measurement, and control of the
GMAW package. Although a specific software solution was developed for interfacing equipment in the
robotic welding cell, it is likely that the approach
could be adapted to other welding and non-welding
applications involving the networking of processing
equipment. Further detail can be found in [4].
Surface mapping. Various options were investigated in an attempt to automatically map the profile
of the worn area and convert this directly into a robot
program. Although techniques such as laser profilometry were considered, the initial study identified
tactile scanning and video imaging as the most costeffective and practical options. Touch-sensing was
found to be effective but scan rates were low and
would be impractical for large complex wear-damaged
areas. Instead, a vision system which incorporated
some touch-sensing functionality in the robot program
was used. A CCD camera provides a very fast means
of acquiring 2D information, and when used in conjunction with touch-sensing, 3D information can be
constructed relatively quickly. Furthermore, program
translations are possible since information about the
TCP coordinates can be obtained from the robot controller. In this way, touch-sensing was used to calibrate programs written offline. Excellent accuracy is
achieved due to this automatic self-calibration using
touch-sensing. An alternate approach detailed in [5]
mathematically calculates the workpiece position
based on the focal lengths of two CCD camera lenses,
and the distance between the two CCD chips.
Image acquisition and processing. To avoid problems with damage characterization and provide consistent target identification several programs were developed for live image acquisition and processing.
Work initially concentrated on the recognition of the
damage itself, but the inherent problems associated
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Figure 1. Small dots placed to indicate nearby damage

with object recognition (such as lighting) made this
quite difficult. Rules must be defined for damage recognition, but the problem with evaluating damage in
general is that damage is always unique in size and
shape, so to program a set of rules to detect arbitrary
areas of damage is almost impossible. There are different
ways to handle this problem however. One method investigated was to place a small circular dot sticker near
a damaged area on the workpiece (Figure 1).
The recognition of small dots is relatively easy to
program into software. The dots all being the same size
and shape makes defining rules for the recognition straight forward. Alternatively, there are certain filtering
functions that can be performed on the image to help
identify features that cannot be easily found otherwise.
Techniques like this simplify the recognition of damage,
but a higher level of intelligence (i.e. human intervention) is still required for absolute assurance that what
is found is indeed damage. Shadows, surface marks, or
slight deviations of surface profile all may be erroneously
identified as damage. In this work, the identification of

Figure 2. Main GUI showing generated weld paths

damage is left up to human intelligence. If the small
dot is placed near a damaged area, the recognition
algorithm informs the operator that damage is in camera view, and to take a photo.
Rapid weld path generator. A new visual programming technique was developed in this work that
allows an operator to visually program the robot on
a PC using a mouse and associated software. Facilities
for surface profile acquisition and manipulation of the
welding path based on the wear pattern and profile
are features of the software. In this paper, the acronym
RAPID stands for Rapid Adaptive Programming using Image Data [6]. The RAPID Weld Path Generator
program is explained below.
After starting the software the user imports an image
taken from the torch-mounted camera. Image axes are
created according to the robot position relative to the
workpiece. The viewing window size is used as axes
limits in the software, effectively calibrating the image.
With the image loaded in the GUI, the user defines
a region around the damaged area using the mouse.
The coordinates of the mouse clicks in the GUI are
recorded and certain operations are performed to pick
out valid points and discard invalid points, leaving
only the peripheral points to form a closed boundary
around all internal points. The input parameters are
required for the weld bead geometry and location
calculations to be made, after which the weld paths
required to fill the region are generated.
Weld bead geomtery. For GMAW, flux in wires
and/or spatter reduce the volume of metal being
transferred to the weldment. Grouping these into an
efficiency factor η, the volume of metal per unit time
being transferred to the weldment with efficiency η
is equal to the volume of metal in the weld per unit
time. Assuming a semi-circular cross-sectional area of
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the weld bead, travel speed vtr, wire diameter dw,
and wire feed speed vf, this leads to
2ηv
⎯√⎯⎯
.
v

Wbead = dw

f

(1)

tr

The offset between consecutive welds is calculated
using the percentage overlap input value. For an overlap of α %, the offset is
Wbead × (100 — α) %.

(2)

These calculations are necessary for the next step,
determining the welding path locations. The information needed to cover a region with parallel weld beads
are the start and finish points for every weld bead,
and the offset between consecutive beads. The start
and finish points will lie on the boundary defined by
the peripheral points, and the offset is determined
from Eq. 2 (Figure 3).
Weld bead locations. Given that the region to be
filled will consist of a set of parallel weld beads, a
baseline weld (from which all other welds will be
offset) can be determined by creating a line function
through the baseline points and offsetting this function (in image coordinates) by a portion of the calculated bead offset. The intersections of these weld
path functions with perimeter functions constructed
from line segments between boundary points determine the endpoints of the welds. Once all start- and
stop-weld positions have been determined, the weld
paths are superimposed over the area defined by the
user in the GUI (see Figure 2). A robot program is
then compiled which can be transferred to the robot
controller for execution using the developed communications and control software.
Discussion. Due to the nature of cavitation damage, every repair situation will be different depending on the location, size, depth, orientation, and
extent of the damage. Therefore, in-situ robotic repair
of hydro turbine runners requires a robotic system
capable of fast reprogramming and adaptive control.
In the current work it was decided that the most
critical aspect was the ability to develop a programming technique which made «one-off» tasks feasible
or cost-effective. While the feasibility has been greatly improved with the techniques presented in this
work, certain limitations have been identified, such
as the curved/inclined plane problem as discussed in
[7] (although suggested solutions are also presented).
There also appears to be an inherent problem with
image acquisition when structured light is not used.
Great care is needed to achieve consistent and uniform
illumination and even then, automatic feature recognition is still extremely unreliable with contrast variations likely to be experienced in this application.
For these reasons it was decided to incorporate manual
selection of the damage area. Manual selection is simple and quick, taking only a few seconds. It also
avoids problems in damage characterization and hence
erroneous auto-identification. While this involves an
extra step it is far more robust.

Figure 3. Weld bead offset illustration

CONCLUSION
A novel programming methodology for robotic weld
reclamation of worn components has been developed
in this research. The literature available indicates the
current feasibility and limitations of the technology,
and in an attempt to alleviate some of the associated
problems in «one-off» applications, a new adaptive
technique was developed. This novel programming
technique can generate complex robot programs in
seconds rather than hours. Good quality GMAW
positional welds have been produced using this rapid
programming technique. The methodology and system have been successfully demonstrated in the laboratory. The technique developed is suitable for the
target application, hydro turbine cavitation repair,
and may be extended to many other wear replacement
scenarios commonly found in industry. The technique
has potential for direct application to generic weld
programming as well as wear replacement.
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MODEL FOR DISTANCE LEARNING
OF WELDING ENGINEERS AND SOME EXPERIENCE
WITH ITS APPLICATION
J. NORRISH
University of Wollongong, Australia
The University of Wollongong (UOW) and the Cooperative Research Centre for Welded Structures (CRCWS) has
developed a distance delivery program closely aligned to the syllabus prescribed by the International Institute of Welding
(IIW) for the International Welding Engineer Diploma. The post graduate program is delivered by means of learner
directed texts supplemented by multimedia content and four intensive one-week «summer» schools. Tutorial support is
offered via the Internet. The paper will describe the format and methodology adopted and will review the benefits and
limitations of the approach. The program has been running for the last 5 years and some experience gained from its
application will be discussed.

The move to uniform international qualification
standards in welding were originally recognized in
Europe in the late 1980s prompted by the harmonization of standards in the European Community. Subsequently the systems developed have been adopted
by international welding bodies [1]. The need for
professionally qualified welding engineers has been
recognized by International standards ISO 3834 [2]
and the requirements for Welding Coordinators are
set out in EN 14731—97 [3]. This requirement was
also recognized in Australia in 1994 by the creation
of two postgraduate courses (one at the University
of Adelaide and the other at UOF). Both courses
followed the European Welding Federation (EWF)
prescribed syllabus and were accredited by TWI in
the UK under the EWF scheme.
These courses were run for 5 years and following
completion of their studies several candidates successfully completed the European Welding Engineer
(EWE) examinations set by TWI and were awarded
the EWE qualification.
Whilst the recognition of the qualification and the
demand for the courses increased, the number of students who were able to complete the courses was
restricted in Australia by demographic considerations*. These conditions made it difficult for students
to attend either of the two instructional nodes and
the relatively small numbers made it uneconomical
to replicate the courses at other locations.
In order to cater for the widely distributed student
population the CRCWS and UOW developed a flexible (distance) delivery alternative to the on campus
course. This course which was launched in 2000 uses
the latest techniques of learner directed teaching and

*Australia has a small population and a large land mass and many
students need to study part-time whilst maintaining paid employment.
© J. NORRISH, 2006

web-based technology. The course is offered as a post
graduate diploma leading to the award of the UOW
Graduate Diploma in Materials Welding and Joining
and may be converted to a Master of Welding Engineering on completion of an additional dissertation.
It was agreed by IIW in 2001 that the course would
be run on a trial basis to assess the suitability of this
mode of instruction for education of IIW International
Welding Engineers (IWE). The course was initially
audited by the Australian Authorized National Body
(ANB) of IIW and representatives of IIW commission
XIV to ensure that the prescribed syllabus was met
and the instructional methods were appropriate. A
full «report of distance learning project» was prepared
and submitted to the ANB and the IIW assessor in
November 2000. At the time of commencement of the
trial the course was unique and no guidelines for IIW
compliance were available. During the last 5 years
the IIW has recognized the importance of this mode
of delivery and appropriate guidelines were developed
and published as IAB 195—2004 [4] in December 2004.
Following this initial approval the course has been
operated for the last five years. Details of the course
structure and teaching methods are given below.
Flexible delivery mode
Flexible delivery combines the most appropriate
teaching materials to enable students to study in their
own time at remote locations. In the case of the Materials Welding and Joining Course the backbone of
the teaching material is in the form of 12 learner
directed texts or «study guides». Unlike books or
lecture notes the study guides are designed to direct
the student through the learning material (which may
include external readings). To check student progress
informally but frequently, self assessment questions
are used. More formal assessment by the tutor is provided by the submission of written assignments. Each
of the 12 study guides was originally backed by a
web-based tutor. The web component was a purpose
designed teaching package that allows the student
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Structure of Materials Welding and Joining Course
Module (IIW)

A. Welding processes and equipment

Subject

Introduction to materials welding and joining (901)
Fusion welding, part 1 (902)
Non-fusion processes (903)
Fusion welding, part 2 (904)

Reinforcement
(residential school)

Welding processes
and automation (917)

B. Materials and their behaviour during welding Introduction to materials and ferrous weldability (905)
Ferrous metals, nickel alloys and wear (906)
Non-ferrous metals and non-metals (907)

Weldability and wear
(918)

C. Construction and design

Construction and design, part 1 (908)
Construction and design, part 2 (909)

Design of welded
structures (915)

D. Fabrication application engineering

Fabrication and applications engineering, part 1 (910)
Fabrication and applications engineering, part 2 (911)
Fabrication and applications engineering, part 3 (914)

Fabrication case
studies and NDT
(916)

Thesis Option – Master of Welding Engineering, students only
Practical course – mandatory for IWE

access to an expert tutor via a bulletin board but also
allows the tutor to update course material continuously, supply links to information resources, supply
electronic reference material, set quizzes to check
progress and offer tips on learning techniques and
presentation. To supplement and reinforce the text
and web material 4 one-week residential units are
included in the course. These «summer schools» are
attended after completion of the subjects which make
up each of the four modules of the IIW syllabus,
which are welding processes and equipment (including welding automation), behavior of metals during
welding (including surface engineering), design of
welded structures, and fabrication and application
engineering.
The face to face study during these intensive four
weeks on campus allow presentation of multimedia
material (video and computer software), laboratory
classes, lectures from industry experts, industry site
visits, group case studies, revision and tutorials. Each
residential school includes a written examination
which includes material from the previous module.
In addition some 60 hours of practical welding is
required by IIW and this is currently available from
one of the many approved local providers. In Australia
the Technical and Further Education (TAFE) colleges
provide this form of vocational training. In summary
the course structure consists of 12 texts based distance
delivery modules (learner directed texts), 4 weeks of
on-campus delivery, web-based support and assessment, and 2 weeks of practical welding training.
The details are given in the Table, where the 9xx
numbers are university subject codes.
Text-based modules. Each text-based module was
derived from the previous on campus teaching material
and is the equivalent of 30 hours of face to face oncampus contact. Like the on campus study it also
requires the equivalent of 90 hours self study and
assignments. The study guides are written by authors
from the university and industry. Guided study of
additional resource materials (text books and papers)
is incorporated into the texts. These supplementary

materials are provided in the form of recommended
text books, 22 technical notes (from the Welding
Technology Institute of Australia), copies of relevant
technical articles, and Australian standards.
The enrolled students are all provided with free
access to «Australian Standards On-Line» which
enables them to view and download all Australian
and some international standards.
The UOW Centre for Educational Development
and Interactive Resources (CEDIR)* produces the
final printed material; providing guidance on educational techniques prior to production.
Practical welding training. The 60 hours practical
training is an optional (but highly recommended) requirement for the Graduate Diploma and Master of
Welding Engineering qualifications at UOW but
mandatory for IIW—IWE candidates. In Australia the
format of TAFE course NBB 09 offers a suitable basis
for this training. Alternatively students may satisfy
the practical training requirements by completing vocational welding certificates 1-9 of Australian standard AS 1796 or its equivalent.
On-campus component. Some elements of the course require «hands on» experience and reinforcement
which can only be gained in a laboratory, workshop
or classroom environment. In the case of the UOW
courses these include advanced welding process demonstrations, robot programming exercises, metallography and metallurgical examination of weld samples,
and exposure to NDT techniques. In addition experts
from such diverse industrial areas as construction
standards, steel production, pressure vessel design,
ECA and NDT provide lectures which illustrate the
practical application of the course material. The students also participate in case studies which involve
team work and real industrial problems.
Web-based support. A web-based support system
was originally established using a purpose designed

*UOW lias considerable experience in flexible delivery methods
and produces and offers a large number of distance learning courses.
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educational authoring tool (WebCT) and this incorporated:
• update information and technical support on the
coursework;
• multi-choice assessment tests and progress on
student feedback;
• bulletin board for student queries.
This component of the course enabled interaction
between students and teachers and was intended to
take the place of normal face to face tutorials.
Course duration. The original on-campus course
was conducted over 1 year but it was expected that
the flexible delivery program would normally be completed in 2 years unless the student had no other
commitments when it would still be possible to complete in 1 year.
Assessment. The introductory subject (ENGG
901) may be taken as a preliminary to the main course
(e.g. as an undergraduate elective) and is assessed by
assignments, a web-based quiz and a 2-hours examination.
Course assessment for the remainder of the course
is continuous and based on two substantial essay assignments per subject, case studies and a 2-hour written examination on completion of each module (A—D)
residential school. The final composite course mark
for the University award is based on a weighted average of assignment, case study and examination results. Each subject is worth 3 credit points. The UOW
Master of Welding Engineering is assessed in the same
way but an additional 12 credit point dissertation is
required.
For the IIW diploma it was originally decided in
consultation with the ANB that the students needed
to complete the graduate diploma course and University examinations before attempting the independent
examination. This IIW examination consists of 4 twoto-three-hour written papers and a 1-hour oral examination. It was intended that the IIW written papers
should be taken progressively immediately after each
of the residential schools. In February 2004 the University and the ANB set combined written examinations followed by the IIW oral exam. All examinations
complied with the IIW guidelines but were marked
independently to meet the formal requirements of the
University and IIW.
Entry requirements. The normal entry requirements are a first degree (equivalent to a 4-year bachelor degree) in an engineering or related science subject. These entry requirements are mandatory for IWE
candidates although mature students may submit a
compendium of evidence of prior experience and training for entry to the University Graduate Diploma
(it is however made clear to students gaining entry
to University courses via this route that it is not
possible for them to apply for the IWE diploma).
Student management. Student management is achieved by a formal computer-based system at the University (student management package). In addition
departmental staff maintain regular contact with the

students to issue course material, collect assignments
and monitor progress. The student contact is facilitated by an integrated group email (student on line
service SOLS) and progress and assessment results
are posted on the same system.
Progress
Over the last 3 years the number of registered
students has remained at between 15 and 20. A continuous intake policy has been maintained with students able to enrol at any time. Most students are
«mature» and industry based with considerable welding technology and management experience. Although a large number of final year undergraduates have
undertaken the introductory elective only a small
number have progressed to the post graduate course.
The standard of coursework submitted by the students for the continuous assessment has been excellent. In most cases the assignments have been very
well researched and indicate a firm grasp of the underlying principles. Similarly in the case studies students have demonstrated an awareness of the procedures and standards and have produced sound proposals. Although performance in multi-choice quizzes
has been good the performance in the 2-hours closed
book written examinations has been disappointing.
The most common problems seem to be associated
with poor examination technique. In spite of specific
mentoring students continue to have difficulty in addressing the questions and providing sufficient depth
in their answers. These performance characteristics
may be associated with the fact that most of the students were undertaking welding engineering tasks similar to those posed in the assignments in their daily
employment whereas most mature students were inexperienced or unfamiliar with examination technique.
The majority of students have been in full time
employment whilst completing the course. This has
let to extended periods of enrolment occasional withdrawal from the course and requests for deferment.
Many of these extended periods of study have been
due to the employer changing the student role, often
increasing his responsibilities or posting the student
to a remote location or overseas project, in one case
the student has deferred due to a period of military
service.
Delivery techniques. Surveys of past and current
students indicate that the text-based study guides and
supporting material are well received since they allow
considerable flexibility in study methods. The performance of the web-based component has been disappointing in spite of the fact that the product used is
a state of the art proprietary package which has been
well proven elsewhere. The main problem with this
component appears to be student access to high bandwidth internet connections as well as the updating
overhead for the teachers. Bandwidth is a particular
issue when it is attempted to post complex graphics
or video on the web-site. As a result many students
do not utilize this facility but prefer to use e-mail to
contact the tutor and other students. The main ad78

vantage of such a web-based system remains the bulletin board which allows student/student/teacher
interaction.
Amendments to techniques and procedures. Since
video information is extremely useful to reinforce an
understanding of welding the bandwidth restrictions
were viewed as a serious limitation of the web delivery
approach. As a result it was decided to commit such
material to CD-ROM or DVD. A trial of this approach
was undertaken using a CD-ROM to provide all of
the support material for the «Introduction to Materials Welding and Joining». The CD is accessed by a
common web browser and would be easily transferable
to a web platform. It incorporates course notes, animation and video footage. The CD has been trialed
by over 200 undergraduate engineering students in
Australia and the response has been extremely positive.
In reviewing the progress of the course several
steps have been proposed in an attempt to improve
quality, availability and completion rates; these include the adoption of a 6 session academic year with
strong inducements to the students to complete at
least 1 subject and preferably 2 subjects per session
(8 weeks), use of a simple bulletin board and e-mail
for student communication, and use of CD-ROM
based supplementary material for high bandwidth material (video and animations).

CONCLUSION
The flexible delivery approach has been well received
by Australian industry and industry based students.
The quality of work produced by the students in
assignments and case studies has been excellent. The
course completion rate has however been disappointing as has the uptake of IWE examination options.
The poor completion rate has been attributed to
diversion of employment and attempts to improve the
situation by closer surveillance and reduced session
durations have recently been implemented. Trials of
supplementary CD-based multimedia content has
proved very popular.
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MOVING HEAT SOURCE MODEL CAPABILITIES
IN LS-DYNA PARALLEL VERSION
M.V. PETRUSHINA
United Institute of Informatics Problems, NAS of Belarus, Minsk, Belarus
By means of Goldac moving heat source model incorporated in LS-DYNA, the processes of heat residual stress and strain
formation are simulated for a frame. Heating and cooling process dynamics was studied taking into account convection
and radiation losses and phase (melting and solidification) changes. Qualitative and quantitative results were obtained
for residual stresses and strains for different directions and sequences of welds laying on. In conclusion a method of
residual stress influence on the modal properties of the considered welded structure estimation was proposed.

Moving heat source. By means of Goldac moving
heat source model incorporated in LS-DYNA the processes of heat residual stress and strain formation are
simulated for a frame. Heating and cooling process
dynamics was studied taking into account convection
and radiation losses and phase (melting and solidification) changes. Qualitative and quantitative results
were obtained for residual stresses and strains for
different directions and sequences of welds laying on.
In LS-DYNA 971 version the possibility of parallel
coupled thermal analysis is incorporated for the moving heat source model.
The examples with box and frame structures were
considered. The stress and strain fields for the fillet
and circular welds correspondently are obtained using

Goldac moving heat source [1] (Figures 1, 2) and by
welding process simulation by modeling laser interaction with the sample [2]. The results were compared
and rather good correlation was found in the resulting
shapes of plastic zones and their dimensions. Also
weld end effects were revealed in both types of thermal-stress simulations.
Coupled thermal-stress analysis were carried out
using moving heat source, the stresses and strains
were found. This type of analysis helps to appreciate
the shape and dimensions of plastic zone that occurred
in standard welded joints, to find the peculiarities of
different extent welds and determine weld ends effects. Thus, in spite of using artificial analytical formulas for the dimension of plastic zone applicable
only for the simple joints that do not contain information about end effects it is possible to use information from virtual tests. These two types of information about plastic zone dimensions were compared
for standard joints (Figure 3). The information obtained from numerical tests is trustworthy and applicable to all kind of joints and welding process conditions, contains additional information absent in the
traditional plastic zone calculation recommendations,
has explicit 3D character and can further be used in
the modified shrinkage force method [3].

Figure 1. Goldac moving heat source on T-joint

Figure 2. Von-Mises stress distribution in box structure during welding process simulation using moving heat source
© M.V. PETRUSHINA, 2006
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Figure 3. Fillet weld plastic zone obtained with Goldac moving heat source simulation

Figure 4. Sequences of weld laying on for the frame structure: a – consequent not optimal sequence; b – sequence which leads to
lower result deformations

Figure 5. Sequences of weld laying on for the frame structure (a and b are the same as in Figure 4)

Figure 6. Typical mode shapes of the first 20 natural frequencies: a – 6th mode shape; b – 8th mode shape
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Weld sequences. These two simple structures
(box and frame ones) are also good examples to study
weld sequence influence on the result structure deformations and stresses. Figure 4 shows the different
sequences of weld laying on for the frame structure.
Figure 5 shows the difference in the result displacements. It can be seen that the second variant deformations are less. Coupled thermal analysis mppversion implemented in 971 version of LS-DYNA make
it possible to carry out numerical simulation for the
geometrically complicated and complex welded structures repeatedly changing welding condition parameters and welding directions and sequence. The frame
presented in Figure 5 is quite simple. It contains six
circular welds.
Welded structure modal properties dependence
on internal residual stress presence. Though it is
known from practice that modal properties of some
welded structures undergo noticeable changes after
joining (for instance, the fact that multiple welded
pipes to the basic tube «clink» after welding), one

pays almost no attention to that phenomenon in comparison to the strength problems encountered during
and after welding. One of the objective of this paper
is to examine the consequences of welding process on
modal properties of different nature welded structure.
Elaborated method [3, 4] of the residual welding
stress simulating based on the shrinkage forces is used.
The results are obtained in LS-DYNA and ANSYSMultiphysics [5] finite element analysis package deployed on the SKIF family supercomputer [3].
Let us first consider a cylindrical welded structure
constrained on the bottom and carrying one circled
weld. It is a simplest example that can slightly model
a cylindrical reservoir. First we find the values of
natural frequencies for the cylinder without weld.
These values for steel material with ρ = 7700 kg/m3,
E = 210, ν = 0.3 are in the second column of the
Table. The typical mode shapes of the first 20 natural
frequencies are shown in Figure 6.
Using the elaborated shrinkage forces method [3,
4] the residual welding stresses and displacements

Figure 7. Deformation (a) and plastic strains (b) in welded structure
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Natural frequency values for cylinder and frame structures without and with welding residual stresses
Natural frequency value, KHz
Mode
shape
No.

Cylinder

Frame structure

Without
weld

With
weld

Without
weld

With
weld

1

3.426

3.425

0.68393

0.069808

2

3.434

3.432

0.12399

0.123986

3

3.434

3.432

0.12845

0.128437

4

3.446

3.444

0.14505

0.144725

5

7.381

7.373

0.14785

0.147702

6

7.384

7.377

0.15912

0.159043

7

8.096

8.096

0.16237

0.162285

8

8.744

8.743

0.17804

0.178017

9

8.987

8.987

0.18074

0.180725

10

10.220

10.215

0.18778

0.187719

11

10.405

10.400

0.19042

0.190322

12

11.949

11.945

0.19499

0.194979

13

11.949

11.945

0.21547

0.215449

14

13.063

13.063

0.21742

0.217588

15

14.096

14.090

0.23950

0.239554

16

14.202

14.195

0.29163

0.291834

17

14.778

14.772

0.30160

0.301331

18

14.785

14.779

0.35751

0.357496

19

16.780

16.780

0.36984

0.369585

20

16.846

16.846

0.40026

0.399796

this difference depends on the mode shape type. Considered geometry has an axis of symmetry both for
the cylinder and for the circular weld. Therefore there
are some frequencies mode shapes of which correspond
to the oscillations in the axis of symmetry direction
that remain unchanged.
The presented example of a frame welded structure
corresponds to real parts of agricultural machines.
The frame was fixed on the bottom. Using the elaborated shrinkage forces method [3, 4] the residual welding stresses and displacements were simulated (Figure 7) and its natural frequencies were found for the
model without and with welds (see the Table).
As can be seen from the Table, the sign of the
changes in natural frequencies of the frame due to
welding residual stresses is arbitrary and does not
correlate with frame mode shapes. One can suppose
that the character of the welding residual stresses
influence on the welded structure modal properties
depends on the complexity and shapes of the structure.
Thus in some cases it is possible to say about the
tendency of frequency shifts for a range of frequencies
such as related to the one type of mode shapes. These
phenomena can be anticipated in the structure analyses with the system symmetry presence. In other cases
the influence of the welding residual stress can have
no explicit dependencies.
1. Petrushina, М.V., Nikolajchuk, V.V. (2004) Modelling of
shrinkage forces and moving heat sources for prediction of
residual welding strains. In: Mathematical Modelling and
Information Technologies in Welding and Related Processes: Proc. of 2nd Int. Conf. (Katsiveli, Crimea, Ukraine,
Sept. 13—17, 2004). Kiev: PWI, p. 225—229.
2. Petrushina, V., Pogudo, Е.L., Chivel, Yu.А. (2006) Spherical powder sintering process simulation under laser pulse radiation. Vysokotemp. Termofizika, 44(1), p.148—152.
3. Medvedev, S.V., Petrushina, M.V., Tchij, O.P. (2004) Modeling of welded structures residual strains. In: Proc. of 8th
Int. LS-DYNA Users Conf. (Dearborn, USA, May 2—4,
2004). Livermore Software Techn. Corp., p. 7—29.
4. Medvedev, S.V. (2002) Computer modeling of residual welding strains in technological design of welded structures.
Welding Int., 16(1), p. 59—65.
5. Release 10.0 Documentation for ANSYS.

were simulated. The results for the natural frequencies
for the welded cylinder are in the second column of
the Table.
As can be seen from the Table, the natural frequencies obtained for the welded cylinder are slightly
less than for the cylinder without weld. The value of
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NEW QUALITY INSPECTION SYSTEM
FOR AC RESISTANCE WELDING
A. PIETRAS, L. ZADROGA and Z. MIKNO
Instytut Spawalnictwa, Gliwice, Poland
In the Instytut Spawalnictwa, Gliwice, the new system for monitoring of the parameters and quality inspection of the
spot and projection welds made on the conventional AC welding machine was elaborated. In this paper the new system
is presented. The LOGWELD system is enable to measure and check welding parameters (current, electrode force and
voltage) and on the base of its run can elaborate the information about the quality of the joint. In the Instytut
Spawalnictwa the research procedures and structure of the research stations for spot and projection welding were
modified in such a way, which enables to record, process and transfer of measurement data from the LOGWELD device
to the master computer. In this computer further data processing is conducted on the base of the new algorithms, which
using the current flow, dynamic resistance and voltage profile recorded during welding, can estimate the dimensions of
nugget and strength of the joint. This system enables to control welding condition in real time and furthermore for
automatic inspections of welding quality.

Model station for AC resistance welding
The modern station for resistance welding is based on
standard welding machine ZPa-80 produced by ZAS
ASPA in Poland. The welding machine is equipped
with sensors and converters of important parameters
of resistance welding processes, i.e. voltage, current,
and electrode force. Computer system enables the
measurements and recording of these important parameters. General structure of the station is shown in
Figure 1 in a block diagram.
The system is controlled by the industrial computer equipped with controlling software and interface
for measuring of electrode current and voltage. In
Figure 2 there is a measuring and recording device
LOGWELD designed for measuring, recording and
transferring of selected results to managing computer,
which communicates via internet network with computers in cooperating firms. Computer network was

constructed and activated in order to connect resistance welding stand with any computer at the Instytut
Spawalnictwa. The system can collect research data.
During the works on model station at the Laboratory following specialised computer programs were
developed [1]:
• program for recording and preliminary analysis
of electrical characteristic, which controls the system
of measurement and inspection of welding quality;
• program for final analysis of collected results of
measurements.
The first program is installed on the LOGWELD
device. Its task is to aid and accelerate recording of
electrical characteristics, enable to preliminary monitor of measuring results and storage data on the computer disc.
The second program is installed on the computer
in the technologist’s office and its task is to analyse

Figure 1. Block diagram of the measuring and recording of resistance welding parameters system
© A. PIETRAS, L. ZADROGA and Z. MIKNO, 2006
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Figure 3. Exemplary run of the voltage with and without compensation

Figure 2. LOGWELD measuring and recording device

in details gathered data with use of algorithms designed for each technology of resistance welding. The
algorithms take into consideration the needs occurring
during quality inspection and research works.
Current version of the LOGWELD control program makes possible visualisation on the computer
screen the characteristic of analysed parameters in
graphic form (numerical and text fields) and adjustable elements such as slides and push-buttons.
In the Instytut Spawalnictwa Laboratory during
past two years execution the system of distant quality
inspection of resistance welding with use of developed
device and software was tested while welding of just
after welding [2]. Developed system enables the technologist to estimate quality of the resistance welding process in the distance, on the production stands
in firms cooperating with the Instytut Spawalnictwa
Laboratory, thanks to transferring data via computer
network. The specially prepared data, recorded in
production process, are processed and analysed with
use of specialised research software.
Quality inspection of welds
The quality inspection of spot and projection welding made at AC welding machines, were conducted
in support of measurements of process parameters,
recorded with the use of LOGWELD device and mec-

hanical examination of joint and metallographic examinations of welds. In the paper selected results of
investigations concerning to spot welding are presented.
The objective of researches. The objective of researches was to elaborate methods of the quality assessment of spot and projection welding in support
of recorded electrical characteristics of process parameters. During the researches relationships between
actual electrical characteristics of welding parameters
and the quality of obtained welds were searched.
Research program. Research program enclosed:
• recording of welding parameters;
• investigations of influence of the welding current
and welding force on the run of recorded welding
parameters and the properties of welded joints;
• investigations of mechanical properties of welds
in the shearing test;
• investigations of mechanical properties of welds
in the peel test;
• assign of the function approximating selected
characteristic of process parameters;
• assign of the basic quantities characterized the
quality of the welding process.
In order to compensate the voltage subjected interferences of the current flow, the additional measuring system was used in the welding area. Exemplary run of the voltage with and without the compensation is shown in Figure 3.

Figure 4. Test stand for measuring and recording of resistance welding parameters system: 1 – voltage channel with compensation
circuit; 2 – current channel; 3 – voltage channel; 4 – LOGWELD system based on the industrial computer board; 5 – RF/IF
transceiver
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Processing, calculations and the analysis of measuring data were conducted with the use of Excel
2000. During the precise regulation of the welding
force, device of TECNA 1416 was used. The measuring
scheme is shown in Figure 4.
Materials used for investigations. For quality investigations in spot welding, sheets of 08J grade lowcarbon steels 0.8 and 1.0 mm thick, electrolytic galvanized of about 9 μm Zn layer, were used. The welding machine was equipped in cup electrodes made
of copper alloy of A2/1 class, CRM 16 grade, hardness HV 130 and appropriate electrical conductivity
45 MS/m (about 80 % of IACS). The diameter of
electrode tips was selected in dependence of the thi⎯⎯δ mm,
ckness of welded sheets with formula de = 5√
where δ is the thickness of welded sheets.
The way to conduct the investigations. For spot
welding sheets of dimensions 30 × 150 × δ were used.
The distance between particular welds were about 5de
(de is the diameter of the electrode tips), that eliminated the influence of shunt current. Before welding,
the surface of sheets were cleaned with the use of
flannel cloth.
Optimal welding parameters were established experimentally using the work mode of the control system permitted for the stabilization of the welding
current. Investigations were conducted at electrodes
partially used up, with which 800 welds were made
at optimal parameters before.
After preliminary series of welds was made, investigations of weld quality at different current and variable welding force were started.
The welding quality during the investigations was
evaluated on the basis of visual test, run of electrical
parameters, recorded with the use LOGWELD device, technological peel test, and shear strength test.
For every set of parameters, at least three welds
were made, at the time the current and voltage were
recorded. On the basis of recorded current and voltage
runs of the following quantities were analyzed:
• peak current Ip [kA] (the quantity determined
with the use of program of LOGWELD device);
• effective current Ieff [kA] (the quantity determined
with the use of program of LOGWELD device);

• peak voltage Up [V] (the quantity determined
with the use of program of LOGWELD device);
• dynamic resistance Rd [μΩ] (the quantity determined with the use of program of LOGWELD device);
• energy supplied to the joint E = ΣUIt (calculated
quantity);
• analytical coefficient K = I2Rd (calculated quantity);
• analytical coefficient M = I2t (calculated quantity).
Because particular quantities demonstrate large
oscillation during formation of the weld, each run of
quantities, taking into consideration in the analysis
of the welding process, was approximated with the
method of minimum of the mean quadratic deviation
with the function F = f(t). The correlation coefficient
R of the function F = f(t) was calculated by formula
(example for resistance):

⎯⎯⎯⎯⎯⎯⎯⎯⎯
√
n

R=

n

∑ (Rdi — Rd)2 — ∑ (Rdi — RDi)2

i=1

i=1

,

n

∑ (Rdi — Rd)2
i=1

where Rdi is the value of particular measurement data
(resistance) recorded with the device or calculated
direct from the measurement data; RDi is the dependent variable in defined point; Rd is the mean value.
For each function the value of correlation coefficient R was higher than 0.9.
Results and research analysis of resistance welding
Control and quality assessment of the weld formation process in support of dynamic resistance
analysis Rd. In result of tests and investigations it
was found that important in the analysis is the run
of the quadratic function approximating the run of
dynamic resistance during modifications of resistance
connected with the process of formation of the weld
nugget and the coefficient a of linear function (f(t) =
= at + b) assigned from the selected range of time
interval (Figure 5).
Maximum of the quadratic function approximating the run of dynamic resistance is in the field in

Figure 5. Exemplary run of dynamic resistance with the quadratic function approximation for joint performed with the use of most
advantageous welding conditions (a) and too low welding current (b)
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Figure 6. Exemplary run of dynamic resistance with the linear function approximation for joint performed with the use of most
advantageous welding conditions (a) and too low welding current (b)

which initiation of the process of fusion of metal in
the faying surface succeeds. For sheets 0.8 mm thick,
the maximum is situated in the time interval from 50
to 150 ms, whereas for sheets 1.0 mm thick – in the
time interval of 80—150 ms. The run of function is
evidence of the process of weld formation. The earlier
the maximum of the function approximating the run
of dynamic resistance occurs, the faster conditions in
the faying surface for fusion of metal are being create,
and the longer is time for expansion of weld nugget.
The linear function approximates the run of dynamic resistance in the final interval of welding time
(Figure 6). For 0.8 mm sheets, the linear function
approximates the run of resistance in the time interval
from 70 to 200 ms, whereas for 1.0 mm sheets – from
100 to 200 ms. The coefficient a of the slope of the
function depends on the thickness of sheets. Decreasing character of function indicates at loss of resistance
in welding area, what testify about quantity (volume)
of fusion metal in the faying surface.
In results of investigations it was found that the
higher absolute value of the coefficient a of the linear
function (the function is decreasing), the larger amount of metal in the faying surface undergoes a fusion.
In case, when the linear function approximating the
run of resistance is growing, it testifies about defective
run of welding process.
Sheets 0.8 mm thick. In case of carry out welds
with the most advantageous parameters, the maximum is being achieved after 90 ms (about 45 % of
the total welding time, ttotal). The coefficient of the
linear function a = —0.090 (peel diameter dp = 4.6 mm,
shearing force of weld Fsh = 332 daN).
During welding of sheets with the high current,
the maximum is being achieve already after 75 ms
(40 % ttotal), a = —0.177 (dp = 6.1 mm, Fsh =
= 340 daN).
The low welding current causes formation of the
maximum only after 120 ms (60 % ttotal), for a =
= —0.020 (dp = 3.1 mm, Fsh = 230 daN).
Welds made at high welding force achieve the
maximum of function only after about 110 ms (59 %
ttotal), for a = —0.030 (dp = 1.7 mm, Fsh = 265 daN).

At low welding force displacement of the maximum of the function approximating the run of dynamic resistance to time 85 ms takes place (42 %
ttotal), for a = —0.100 (dp = 5.2 mm, Fsh = 340 daN).
Sheets 1.0 mm thick. In case of carry out welds
with the most advantageous parameters, the maximum is being achieve after 119 ms (about 60 % ttotal),
for a = —0.241 (dp = 6.3 mm, Fsh = 558 daN).
During welding with high current, dynamic resistance achieves the maximum of the function after
107 ms (about 53 % ttotal), a = —0.957 (dp = 6.1 mm,
Fsh = 550 daN).
In case of welding with a low current, the maximum of resistance is being achieve after 133 ms (about
66 % ttotal), and a obtains the value of —0.086 (dp =
= 3.0 mm, Fsh = 490 daN).
At high welding force the function approximating
a dynamic resistance, achieved the maximum only
after time 135 ms (about 67 % ttotal), for a = —0.056
(dp = 3.7 mm, Fsh = 535 daN).
At low welding force, the time to achieve the maximum of the function is cutting down till 106 ms
(about 53 % ttotal), for a = —0.324 (dp = 6.0 mm, Fsh =
= 550 daN).
Control and quality assessment of the weld formation process in support of energy supplied to the
weld. The energy supplied to the welding area (Figure 7) was assigned from the definition of energy
t

E = ∫ p(t)dt, where p(t) designates the instantaneous
0

power assigned as the product of the instantaneous
values of the current and voltage, measured with the
frequency 20,000 Hz. In the result of test and investigations it was testified that the coefficient c of the
slope of the linear function (f(t) = ct + d) assigned
in the entire range of the welding process.
The angle of linear function (the coefficient c of
function (f(t) = ct + d) testifies about increase of the
energy supplied to the weld and indirectly about the
quality of the joint.
The most advantageous welding conditions for sheets 0.8 mm thick have characterized by the function
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Figure 7. Exemplary run of energy supplied to the weld with approximating linear function for joint performed with the use of
most advantageous welding conditions (a) and low welding current
(b)

coefficient c from 0.0052 to 0.0054, whereas for sheets
1.0 mm thick – by the value of 0.006.
Sheets 0.8 mm thick. For welds carried out with
high welding current the coefficient c of linear function describes the increase of the energy supplied to
the weld was c = 0.0063, whereas with the low welding
current c = 0.004.

For welds carried out with high welding force the
coefficient c of linear function describes the increase
of the energy supplied to the weld was c = 0.0044—
0.0046, whereas with low welding force c = 0.0054—
0.0056.
Sheets 1.0 mm thick. For welds carried out with
high welding current the coefficient c of linear function describes the increase of the energy supplied to
the weld was c = 0.007, whereas with the low welding
current c = 0.0037.
For welds carried out with high welding force,
c = 0.0052, whereas with low welding force c was
from 0.0066.
Control and quality assessment of the weld formation process in support of analysis of the computational coefficient K = I2Rd. The computational
coefficient K is strictly connected with actual value
of the welding current and dynamic resistance of the
welding area. The coefficient K is calculated from the
quadratic of the effective current and from dynamic
resistance assigned from the peak values of the current
and voltage, measured in every half-period. Exemplary runs of changes of computational coefficient K
during the welding process are shown in Figure 8.
During the work of the control system with stabilization of the welding current, the run of the coefficient K is strictly correlates with the run of welding power.
Metallographic examinations. Metallographic
examinations were carried out on chosen welds in
series, in purpose to determinate the correlation between the welding parameters and the quality of joints, and the structure of spot joints on 08J grade

Figure 8. Exemplary run of computational coefficient K for joint performed with the use of most advantageous welding conditions (a)
and low welding current (b)

Figure 9. Macrostructure of spot welded joint with correctly formed nugget of diameter close to electrode lap diameter (dj = de = 5√
⎯⎯δ ):
I = 8.3 kA, t = 20 pulses, P = 190 daN (×40)
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Figure 10. Macrostructure of spot welded joint with small weld nugget of about 2.0 mm in diameter: I = 7.3 kA, t = 20 pulses, P =
= 190 daN (×40)

Figure 11. Macrostructure of spot welded joint with small weld nugget of about 3.0 mm in diameter: I = 7.3 kA, t = 20 pulses, P =
= 150 daN (×40)

Figure 12. Macrostructure of spot welded joint with lack of weld nugget: I = 7.8 kA, t = 20 pulses, P = 300 daN (×40)

steel sheets 0.87 mm thick, welded at different welding parameters. Chosen results of metallographic examination (Nital etching) are shown in Figures 9—12.
Summary
Analysis of all data of the runs of electrical parameters and the statistic investigations have shown
that during the resistance welding process the most
advantageous is to control the run of dynamic resistance and the energy supplied to the welding area.
The runs of these parameters the most adequate inform
about the quantity of the heat input to the weld, the
time of initiating the weld nugget formation, quantity
(volume) of molten metal in the faying surface and
indirectly about strength properties of welds.
In case of use the runs of the energy coefficient E
for the current control of the welding quality, the
most advantageous is analysis of inclination angle of
linear function approximated increase of supplied energy E in welding (the coefficient c) and the value
of the total energy Ec supplied in the welding area.
In the initial half-periods of the current flow, reliable
randomness in the run of the value of energy, following from the matching of the electrodes to the sheets
and from the process of current stabilization by the
control system of the machine. For correctly made
weld, the coefficient of the function should be c =
= 0.0055—0.0060 (for 0.8 mm sheets) and c = 0.0067
(for sheets 1.0 mm thick).
The value of the total energy supplied to the joint,
calculated in the entire range of current flow, should
amount for 0.8 mm sheets Ec = 1.15 kW, for sheets
1.0 mm thick, Ec = 1.25 kW.
In case of analysis of the run of dynamic resistance,
selection of the range of the run of actual values of

resistance, took into account during the quality assessment of welding is very important. Initial decrease
of dynamic resistance is connected with matching of
the contact surface of the welding area (electrodes to
the sheets and sheets in the faying surface) and changes of actual values of current and voltage, which
may have the source in the stabilization processes
realized automatically by the control system of the
machine. In results of carried out analysis of the run
of actual values of dynamic resistance, calculations
of different approximating functions and computer
simulation it was found that the most adequate for
quality assessment is the range of the welding time,
in which changes of dynamic resistance connected
with the heat of metal in the faying surface and with
the process of formation of the weld nugget proceed.
These changes are situated in the range from 50 to
150 ms of the run time of the heat process.
For chosen range the quadratic function approximating the run of dynamic resistance was assigned.
The function run testifies about the process of weld
formation. The maximum of quadratic function approximating the runs of dynamic resistance is placed
in the area, in which the initiation of fusion metal
process in the faying surface took place. From the
comparison of the runs of approximating function and
results from the strength test follows that the earlier
maximum of the function approximating the run of
dynamic resistance occurs, the faster conditions for
fusion metal in the faying surface are being created
and the longer remains the time for increase the dimension of the weld nugget, guaranteed the appropriate strength.
From the investigations results follows that for
correct performed welds the approximating function
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achieves the maximum value for the time below
100 ms. In case of welding with the low current or
with high welding force, time, for which the approximating function achieves the maximum value, displaced to the value exceeding 110 ms.
The additional, good quality indicator of forming
weld is the run of the linear function approximating
the run of dynamic resistance in the final time interval
of welding. Decreasing character of the function indicates at decrease of resistance in the welding area
what testifies about quantity (volume) of fusion metal
in the faying surface.
In results of investigations and calculations it was
found that for sheets 0.8 mm in thickness it is the
best to approximate with the use of linear function
the resistance run in the time interval of 70—200 ms,
whereas for sheets 1.0 mm thick in the time interval
from 100 to 200 ms. The higher is the absolute value
of the coefficient of the linear function a (function
decreases), the higher quantity of metal in the area
of the faying surface fuses. This coefficient a depends
on the sheets thickness. In case if the linear function
approximating the run of resistance is increasing, it
testifies about defective run of the welding process.
In case of the projection welding initial decrease
of dynamic resistance is connected with matching of
the contact surface of the welding area and with dynamic projection deformation in the initial stage of
current flow. The runs of dynamic resistance of welding area in projection welding of bars and sheets are
insignificantly different. Each of the technology requires an individual approach to determine the coefficients of the quality control. From our research results that the quality control should consists the following measurements: initial resistance Rd in measured in 10 ms of current flow, dynamic resistance after
stabilize the run Rd stab measured in 30 ms of current

flow, and the change of the run of dynamic resistance
Rd(t) in the time interval from 30 ms to the end of
the current flow.
CONCLUSIONS
For the quality assessment of the spot welding three
quality factors should be take into account:
• time, for which square function approximating
the run of dynamic resistance, takes the maximal
value;
• value of coefficient of the linear function a approximating the run of dynamic resistance in the range
of 70—200 ms;
• value of coefficient of the linear function b approximating the run of the supplied energy E, calculated as the product of the actual current values and
the voltage.
For the quality assessment of the projection welding following factors should be take into account:
• value of coefficient of the linear function b approximating the run of the supplied energy E, calculated as the product of the actual current values and
the voltage;
• value of the total energy supplied to the weld
Ec,
• value of dynamic resistance Rd assigned in 10 ms
of the time of the welding current flow;
• value of dynamic resistance Rd assigned in 30 ms
of the time of the welding current flow;
• value of coefficient of the linear function a approximating the run of dynamic resistance in the range
from 30 ms to the end.
1. Zadroga, L., Pietras, A. (2004) Studies and research in the
quality control of resistance welding: Work package Da100. Gliwice: Instytut Spawalnictwa.
2. Pietras, A., Zadroga, L., Mikno, Z. et al. (2002—2005) Project INSPAW. WP 6. Polish Welding Centrum of Excellence.
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PROGRAM-TECHNICAL COMPLEX ON THE BASE
OF THERMAL CUTTING MACHINES OF RITM-TYPE
FOR OPTIMAL NESTING OF METAL, DEVELOPMENT
OF NC PROGRAMS AND CUTTING OF PARTS
A.M. PLOTNIKOV, N.G. KARPOUSHKINA and D.G. PAUTE
FSUE Central Research Institute of Shipbuilding Technology, St.-Petersburg, Russia
The complex includes thermal cutting machines of RITM-type and upper level CAD system RITM-RASKROY. A new
generation of TCMs is provided with modern control systems, characterized by using of industrial computers and digital
valve-type servo actuators, as well as components available in European electronics market. This is an open architecture
control system, which allows using modular design to satisfy customers’ requirements. Functional software allows flexible
setting of control system. The machine can be adjusted for gas, plasma and combined cutting. CAD RITM-RASKROY is
purposed for nesting of metal plates and development of NC programs for cutting. The system provides automatic nesting
of material, interactive drawing of nesting plates, cutting routes, output of NC programs for nesting and cutting using
necessary formats and codes. Nesting can be done for thermal and mechanical cutting, panel and sheet-type for cold pressing.

Central Research Institute of Shipbuilding Technology
(CRIST) has been producing thermal cutting machines
since the beginning of 1970s. We have manufactured
over 1000 machines (Cristall and Granat types), being
now in operation at shipbuilding enterprises as well as
in other industrial sectors in Russia. In parallel we developed automated means for metal plates nesting and
elaboration of NC programs for parts cutting-out using
various hardware and operational environments. Automated operator stations for nesting and preparation of
NC programs were delivered to the customers both along
with machines and separately.
One of the most vital activity for CRIST is now
series production and delivery of program-technical
complexes on the base of RITM-type thermal cutting
machines [1] for optimal nesting, preparation of NC
programs and parts cutting-out. Delivery set of the
complex includes upper level CAD system RITMRASKROY [2].
Thermal cutting machines of RITM-type. RITMtype machine [1] is actually a kind of «processing
center», allowing up to five processing operations to
be performed, namely oxygen cutting, plasma cutting,
marking, nesting and grooving for welding (with oxygen or plasma).
Control system, employed in a cutting machine, has
great effect upon processing quality. During recent decades several generations of NC systems for cutting machines have been changed. First NC systems were created
on the base of ferrite-transistor modules (FTM) and
were classified as NC-type. Operational algorithm of
such devices is built-in in the circuit and cannot be
changed after their manufacturing. NC programs from
perforated tapes were inserted with photo readers. NCtype systems had poor reliability and did not allow
changing of operational algorithm and technical parameters of cutting machine. Components for such systems
© A.M. PLOTNIKOV, N.G. KARPOUSHKINA and D.G. PAUTE, 2006

were taken out of production in the beginning of
1980s. However, many enterprises continue to operate
such thermal cutting machines, exploiting skills of
experienced maintenance personnel. Control circuit
of electric drives was also built of the base of FTM,
and was introduced as a pulse-phase system, controlled with unitary code (pulse sequence).
In 1980s CRIST conducted research on NC control
systems on the base of medium integration level ICs,
however only pilot samples were manufactured. At
the same time a decision was taken to apply commercial NC control systems from other manufacturers.
Concern LEMZ on the base of NC system 2R32 has
developed and delivered device 2R32T for thermal
cutting machines. This device was later modernized
and got index RM33. These systems were of CNC
class. Their operational algorithms were programbased and written to the memory, thus could be further modified. Control circuit for DC electric drives,
developed by CRIST, were based on transistor-type
pulse-width converter. Further, since own-made
drives did not show sufficiently high reliability, valvetype electric drives of EKRU-1 type, developed in
Cheboksary, were employed.
Unfortunately, new researches on thermal cutting
machines were closed in CRIST since the end of 1980s.
A decision to resume development and manufacturing
of new generation of thermal cutting machines was taken
in 1997. By that time electronic products from leading
international manufacturers were available in Russian
market, so that they could be used for Russia-made NC
systems. In such a situation, one of two possible approaches for designing of NC systems could be accepted.
The first approach presumed integrated development of a control system (CS) on the base of own
circuit design, including local specialized controllers
for electrical automatics and electric drives. Such approach requires considerable time for design and stand
trials of pilot samples of separate units and modifications
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of machines. This is a practice of world leading companies, such as ESAB, Messer Griesheim, etc., which
can afford expensive R&D works, returning investments due to low production cost of series manufacturing.
Another approach presumes development of CS on
the base of standard commercial components, such as
NC CS, industrial computers and controllers, servo
drives, power sources and circuit components. In this
case expenses are minimal and production cost is comparably low, since components with same performance
parameters are available from various manufacturers
with considerable difference in their price.
We in CRIST have chosen the second option, since
manufacturing of large series of machines is not economically effective by now. Furthermore, the customers require various types of cutting machines, which
can vary sometimes quite considerably. During recent
three years CRIST has manufactured 11 machines,
with only three of them of the same type.
Our specialists did not accept using commercially
available NC systems, because as a rule they are intended for a certain group of machine tools, mainly
metal processing ones (such as laths, milling machines, processing centers, etc.). To employ them for CS
of thermal cutting machines certain expenses are required for software and hardware adjustment. Moreover, this presumes usually a certain hardware redundancy of the NC system. All this makes control system
much more expensive, taking also into account that
commercial NC systems are mainly supplied by leading electronic manufacturers (like Siemens, Fanuc
and others), and their items are more expensive due
to an internationally recognized brand name.
We develop NC systems on the base of IBM compatible industrial computers and specialized standard
modules, such as input-output modules for discrete data,
control modules for servo drives, etc. Hardware configuration is specific for each particular task, thus excluding unnecessary hardware redundancy and reduces
price of the NC system. These electronic components
are supplied by dozens international manufacturers, therefore an optimal price/quality ratio can be selected.
Another major component of CS is servo drive.
Mostly, thermal cutting machines are equipped with
commercial Germany- and Japan-made valve-type
servo drives. Valve-type (synchronous) electric mo-

Figure 1. RITM-M gas cutting machine with 1—4 torches

tors show high reliability and practically do not require any maintenance.
With this approach to design of CS for thermal
cutting machines, our specialists implemented manufacturing of state-of-the-art thermal cutting machines
with reliability and performance parameters comparable to analogs, manufactured by well-known international manufacturers. At the same time, price and
operational expenses of our machines are much less.
Main performance parameters of RITM-M thermal
cutting machines are as follows:
Thickness of plate to be cut, mm:
for plasma torch (depending
on power source type) ...................................... 1—100
for gas torch .................................................... 5—200
Plate width, m ................................................... 2.5—5.0
Plate length, m ...................................................... 2—34
Number of torches (carriers), pcs ........................... up to 4
Torch travel speed, m/min ................................. 0.1—12.0
Voltage, V .............................................................. 380
Program tracing accuracy, mm ................................ ±0.35

The machines can be modified for gas, plasma and
combined cutting. We produce machines with up to
four torches, including wide-portal modifications
(Figure 1).
RITM-RASKROY automated system. RITMRASKROY automated system is intended for nesting
of metal plates and preparation of NC programs for
metal cutting with CNC-controlled machines. RITMRASKROY provides:
• automatic nesting for thermal and mechanical
cutting;
• interactive correction of nesting plates;
• interactive setting of parts cutting sequence;
• compiling NC programs for cutting and nesting
using required codes and formats;
• drawing out process documents for nesting
plates.
A basis of automatic nesting program for thermal
cutting is heuristic models of tight allocation of arbitrary shaped figures, accumulating main techniques
of manual nesting from previous practice of shipbuilding yard specialists. Heuristic model is understood
as mathematic model and its software implementation, built on the base of analogy between actions undertaken by an operator during actual nesting process
and functions, performed with a PC program. The
model is based upon preliminary tight allocation of
small parts groups in rectangular figures (fragments
of nesting plates) and subsequent arrangement of such
rectangular figures within the preset frames of given
material piece. Result of automatic nesting process is
presented in Figure 2.
There is a separate option for mechanical cutting
with a guillotine with reading data from parts database (initially the program operated independently
without the database and without forming nesting
plates with graphic processor, only rectangular blanks
were arranged with registry of their arrangement on
the nesting plate).
Result of nesting process for mechanical cutting
is presented in Figure 3.
92

Figure 2. Example of nesting plate for thermal cutting

Figure 3. Example of nesting plate for mechanical cutting

Figure 4. Example of panel nesting plate

Two new nesting options are added to the system:
nesting of panel parts with panel view setting in dialog
box (Figure 4), and nesting for pressing parts for
serial items with compulsory cuts for guillotine. This
embodiment is intended mostly for engineering industry (Figure 5).
Combination of automatic nesting with user-friendly interactive mode reduces labor intensiveness of
NC programs preparation.
Functions of interactive nesting are as follows:
definition of periodical arrangement of parts in arbitrary area or strip; gathering group of parts and performing operations to them; various movements/shifts (orthogonal, parallel, along the vector,
etc.); rotation of parts and parts group; design of
matching of two and more parts; rotation of nesting
plate by 180°; registering of usable scrap in nesting
plate; in-process monitoring of nesting ratio.
RITM-RASKROY system allows designing of any
technologically reasonable route, in particular: cutting of parts along their contour with automatic definition of piercing points, inlet and outlet from the
contour; cutting of two and more parts with one kerf
(combined kerf); combination of several parts into
one continuous contour with «bridges» to reduce number of pierces; setting of bridges on parts contours.
Default route setting is also widely used, i.e. piercing of outer contour – on continuation of first
contour segment, piercing of inner contour – inlet

to contour along the radius with outlet from the circle,
tracing outer contour clockwise and inner contour –
counterclockwise. For each nesting plate kerfs length
is calculated, as well as travel length, number of pierces, and nesting ratio (Figure 6). All data are recorded to project database.
The following options for correction of cutting route
are provided by the system: deleting of the route or its
segments; correction of contour cutting (changing of
rout direction and shifting of piercing point to any point
of the contour); correction of travel between parts
(changing of travel portion to a kerf and back, deleting
of travel portion, setting of kerf in a free area).
We continuously increase a list of postprocessors
for output of NC programs upon requests of our customers: machines RITM, ALFA, GRANAT, KRIS-

Figure 5. Nesting for pressing
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Figure 6. Nesting plate with preset cutting route

TALL, PELLA PLZ (Russia), MESSER GRIESHEIM (Germany), KOMET (Ukraine), etc.
Along with NC program for cutting a control program can be developed for parts marking. This program is usually combined with cutting program, but
can be delivered separately upon customer’s request.
New option of the module is automatic activation
of kerf half-width monitoring when setting cutting route
[3]. This option allows NC programs to be generated
with inclusion of processing commands 29 (command
to shift to the left from molded line), 30 (command to
shift to the right from molded line), and 38 (command
to cancel shifting). This commands provide additional
convenience, since the same NC program can be used
for various kerf widths, which are set from machine
control panel or by NC program command.
Program complex has two options to match equidistant line with parts contours, namely automatic
compensation of kerf half-width during arrangement
of parts, and compensation of kerf half-width during
cutting by inserting process commands 29, 30 and 38
into NC program.
Fist option was traditionally implemented in our
country due to absence of NC devices for thermal
cutting machines, where no process commands, except
for «torch ON» and «torch OFF», were used.
At present the task to set the equidistant line in
nesting plate is resolved, thus allowing this line to
be set both during nesting of parts and during setting
of cutting route.
The system includes a procedure for checking cutting control programs, which is automatically set to
recognize code УП and decode codes УП to format
DXF AutoCAD and then displaying drawing of control program on the screen. It is possible to check NC
program step-by steep on the screen with marking of
current frame and simulation of torch movement along
the entire plate. This can be useful for online checking
of NC program.
Along with NC programs, RITM-RASKROY system prepares all set of process documents, including
nesting registers, process nesting charts, parts register
in nesting plates, metal consumption register, etc.
Program system RITM-RASKROY is operating
under Windows 2000/XP on the base of graphic processor AutoCAD 2002/2005. FoxPRO is used for
design textual databases.
At present we have prepared English version of
the system for AutoCAD 2005.

To learn RITM-RASKROY operation training system is prepared. This system simplifies for the user training on operation of RITM-RASKROY. It includes a
set of major functions and operations, requires to be
fulfilled to obtain a final result – NC program for heat
cutting machine and drawing out process documents.
Demo version of the system shows its new features
and options.
Software of RITM-RASKROY system is used in
various educational institutions in Russia for training
of students.
CONCLUSION
This year, CRIST has delivered program modules of
RITM-RASKROY system to several customers in
Russia (Oktyabrskaya Revolutsiya Shipyard, Blagoveshchensk, Far East Plant Zvezda, Bolshoj Kamen,
Zelenodolsk Design Bureau, Yaroslavl Shipyard).
In 2005, CRIST manufactured and delivered for
Admiralty Yards (Saint Petersburg) machine PITNM-PKP-2.53R (with three-torch block), which provided simultaneous cutting and edges grooving for
welding. Implementation of such machines allows increasing productivity of pre-production facilities at
shipyards. For JS Severstal we delivered three machines RITN-M-KP5000 for cutting metal for largediameter pipes (Kolpino, Saint Petersburg).
We developed procedures for reduction of gas content in the edges of cut metal and for protection against emission and reduction of noise during plasma
cutting. Our specialists proposed and implemented
protection with so-called «water-hood».
In 2004—2005, we applied considerable efforts to
enlarge the range of our thermal cutting machines. For
example, we designed and manufactures a new portal
for RITM machines, reducing metal content by 20 %
and thus reducing its production cost by 30 %.
The CRIST specialists also developed modernization
of old cutting machines of Kristall and Granat type.
Program-technical complexes on the base of thermal cutting machines RITM, made by CRIST, are
successfully operated in various industrial sectors of
Russia, proving their high reliability and efficiency.
1. Semenyuk, V.F. (2004) Modern approach to design of control systems for thermal cutting machines. Shipbuilding
Technology Rev., 12, p. 154—155.
2. Karpoushkina, N.G., Plotnikov, A.M. (1998) Nesting of
plate metal by automated system Ritm-Hull. Sudostroenie,
3, p. 46—49.
3. Karpoushkina, N.G. (2004) New features of «Raskroj» module in automated system Ritm-Ship. Ibid., 6, p. 67—70.
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COMPUTER BASED VIRTUAL REALITY TRAINING
SYSTEM FOR WELDING
A. PRATT, J. NORRISH and L. DUNN
University of Wollongong, Australia
A virtual reality training system for welding is being developed at the University of Wollongong. The system is intended
to be used in vocational institutions such as technical colleges, as a method of training introductory welding to
inexperienced welders in a safe and cost effective manner. An overview of the justification for the training package has
been given previously but a clear advantage of the computer based approach is the ability to incorporate diagnostics
and feedback to the trainee based on accepted models of the process. This paper describes the software framework of
the system and indicates how this may be used to deliver the required feedback and instruct the operator in the choice
of operating parameters. The system enables both manipulative skills and cognitive skills associated with welding to
be developed. The manipulative skills are often the most time consuming aspect of training whilst the correct setting
of equipment determines the ultimate weld quality.

The justification for the development of virtual reality on currently available information. A summary of the
(VR) training systems for welding may include factors findings is shown in Table 1. At the time of this review
such as:
it appeared that most of the systems were «experi• international shortage of skilled manual welders mental» prototypes although it is believed that some
[1] caused in part by the de-industrialisation of de- may now be commercially available. The systems geveloped countries and automation of welding. This is nerally address the need for manipulative skill traicompounded by an aging work force of skilled manual ning but some have been more focused on assessment
welders and a perception that the occupation of ma- as a means of skill improvement.
nual welding is hazardous and that it requires extenDemonstration system development
sive training;
Having reviewed the current systems it was deci• current training for manual welding involves ded that a simple low cost system would best serve
intensive practical skill development [2]. The mani- the requirements for assessment and preliminary trapulative skills required for manual metal arc welding ining in Australia. This was based on the fact that
(MMAW) and gas metal arc welding (GMAW) are the system needs to be widely available in regional
difficult to obtain and this is compounded by the use centres and if successful, students would quickly progof protective filters, that necessarily restrict the ress to real practical trials.
welder’s vision;
The proposed components of the target system are
• in the initial training for welders there is a large shown in Figure 1. In operation it would be expected
amount of wastage of material in terms of scrap test that the student be presented with a virtual welding
pieces and consumables. In Australia it is estimated task and would be required to select consumables and
that is costs A$ 70,000 per annum, per student for equipment settings prior to attempting the manipumaterials and this averages out at approximately lative part of the exercise.
$ 300 per welding certificate [2];
The tasks are based on the existing training ma• vocational training of this type also requires nuals developed by the Welding Technology Institute
skilled instructors who must often divide their
time between many students;
• manual welding is hazardous and during
the early stages of training there is a greater
risk of injury due to the student being unfamiliar with operating techniques. Therefore
there is a need for a training system to allow
welders to gain the basic skill set of welding
before they are exposed to the hazardous welding environment;
• VR systems have been used successfully
for training in other environments such as pilot
training and surgery.
A review of VR systems for welding has
previously been published [1]. This was based Figure 1. Schematic view of proposed system
© A. PRATT, J. NORRISH and L. DUNN, 2006
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Table 1. Summary of some current VR systems for welding
System and reference

WAVE [4]

Description

Comment

Flat panel display, sensors mounted on torch with pick
ups on large frame, client server architecture for
monitoring and control

Good display and 3D motion sensing but no
force feedback. Appears to be large, fixed
installation and costly. Portable version now
available

University of Chiba [5] «Mixed reality» system with video, audio and tactile
feedback. Helmet mounted display and ARToolKit
augmented reality software

Comprehensive. Could be portable but
complex hardware appears to be laboratory
prototype

US Navy [6]

Artificial neural network based process models

Little information available, aim to produce
VR welding cell for shipyards

ARS CAVE system
(Fronius) [7]

3D animation, VR application: an SGI Onyx «A 6-DOF
(degree of freedom) tracker»

Process animation system

Harbin welder training
simulator [8]

Physical simulation of workpiece with magnetic/hall
effect sensors. MCS-51 microcontroller

Arc light and sound feedback but no weld
pool image

University of Bremen
[9]

Intelligent welding helmet, augmented reality system
with information feedback

Welder information feedback rather than VR
training system

Toshiba [10]

Video, infrared and eye tracking cameras for motion
analysis fed to computer – Mahalanobis—Taguchi
analysis used for skill assessment

Currently a skill assessment package good
benchmarking system but quite complex

of Australia (WTIA) and Australian Technical and
Further Education (TAFE) colleges [3].
Graphical user interface. The main user interface
serves several purposes and takes the form of a PC
monitor; preferably an LCD display. On initiating
the program a «management» screen appears, this
allows the student to record his personal details which
are entered in the database. A unique password and
ID is also allocated to the student. The student may
then select the exercise which is required to perform.
The tasks are sequential and the student is alerted to
the fact that there is no successful record of the prerequisite task if this is the case. Having selected an
exercise an appropriate parameter input screen is generated. This screen allows the student to choose optional process inputs and welding parameters. The
student choices are expected to be based on prior
instruction delivered in the form of lectures or written
material such as the MMAW Training Manual [3].
The rule based engine generates errors and advisory
feedback based on these inputs before allowing progress to the next stage. For simple MMAW choices
include electrode type, polarity, electrode size, elec-

Figure 2. WACOM™ interactive display device

trode angle and welding current. Following successful
input of the parameters the student may progress to
the «weld» stage and the screen shows a 3D image
of the welded joint to be tackled.
Physical input device. In view of cost constraints
a simple physical input device consisting of a
WACOM™ tablet and stylus was chosen. The stylus
is mounted in a simulated MMAW electrode holder
or GMAW torch and the tablet is mounted in a frame
which may be orientated into the principal welding
positions. The WACOM device allows position, speed
and orientation of the tool to be acquired. For initial
trials a simple tablet and pen were used with a separate
PC display although as shown in Figure 2, a combined
interactive display is available. Initially a fixed stylus
has been used and this satisfactorily simulates the
GMAW process whereas for MMAW it would be
more realistic to drive the stylus (which represents
the electrode) upwards to simulate electrode burn off.
A normal welding head-screen equipped with headphones and a clear filter lens is worn by the student.
Parameter selection. The initial parameter selection may be illustrated by reference to the first exercise from the WTIA Basic Training Manual for
MMAW [3]. This requires the student to make a
single bead-on-plate run on flat plate in the downhand
or flat position. The student is given the choice of
electrode type, polarity, diameter and current. The
chosen parameters are compared with the database
and appropriate response is given (Table 2). The student needs to amend any errors before progressing.
Acceptable choices are recorded for use in the real
time model.
Real time VR simulation. When the student selects «weld» from the parameter selection screen the
screen display changes to show a 3D image of the
joint. In the case of the exercise above the image is
a flat plate with a line indicating the desired position
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Table 2. Parameter input choices for exercise 1 and response to «errors»
Process: MMAW
Parameter

Exercise: 1. Bead-on-plate
Options

Electrode type

Electrode polarity

Choice

Comment

Cellulosic

This is a deep penetration electrode – unsuitable

Basic

This is a high quality electrode – unecessary

Rutile (4112)

Correct

Iron powder

This is a high deposition electrode – unecessary

DCEP

Preferred

DCEN

This electrode is flexible and useable on DCEN and AC

AC
Electrode diameter, mm

Current, A

Choose diameter between
1.6 and 6.4 mm

Choose current in the
range 50 to 250 A

1.6—2.4

Too small for chosen bead size

3.2

Correct; select appropriate current

4.0

Correct; select appropriate current

4.8—6.4

Too large requires higher current

50—90

Too low

90—130

OK for 3.2

130—180

OK for 4.0

180—250

Too high

of the weld bead. For the real time simulation of
MMAW the «arc» is initiated when the stylus is brought into contact with the workpiece then lifted slightly. At this point the display image is darkened to
simulate the use of a self darkening filter and a «weld
pool» image develops simultaneously and the process
clock is started. As the student moves the stylus along
the line the speed is calculated and the bead width is
estimated from the likely burn off rate using an equation based on the classical burn off relationship:

MR = αI +

βlI2
,
a

where I is the current; l is the electrical stick-out or
electrode length from the arc to the electrode holder;
a is the wire cross sectional area; α and β are the
constants.
In MMAW the arc heating term αI is assumed to
remain constant but electrode length and resistivity
are changing as the electrode melts and the temperature of the remaining electrode increases. Decreasing
electrode length l reduces the resistive heating effect

Table 3. Postweld reporting
Parameter

Arc length

Travel speed

Current

Line following

Deviation

Report

Too short (less than 3 mm)

Irregular build-up of the weld metal. Stubbing and sticking tendency

Too long (more than 4 mm)

Causes coarse ripples and a flatter bead than normal. Arc extinguishes (arc outs
reported)

Too high

Gives a narrower, thinner deposit, with longer than normal length. Travelling
to fast may cause lack of fusion with the parent metal. Estimated width
reported. Lack of fusion reported if heat input below threshold

Too low

Wider, thicker deposit, shorter than normal length may allow the slag to flood
the weld pool causing difficulty in controlling deposition. Estimated width
reported

Too low

Tends to cause the weld metal to pile up in irregular ripples without adequate
penetration into the parent metal. Current which is too low makes the slag
difficult to control. Slag may be trapped between ripples. Lack of fusion
reported if heat input below threshold

Too high

Gives a deposit that is flatter and wider than normal with deeper penetration
into the parent metal. Ripples are coarse and evenly spaced. If the current is
too high, excessive spatter occurs

Inconsistent

Deviation from straight line reported

Electrode angle

Deviation from correct angle reported

Heat input

Heat input is calculated on basis of current assumed voltage and travel speed
reported for information
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Figure 3. Software structure

whilst the increase in temperature increases the resistivity and hence the melting rate of the electrode. In
practice with plain carbon steel electrodes the effect is
minimal unless the electrode diameter is too small. With
high resistivity stainless steel electrodes an increase in
burn off rate is often experienced and the travel speed
may have to be increased to compensate and this must
be accommodated in the model. For the purposes of the
real time model the deposited weld cross section is assumed to be semicircular with a radius r (whilst in plan
view the weld pool has an elliptical shape). Then the
volume of metal deposited, mm3/min, is given by
MR = S

πr2
,
2

where S is the travel speed, mm/min;
W = 2r = 2

2MR
⎯√⎯⎯
⎯
πS

is the bead width.

The weld pool dimensions are primarily influenced by current and travel
speed; whilst a theoretical weld size could
be derived using heat flow equations, in
the VR simulation it is required to display
the «apparent» weld pool size as it would
appear to the welder through a conventional welding helmet. In the present system
typical apparent pool sizes and their dependence on current and travel speed were
determined empirically by using a CMOS
camera mounted in the welding helmet.
The «arc length» is monitored by the stylus separation from the tablet and the arc
sound is modified according to arc length.
Again this is currently achieved by sampling typical sounds at varying arc lengths
and presenting these as .wav files through
the helmet mounted head set. If the arc
length is less than the preset minimum, stubbing or
sticking are reported. When the arc length is excessive
a potential arc outage is recorded. If the arc outage
lasts for more than 2 s the run is terminated (it is
assumed that the arc has been broken intentionally).
The trajectory of the electrode end is recorded and
deviations from the chosen path are reported as a
percent variation from a straight line.
Feedback and reporting. The errors are currently
reported after the simulation is complete although
there is provision for alarms or voice prompts to be
activated by serious deviations from acceptable conditions. Immediately after the VR weld run is completed the monitor shows a 3D simulation of the completed weld bead. The contents of typical reports are
listed in Table 3. These reports are presented in the
form of text as indicated in the Table.
Software design. The software used needs to present a simple user interface for data input, realistic
graphical displays for visualisation of the weld pool
and finished bead, data acquisition, data storage, and
real time feedback capabilities. To this end it was
chosen to write the application in JAVA whilst JAVA
3D was used to produce the advanced graphics.
A client server application is necessary to allow
the trainer access to the trainee records and to monitor
progress. This is implemented using a local area network (either hard wired Ethernet or wireless).
An overview of the basic software structure is
shown in Figure 3.
There are three basic software modules: pre-weld
management module, online monitoring module, and
postweld analysis and reporting module.
The structure of the pre-weld module software is
shown in Figure 4.
The online model can be considered as a «black
box» containing predetermined information about the
welding process. This «black box» takes the input
characteristics of the welding process from the trainee
and outputs the characteristics of the weld.

Figure 4. Pre-weld software flow chart
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Figure 5. Control diagram for the welding process

The system can be looked at from a standard classical control point of view similar to that applied to
welding when using an automated welding control
scheme. In this sense the plant is the welding model
and the human user and the advisory scheme combine
to form the feedback controller of the system changing
the input of the system based on the output.
Figure 5 shows the control scheme with the manual
welder and advisory scheme replacing the controller
used in the automated environment.
The difference between the rule base used in the
industrial environment and the advisory scheme used
to give feedback to the user operating the system is that
in the industrial environment variables signals are used
to directly control the welding process by using mathematical rules whereas the advisory scheme needs to give
feedback to the user in an understandable language. The
user will then need to change the input variables based
on learnt information. The advisory scheme for the VR
training system has to interpret the different signals
from the welding process model and give feedback in
the form of text based descriptors, e.g. «a problem in
current welding process, advise changing the following
variables inputs» (see Table 3). Postweld analysis and
reporting also relies on the monitored performance as
illustrated in Table 3.
Discussion
The system developed uses simple low cost components and common software packages. It is capable
of offering preliminary assessment and training in the
manipulative skills required for welding with potential to reduce normal welding material costs and the
safety hazards associated with initial training. The
user interface is flexible and it would be possible to
introduce safety training segment into the pre-weld
interface to check the trainee’s appreciation of the
hazards.
CONCLUSION
The demonstration system has been developed to satisfy the requirements set out in the Australia Basic
Skill Training Manual for MMAW welders. The initial bead- on-plate exercise is described above by way
of illustration but work is ongoing to incorporate
many more of the 34 exercises listed. These exercises

include pad, butt and fillet welds in all of the principal
joint orientations with several electrode types.
It is believed the low cost and portability of the
system will enable its widespread use for vocational
training locally and in regional centres. The possibility of remote monitoring also improves the support
available to teachers.
The system has been demonstrated to technology
students in high schools and may be used to stimulate
an interest in vocational training. The adoption of
such systems may also address the skill shortage currently being experienced internationally.
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DISTORTION MANIPULATION BY MEANS
OF THERMAL GENERATION OF RESIDUAL STRESSES
T. PRETORIUS, J. WOITSCHIG, G. HABEDANK and F. VOLLERTSEN
BIAS Bremer Institut fuer angewandte Strahltechnik, Germany
Thermal treatments of steel components with the goal of hardening often result in distortion by releasing the residual
stresses which were brought into the specimen during the preceding processing steps. The goal of the presently presented
work is the minimization of this distortion. By generating definite residual stress fields and investigating the resulting
distortion, the distortion mechanism can be observed in detail. A flexible and reproducible way to generate such residual
stress fields inside a specimen is by means of thermal treatment with a laser beam. For the presently presented work a
high power laser system combined with a scanner system was used. This allows for a wide range of parameters for the
heat treatment and therefore different types of residual stress fields can be produced. The activated mechanisms in this
process are the temperature gradient mechanism and the martensite expansion mechanism. To achieve results that are
both detailed and verified, computer simulations as well as experiments were carried out using an idealised tooth of a
gearwheel (finger sample) as a model system. The simulation method includes the cooling of the samples after the laser
heat treatment as well as the subsequent process step the hardening heat treatment. With this procedure the influence
of the thermal treatment on the distortion of the specimen can be observed. This distortion is controllable and therefore
it can be used to attempt to compensate distortion that is caused otherwise.

Motivation. The correction and elimination of distortion is very costly. This means that the prevention or
compensation of distortion in the production process
of components is preferable. Causes of distortion can
be found in every step of the manufacturing process
chain. In Figure 1 the simplified production process
chain according to [1] of steel components (e.g. gear
wheels) is illustrated.
A lot of parameters influence the distortion of a
component [2]. The casting of the alloy produces a
distortion potential due to an inhomogeneous distribution of alloying elements. The following mechanical
and thermal process steps influence the material distribution and induce residual stress. Manufacturing
tolerances and temperature gradients during heat treatments are further causes of distortion potential. Towards the end of the process chain – in the hardening
heat treatment – the distortion potential is released.
The final step – grinding – can only be used to
correct very small distortion.
The goal of the collaborative research center «Distortion Engineering» of the German Research Foundation (DFG) is a detailed investigation of every step

Figure 1. Simplified production process chain for steel components
(e.g. gear wheels) with distortion manipulation enhancement
© T. PRETORIUS, J. WOITSCHIG, G. HABEDANK and F. VOLLERTSEN, 2006

of the production process chain, which enables the
understanding of the development of the distortion
potential and thus enables the development of distortion compensation methods. The gained knowledge
about the development of the distortion potential can
be used to manipulate and eliminate this potential
before the hardening heat treatment. For the development of the process step «distortion potential manipulation» (see Figure 1) it is necessary to modify
the distortion potential of the components in a welldefined and flexible way. This could be done with a
local heat treatment using a high power laser beam
(CO2 or Nd:YAG) combined with a scanner system.
The local heat treatment modifies local stresses and
possibly the local microstructure in the components
[3—7]. This alteration of the distortion potential of
the component and can thus be used to try to compensate distortion which is cause elsewhere.
This paper investigates the local laser beam heat
treatment and the effects on samples that are stress-free
before the treatment. To achieve results that are both
detailed and verified, experiments as well as computer
simulations were carried out, which include the local
heat treatment together with the hardening heat treatment to release the altered distortion potential.
Model geometry. An idealised tooth of a gearwheel (finger sample) was used as a model system.
The geometry is shown in Figure 2. The total size of
the sample is L60 × W17 × H17 mm. The size of the
finger is L40 × W17 × H5 mm. The transition between finger and block is shaped with a radius of
0.8 mm. The material chosen for the samples is steel
20MnCr5. This material is also used by the other
subprojects of the collaborative research center «Distortion Engineering». The relevant material parameters of this alloy are investigated in detail in the
collaborative research center [8].
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Figure 2. Geometry of the 20MnCr5 steel samples used in experiments

Distortion potential manipulation. For the presented work two high power laser systems (CO2 with
a maximum power of 6 kW and Nd:YAG with a maximum power of 4 kW) combined with scanner systems
were used. This allowed a wide range of parameters
for the heat treatment and therefore it was possible
to produce different types of residual stress fields.
The use of a Nd:YAG-laser has the advantage that a
graphite coating on the surface of the specimens is
not necessary. Using a CO2-laser such a coating is
necessary to achieve a reasonable absorption of the
laser light.
In Figure 3 the experimental setup is illustrated.
The laser beam was moved parallel to the transitional
edge between finger and block. This resulted in a heat
treatment line perpendicular to the finger. The described setup allowed for systematic investigations with
respect to different process parameters (laser power,
number of scans, laser beam spot size). For later attempts to compensate the distortion potential nearly
any shape of the heat treatment zone can be generated.
Hardening heat treatment. The temperature cycle
of a hardening heat treatment is shown in Figure 4.
It consists mainly of a slow heating, a carburisation
(not shown), hold at high temperature and a fast cooling. Especially the fast cooling can produce distortion
by itself, which is not in the scope of the investigations
of work for this paper. This heat treatment process step
is used for the release of the distortion potential (which
is mainly due to residual stresses) and therefore a stress
relief annealing instead of the hardening heat treatment
can be used to investigate the changes of the distortion
potential due to the local laser heat treatment. The
temperature cycle of such a stress relief annealing is also
shown in Figure 4.
Thermal forming mechanisms. Changes of residual stresses of first order are always accompanied by
macroscopic geometrical changes. Within the scope
of this work, three thermal forming mechanisms have
to be taken into account, namely residual stress relaxation mechanism (RSM) [9], temperature gradient
mechanism (TGM), and martensite expansion mechanism (MEM).
In the first approach described in this paper, no
residual stress was induced into the initial samples.

Figure 3. Schematic illustration of the local laser heat treatment

Therefore, the experiments were focussed on TGM
and MEM.
TGM is illustrated in Figure 5, a (it is described
in detail in [10]). At the beginning of the local heating
a temperature gradient perpendicular to the surface
of the zone is induced. The different thermal expansions in the upper and lower regions lead to a bending
of the sheet away from the heat source. The magnitude
of this bending depends mainly on the thickness of
the sheet [11]. The heating of the material does not
only result in a thermal expansion but also in a decrease of the yield stress in the heated region. The
thermal expansion increases until the thermal stresses
equal the yield stress of the material. Afterwards the
thermal expansions will be converted into plastic upsetting. When the heating ends the cooling of the
deformation zone causes a contraction, which is larger
in the plastically deformed region. The contraction
overcompensates the bending away from the heat source and leads to a bending towards it.
MEM was so far not considered in thermal forming, but is relevant concerning the aspects of this
work. It is illustrated in Figure 5, b. Different timetemperature cycles in the upper and the lower region
of the heated zone lead to phase changes. A phase
change from ferrite to austenite in the upper region
induces a local shrinkage of the material. After the
laser is switched off, the material cools down and a

Figure 4. Schematic temperature cycle of hardening heat treatment
and stress relief annealing
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Figure 5. Schematic illustration of TGM (a) and MEM (b)

Figure 6. Schematic illustration for bending of finger due to MEM

phase change from austenite to martensite occurs. This
causes an expansion of the material in the upper region. This expansion overcompensates the shrinkage
due to the temperature gradient mechanism and thus
results to the sample bending away from the laser
beam.
The maximum geometrical variations dz at the end
of the finger due to MEM can be calculated if the
stiffness of the finger is neglected and a complete
transformation of the grey zone is assumed (Figure 6).
The corresponding maximum possible bending angle
can be derived from tan αmax = ΔlM/dF. The maximum
geometrical variation is given as dzmax = lF sin αmax.
If a heated zone of width 6 mm is assumed, theoretically a maximum geometrical variation at the end of
the finger of 95 μm due to phase transformations is
possible.
Experimental investigations. To investigate the
influence of the laser heat treatment on the samples
a line on the outer surface of the samples was measured
before and after the laser heat treatment (Figure 7).
The geometry measurements were carried out using a
tactile coordinate measurement system (accuracy
1.7 μm + 0.3 μm/100 mm).

Figure 7. Position of the coordinate measurement line

Using a CO2-laser and varying the heat input into
specimens with finger thickness of 5 mm resulted in
different bending angles and directions. For a laser
beam velocity of 1000 mm/s, a laser spot diameter
of 6 mm, laser beam powers up to 1500 W and up to
300 cycles of the laser beam a bending of the finger
toward the laser beam can be observed. Therefore
TGM is activated within this parameter range. For
laser beam powers equal or higher than 1900 W and
cycle numbers of 600 or more a bending of the finger
away from the laser beam can be observed. In this
parameter range the higher energy input leads to phase
changes in the heated region and MEM is additionally
activated additionally to TGM. The bending direction
therefore depends on the relation of the deformation
caused by MEM and TGM. In the observed cases
(with high energy input) the deformation caused by
MEM is greater than that caused by TGM, and therefore led to a bending of the sample away from the
laser beam. The results of the coordinate measurements for such a case are shown in Figure 8. At the
end of the finger a downward bending of ~ 8 μm can
be observed.
Simulation. The computer simulation was used to
investigate the temperatures, the phase transformations and the stress field of the specimen. The simulation
was done using the software package SYSWELD on
a PC with two Intel Xeon 2.8 GHz processors. The

Figure 8. Result of coordinate measurements at laser beam power
of 1900 W; number of scans of 2 × 320; 2 and 6 mm distance between
center of laser beam and edge of the block; laser beam spot diameter
of about 6 mm
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calculation was explicitly time-dependent and includes the movement of the laser beam along the heat
treatment line. Temperature-dependent material parameters were used, they are detailed in [8]. The element mesh used for the simulations of the finger sample is shown in Figure 9. It is locally refined in the
transition region between the finger and the block
and in the laser heat treatment zone. The mesh includes about 12,000 elements of 8 node brick type. As
boundary conditions a constant energy transfer in the
actual laser spot area (with Gaussian distribution)
for the laser beam was used. For the rest of the surface
of the sample energy losses due to convection and
radiation were calculated (convection coefficient of
10 W/(m—2⋅K—1).
One result of the simulations is the time-dependent
temperature field. In Figure 10 the surface temperatures
after 5 and 20 cycles of the laser beam are shown. Due
to the time-dependent modeling of the laser beam motion
the calculation time for simulating 20 cycles (thermal
and mechanical calculations) was about 34 h.
It can be seen in Figure 10 that the cross sectional
temperature distribution along the irradiation path is
almost constant. This is a result of the high scanning
speed of the laser. The cylindrical shape of the temperature distribution allows a simplification of the
simulation, which will be detailed in the following.
Accelerated simulation. As earlier mentioned, it
is not necessary to simulate the movement of the laser
beam in detail, since the resulting cross sectional temperature distribution along the irradiation path is al-

Figure 9. Element mesh of the finger sample

most constant. A line or area heat source can be used
alternatively. With this approach the explicit time
dependency of the fast laser beam motion vanishes,
which accelerates the calculation significantly. In Figure 11, a, the temperatures of a cross sectional cut
through the temperature field using a moving heat source
(diameter of 6 mm) is shown. The result of a simulation,
which uses a static equally distributed area heat source
of width 6 mm and length 17.5 mm (equal to width of
the finger) is shown in Figure 11, b.
A detailed comparison according to [9] of the temperatures of the described explicit time-dependent simulation Tmov and the static simulation Tst is shown
in Figure 12. The values of curve A were taken on a
line perpendicular to the surface form the upper
(depth is 0 mm) to the lower surface (depth is 5 mm)
of the finger at the center of the heat treatment line.

Figure 10. Surface temperature after 5 (a) and 20 (b) cycles of the laser beam at beam power of 1000 W, laser beam spot diameter of
0.85 mm and laser beam velocity of 1000 mm/s

Figure 11. Cross sectional cut through the temperature field of simulation using a moving (a) and area (b) heat source 6 mm width
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Figure 12. Comparison of temperatures on vertical (A) and horizontal (B) line at upper surface, and horizontal (C) line 0.5 mm
below upper surface (see Figure 11)

The values of B and C were taken on a line in direction
of the y-axis at a distance of 0—5 mm of the center of
the heat treatment line at the upper surface of the
finger (B, depth is 0 mm) and 0.5 mm below the
upper surface of the finger (C, depth is 0.5 mm).
Larger temperature differences can only be observed
directly in the region of the two different heat sources
(distance of < 1 mm). For the rest of the sample the
differences are below 10 %. The maximum geometry
change after 20 cycles of the laser beam is 0.23 mm
in the case of the moving laser beam simulation and
0.25 mm for the simulation using the constantly heated area. This also corresponds to an error of < 10 %.
The calculation time for this simulation was ~ 0.3 h,
which is about 100 times faster than in calculation
using a moving laser beam. The simplified method
allows simulation that correspond to hundreds of cycles of the laser beam, as used in the experiments.
Simulation of the laser heat treatment and stress
relief annealing. The accelerated simulation method
allows the calculation of laser heat treatments with
a duration (cycle numbers up to several hundreds) as
used in the experiments. To investigate the influence
on the distortion potential, it is necessary to simulate
also the cooling of the specimen and the stress relief
annealing. In Figure 13 the distribution of the temperatures at the laser heat treatment area is schema-

tically illustrated. The laser beam treatment of 5 s
duration and transferred power of 1000 W heats the
specimen locally (width of laser treatment area is
6 mm) as indicated underneath the diagram. The maximum temperatures reached were about 1400 °C,
which is in agreement with the experimental observation of a slight surface melting. After this the calculation is carried on for a time period of 600 s in
which only radiative and convective losses were used
as boundary conditions. At the end of this cooling
phase the specimen has a nearly uniform temperature
of about 40 °C. In the final stress relief calculation
the boundary conditions were set according to the
oven conditions: heat transfer coefficient of
100 W/(m2⋅K), and heating/cooling rate of
5 K/min. The slow heating and cooling rates result
in very small thermal gradients during this phase.
Therefore the existing residual stresses can be released
without generating new sources of distortion potential. A high cooling rate, as part of a hardening heat
treatment, would induce high thermal gradients,
which could act as distortion potential for themselves.
The calculated geometry changes at the end of the
finger during the process were (dz is the deviation
from a straight finger, i.e. the position at the start of
the process):
• dz (t = 5 s) = —0.39 mm, i.e. at the end of the
local laser heat treatment: downward bending due to
the thermal expansion of the upper side of the finger;
• dz (t = 7 s) = +0.23 mm, i.e. at the beginning
of the cooling phase: phase transitions and high temperature changes at the upper side of the finger lead
to a temporary upwards bending of the finger;
• dz (t = 600 s) = —0.016 mm, i.e. at the end of
the cooling phase: all thermal expansions have been
abated, the remaining small downwards bending implies that the MEM has been activated;
• dz (t = 20000 s) = —0.017 mm, i.e. at the end
of the stress relief annealing nearly no further geometry changes can be observed.
The observed geometry changes already indicate
the activation of the MEM, whereas the effects due

Figure 13. Schematic illustration of temperature development at the laser heat treatment position
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phase after the local laser heat treatment and to identify process parameters which activate mainly the
TGM, which is more flexible in order to change the
distortion potential of the specimens.
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Figure 14. Simulated phase distribution after process with laser
heat treatment of 5 s, power of 1000 W, treatment area width of
6 mm

to the TGM with the used parameters have only minor
effects. The phase distributions after the process (Figure 14) confirm the activation of the MEM. Therefore the MEM was established by simulation for the
first time. Up to now only theoretical and experimental investigations [12] have been done according to
the MEM.
Conclusion and outlook. A method has been developed to model the additional step in the production
process chain of steel components, the «distortion
potential manipulation» step using a local laser heat
treatment. The simulation includes the cooling after
the laser heat treatment and a following stress relief
annealing which is used as a replacement for the hardening heat treatment process step to release the distortion potential. Experiments and simulation calculations with laser heat treatment parameters which
activate the martensite expansion mechanism yielded
similar results. Therefore it was possible to confirm
the activation of the MEM by simulation for the first
time.
Further calculations will be used to investigate
the complex behaviour at the beginning of the cooling
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TECHNICAL VISION MEANS FOR BUTT FOLLOWING
SYSTEMS USED IN WELDING FABRICATION
E.V. SHAPOVALOV and V.A. KOLYADA
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
Control of welding unit positioners consists in formation of control actions for actuators, response to which would
guarantee passage by a welding tool of a spacial trajectory with assigned accuracy. If such trajectory is not known in
advance, it is advisable to use tracking systems for directing a welding tool at a joint. Three methods of analysis of 3D
scenes by technical vision means are known: use of structured illumination, stereo-analysis by means of binocular
TV-systems, and determination of a distance pattern by means of scanning distance finders. The method of structured
illumination, known as a method of light section, which consists in projection on the surface of items being welded of
a narrow light band with its further registration by a video camera, is most widely used. One of shortcomings of the
method of light section is its inapplicability for tracking a joint without edge preparation, in which a gap is close to
zero. Producers of technical vision means for welding production produce sensors with field of vision only 5 mm for
maximum magnification of the image of the butt joint zone. As a result a sensor gets sensitive to the defects of welded
surfaces (scratches, flux particles, etc.). At the E.O. Paton EWI a method for tracking a weld without edge preparation
is developed. The method is based on mathematical processing of images of welded surfaces illuminated by laser radiation
with a wide directivity diagram. This method is applicable for any metal surfaces, allows processing up to 30 frames
per second and generating a control signal for each frame.

Numerous problems connected with automation of
welding processes and related technologies are encountered now. One of the main components in any
currently available welding unit is a system of butt
joint parameter data acquisition. Preference is given
to data acquisition systems based on technical vision
means (TVM).
The most widely accepted are optical systems
based on the method of structured illumination. Systems of structured illumination project the light onto
the butt and then determine the groove shape and
distance to the butt by triangulation method. The
projected beams most often form a light plane. Such
systems can be applied both for following a butt with
grooved edges, and for controlling the welding process
parameters based on the obtained information on the
groove geometry. Two types of butt following systems
with linear illumination were developed: for butt following in welding of longitudinal welds on large-sized
pipes, and for following the weld reinforcement during automated ultrasonic testing (AUT).
In case of square butt welding of parts with a gap
close to zero, application of TVM with structured
illumination is inefficient. To solve such a problem a
special optical following system was developed, the
operating principle of which is based on processing
of digital images. A scattered laser illumination of
the working zone is used to increase the contrast of
the input video signal.
Automatic following of weld reinforcement. During AUT of longitudinal welds on pipes transverse
displacements of the weld relative to the ultrasonic
transducers arise, which essentially influence the testing quality. A two-channel system of following the
© E.V. SHAPOVALOV and V.A. KOLYADA, 2006

weld reinforcement bead was developed for HK-360
ultrasonic testing system, the description of which is
given in [1]. The number of channels in the following
system corresponds to the number of independent
racks with ultrasonic transducers of NK-360 system.
The main objective of the following system is detection of transverse displacement of the center of weld
reinforcement relative to a certain fixed position and
formation of transverse correction signals. Correction
signals are fed to the master controller of AUT unit,
which directly controls the drives of horizontal displacement modules of the rack with ultrasonic transducers. The following system consists of three main
components, namely two TV optical sensors based on
laser triangulation method, and following system controller based on an industrial computer. The method
of laser triangulation is considered in [2]. The generalized block-diagram of a two-channel following system is shown in Figure 1. The following system has
two independent similar control circuits, closed via
the TV sensors. The display is used at adjustment and
checking of the following system.
The optical TV sensor includes two main components: laser line generator, which projects a narrow
light band on the pipe surface, and video camera which
records the image of the light band projection. Each
image frame is sent to the controller of the following
system for processing. The result of image processing
is evaluation of transverse displacement of the weld
reinforcement center. The following system controller
also has the function of interacting with the master
controller of AUT unit by receiving/sending discrete
information and control signals.
Software of each channel of the following system
is designed for solving the following subproblems:
digitizing the video signal obtained from the TV op-
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Figure 1. Block-diagram of 2-channel following system: I/O1, I/O2 – discrete inputs/outputs for the 1st and 2nd channels; VI1,
VI2 – video inputs for the 1st and 2nd channels; TC1, TC2 – TV sensors

tical sensor, preprocessing of the digitized video signal, taking decisions on the obtained signal characteristics, assessment of transverse displacement of the
weld reinforcement center, and interaction with the
main controller of AUT unit.
Video signal digitizing is performed using a video
capture device, included into the hardware of the
following system controller. In the digital form each
frame captured from the video flow is a matrix of
integer numbers, where the element index corresponds
to the position of points in the image, and the element
value is directly proportional to the pixel brightness.
The main objective of the procedure of image preprocessing consists in separation of the contour of the
light band projection. The contour is a curve, which
corresponds to the nature of the surface of the object
of measurement.
Based on the results of image preprocessing, signal
analysis is performed using a set of decision functions.
Analysis result is a decision on the degree of the derived contour curve correspondence to weld reinforcement. If the curve contour corresponds to the reinforcement, further frame processing is performed, otherwise processing is interrupted, and the system gives
a signal about a failure in the following process.
At evaluation of transverse displacement of the
weld reinforcement center the following operations
are performed:
• determination of points in the image, which correspond to the edges and center of the weld reinforcement bead;
• transformation of point coordinates from the
image coordinate system into the real space coordinate
system, i.e. transition from image pixels to millimeters;

• determination of the magnitude and direction of
the transverse displacement of the weld reinforcement
center relative to the reference point of the following
system (reference point is set during adjustment).
To achieve the transition from the image pixels to
millimeters of the real space, the procedure of sensor
calibration is first performed using a reference. The
applied method of calibration is presented in [3].
Figure 2 gives the results of image processing and
evaluation of transverse displacement of the reinforcement bead center.
Each channel of the following system has a certain
insensitivity zone, this allowing avoiding the self-oscillation mode at appropriate adjustments of the transverse correction drive. The size of the insensitivity
zone determines the accuracy of the following process.
The two-channel system of following the weld
bead reinforcement has been successfully tested and
is functioning as part of AUT units NK-360 in the
Vyksun Metallurgical Works Company, Russia.
Following systems for pipe production. Two
types of following systems were developed, namely
for mills for internal and external welding of largesized pipes. In welding of an outer longitudinal weld
the groove is V-shaped with partial filling after the
technological pass. In case of welding of the inner
weld a square edge butt with a gap close to zero is
used. Different types of butt joints led to application
of various approaches in development of following
systems for mills for external and internal welding.
In the general form both types of the systems have a
similar structure. The main differences consist in the
structural features and principle of operation of TV
sensors, and, as a result, in the algorithms for video
signal processing for different types of systems. In
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Figure 2. Results of image processing: 1 – axis determining system
reference point; 2 – reinforcement bead center; 3 – contour of
light band projection; 4 – reinforcement bead edges; 5 – mismatch value, mm; 6 – indications of correction direction

the following system for mills for external welding a
TV sensor is used, which is based on the classical
method of laser triangulation. A combined approach
is used in the TV sensors for mills for internal welding.
Here, laser triangulation is complemented by the method of diffuse illumination, which was developed
specially for detection of the transverse displacement
of the butt with a «zero» gap [4]. Both types of the
following systems allow evaluation of both the transverse (horizontal), and vertical relative displacements of the butt. The lag of the following system is
directly proportional to the distance between the TV
sensor and welding tool. The main problem which
was solved in development of the structures of TV
sensor cases was moving the TV sensors as close as
possible to the welding point, allowing for the design
features of welding heads.
The generalized schematic of the butt following
system is shown in Figure 3. The controller is an
industrial computer, fitted with the devices of video
capture, discrete input-output, and appropriate software. The video capture device is designed for entering

and digitizing the video signal from the TV sensor.
The device of the discrete input-output forms control
signals for the drives of welding tool position correction and takes commands from the operator panel.
The graphic display connected to the controller, is
used for visualization of the process of butt following
and displaying the welding parameters. The sound
alarm device is designed for generating a sound signal
in case of system failure. Output discrete signals
«Right», «Left», «Upwards», «Downwards» represent the corrective actions for the respective drives.
Input signals are as follows: «Auto» (switching on
of automatic butt following); «Switch off horizontal
correction» (switching off of automatic correction
along a horizontal); «Switch off vertical correction»
(switching off the automatic correction along the vertical); «Nulling» (setting the system reference point).
General principle of the following system operation can be presented as follows. After switching on
the controller and loading the software, the following
system is in the standby mode. If adjustment or repair
of the welding head was conducted, it is necessary to
perform the operation of «nulling». Welding operator
using the manual correction means aligns the electrodes with the butt center and presses the «Nulling»
button, so that the following system «memorizes» the
zero horizontal and vertical displacements of the welding tool relative to the butt. After pressing «Auto»
button on the operator panel, the system goes into
the mode of automatic following along the horizontal
and vertical. During automatic following correction
actions «Right», «Left», «Upwards» and «Downwards» are issued, depending on the direction of displacement of the butt center relative to the system
reference point, which was set during the «nulling»
operation.
System discrete inputs «Switch off horizontal correction» and «Switch off vertical correction» are connected in parallel to the respective buttons of the
horizontal and vertical manual corrector. If during
automatic following the welding operator has pressed
the horizontal corrector button, the following system
switches off the automatic horizontal correction, but

Figure 3. Block-diagram of butt following system
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Figure 4. Main dialogue window of following system software

still continues controlling the vertical and otherwise.
At simultaneous or successive pressing of the buttons
of the horizontal and vertical manual corrector the
following system goes into the standby mode.
If in the process of automatic following the system
cannot find the butt for some time, a visual message
on the critical error (failure) and a sound alarm are
issued. For rejecting the critical error and switching
the system into the standby mode it is necessary to
press one of the buttons of the manual corrector.
A special graphic interface was developed for interaction of the welding operator with the following
system. Dialogue windows of the software of following systems for the mills for internal and external
welding look similar (Figure 4).
Located in the left part of the dialogue window
is a rectangular area for displaying the graphic information, associated with the butt following process.
Coordinate axes are applied on the initial video signal,
which determine the system reference point, indicators of the correction direction and «crosshair» designed for indication of the found position of the butt
center in the image. «Hor.» and «Vert.» indicators
are designed for displaying the current mode of controlling the horizontal and vertical correction («MC»
is the mode of manual control of correctors, and
«Auto» is the automatic correction mode). Current
values of horizontal and vertical displacements of the
butt center in millimeters are also displayed (fields
Y and Z). Indicator of system condition is used for

displaying the following messages: «Readiness» (system is ready for switching on the automatic correction
mode); «Norm» (following process runs normally);
«Attention» (warning about system malfunction);
«Failure» (critical error, i.e. further automatic following is impossible). Graphic models of the indicators
are designed for displaying the current parameters of
the welding mode, fed from the welding unit.
Systems of following for mills for internal and
external welding of longitudinal butt joints on largesized pipes have been put into production in Khartsyzsk Pipe Plant Company, Ukraine.
CONCLUSION
Means of technical vision are one of the most important components used in automation of production
processes. Their flexibility and versatility allows
solving a broad range of problems related to welding
fabrication. Improvement of the hardware and software related to automatic following of the butt is a
promising direction in development of modern science
and technology.
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COMPUTER-AIDED TECHNOLOGY FOR CHECKING
OF SHAPE PARAMETERS OF WELDED AND PIPE
STRUCTURES IN SHIPBUILDING WITH USE
OF LOCATION ACOUSTIC MEASURING STATIONS
V.A. SINITSKY
FSUE Central Research Institute of Shipbuilding Technology, St.-Petersburg, Russia
The article is devoted to research and development of a new advanced method and the location acoustic measuring
station (LAMS) equipment to provide geometrical parameters control of ship articles and structures which has no
analogs in domestic industry and abroad in the form of complete industrial standards of technological control equipment.
A principle of acoustic location which underlies in the station operation is a contact-probe excitation of spherical waves
and determination of control point coordinates of multi-microphone receiving aerial with further automatic embedded
computer calculation of sizes and forms of articles with drawing construction. The advantages and prospects of the
LAMS equipment introduction into the shipbuilding yards pipe shop have been outlined.

FSUE CRIST in cooperation with INFIIS, Moscow,
has recently carried out a number of research work
to develop a new advanced method and equipment
for measuring of geometric parameters of ship-borne
items and structures. Either in Russia of abroad no
analogue equipment for this technique has been developed up to the stage of production pieces for process
monitoring [1—3].
We have manufactured and tested at the shopfloor
of shipbuilding yards a samples of fast-operating
LAMS, which allows replacing manual tools, appliances (such as templates and brackets) and optical
devices during dimension checking operations.
The LAMS operates on the basis of acoustic location, i.e. contact acoustic emitter (a bar with two
electrical loud speakers) positioned in test points of
the item, excites spherical acoustic waves and thereafter a multi-microphone antenna defines coordinates
of test points with carrying further automatic estimations of shape and dimensions of the items in the
preset coordinate system, with use of built-in PC, and
generation of a drawing.
The item to be measured, e.g. a pipe, is secured
on a platform in the shop. Thereafter we mark test
points: for each control section of the pipe two point
should be marked within the limits of 60—90° sector.
Then the operator takes the acoustic bar and sets its
tip sequentially to each of test point on the pipe surface, and presses the start button, which id connected
to the electronic unit with a cable. The electronic unit
generates strong exciting impulses, which are coming
to two emitters on the bar with intervals of 0.1 s. At
the same time each emitter generates spherical acoustic wave, which passes through the air and the electronic unit starts time measuring devices, connected
to microphones of the receiving antenna.

Acoustic wave front from each emitter is received
with antenna microphone and then converted into
electric impulses for each measuring channel, which
stop operation of time measuring devices, defining
time intervals t1, t2, t3 between the moment of acoustic
wave generation and reaching of this wave front to
the microphones.
With a special program, a PC estimates distances
L1, L2, L3 between geometrical centers of bar emitters
and each of the microphones, using the formulas:
L1 = t1C; L2 = t2C; L3 = t3C,

where С is the sound velocity in the environment air
(with correction for air temperature), and then calculated coordinates X, Y and Z of geometrical emitters center in the coordinate system of the antenna
(transverse X-axis crosses centers of two lower microphones, vertical Y-axis crosses X-axis in the middle
between lower microphones, longitudinal axis is Z).
Then a mathematic description is elaborated for a
straight line, crossing coordinates of geometrical centers of bar emitters, and a known distance from bar
tip to the center of the nearest emitter is marked on
this line, allowing us to obtain coordinates of test
points of the measured item, scanned with the bar
tip.
Appearance and composition of LAMS is presented
in Figures 1 and 2, respectively.

© V.A. SINITSKY, 2006
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Specification of station (average standard set)
Measuring range with distance from its front
to acoustic antenna no more than 2 m, m:
triangle-type measuring antenna
(side size 700 mm) ........................................
triangle-type measuring antenna
(side size 1500 mm) ......................................
Measurement allowance for difference in any
two-point coordinates in measuring range, mm:
measuring range 2 × 1 × 1 m ...........................
measuring range 4 × 2 × 2 m ...........................

2×1×1
4×2×2
max. 1.0
max. 1.5

Figure 1. Appearance of LAMS
Measurement coordinate system –
right-hand rectangular: ................... longitudinal Z-axis,
transverse Х-axis, vertical Y-axis
Measurement time for point coordinates, s .................. 2
Indication of measured coordinates
of test points:
not less than 4 digits
after decimal point,
2 digits after digital point
Sources of acoustic waves: contact
electrodynamic probe ......................... single-pulse laser
Sensitivity of acoustic sensor, mV/Pa ................... 5—10
Power supply, V:
network ........................................................ 220
portable battery ............................................... 12

Areas of application of the LAMS were explained
to representatives of three leading shipyards during
presentation of the equipment:
• checking shape of sections of hull plating parts
along templates control lines during bending with
presses. The results are compared with the task drawing and displayed on PC monitor;
• checking shape of profile metal bents during
forming frame-type parts with special bending machine and bending presses;
• final checking of parts bent with presses without
use of frame templates;
• checking shape of pipelines, their wire templates,
mutual positioning of welded flanges and pipe ends.
It was recommended to start implementation of
LAMS in pipe shops of shipyards. This recommendation was given due to the following reasons:
• FSUE CRIST has developed an automated systems «Ritm-Sudno. Pipes», allowing to fulfill the following tasks: express processing of measuring data
with use of PC, built-in in the LAMS, automatic
generation of 3-projection drawing of measured pipe
with all necessary dimensions, generation of axonometric pipe image and elaboration of control program
for CNC-controlled pipe bending machine;
• majority of insert pipes can be placed within
local measuring range of 2 × 1 × 1 m;
• checking technique allows preliminary measuring of pipe diameter and distance between end points
(tying length) with mechanical instruments, thus al-

lowing to compare measuring results, obtained with
the LAMS, to the calibration standards and to achieve
required accuracy of measurements in case of environmental changes;
• there is a possibility for considerable economy
by rejecting wire templates and generation of control
programs for CNC pipe bending machines on the base
of digital data from the LAMS, especially for manufacturing of insert pipes.
All the above-mentioned advantages were proved
during trials of the LAMS in pipe shop at the shipyard
for the purpose of checking shape and dimensions of
bent pipes, where for each particular pipe a chart
drawing was generated for subsequent processing with
pipe bending machine (Figure 3).
During 2006, FSUE CRIST intends to manufacture and deliver to pipe production facilities a pilot
LAMS, suitable for further series production. A number of effective technical solutions were implemented
for this station.
Multi-microphone LAMS antenna is equipped
with electret microphones-sensors with preamplifiers.
Their adjustment and tuning can be done on a simple
stand of «optical bench» type with reference bases.
Sensors are controlled with one of software operations, displaying on the monitor not only coordinates

Figure 2. Composition of LAMS: 1 – platform; 2 – pipe; 3 –
bar handle; 4 – bar tip; 5 – PC; 6 – electronic unit; 7—9 –
microphones; 10 – receiving antenna; 11, 12 – electrical loudspeakers; 13 – acoustic bar; 14 – start button
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Figure 3. Example of the LAMS output measurement data

of test points X, Y, Z, but also convergence (in mm
percent) of distance rays from centers of three main
and one auxiliary microphones for each point, calculated by triangular method.
Effects from fluctuation of temperature, humidity,
dust and wind is eliminated through automatic testing
of the station during measurement process with taking
as a reference value a known distance between two
acoustic emitters of the bar of special reference base,
located within the measuring range. Averaging of multiple measuring results for each test point also helps
to obtain this objective, since processing speed of the
LAMS allows one to carry out multiple measurements
fast.
As acoustic emitters small-sized high-frequency
electrical loudspeakers are used, with optimal distance between their centers of 350—400 mm, and distance
between the bar end and center of the nearest emitter
can vary between 50—120 mm, thus allowing data to
be taken from test points located out of the line-ofsight coverage of the microphones.
Obtained by the LAMS data can be transferred to
the user on a floppy disk, CD, flash memory card or
through the cable. Data configuration is fully complied with design feature of pipe bending machines and
pipe bending standard, being used with system «RitmSudno. Pipes», developed by FSUE CRIST and with
guiding document «Ship Systems and Systems of ShipBorne Power Plants. Requirements to Design, Manufacturing and Installation of Pipes in Accordance
with Sketches and Drawings with Coordinates of Pipeline Routes».

For making design of insert pipe route onboard a
vessel under construction using LAMS, plugs with
punches in the center are inserted in the flanges, subject for connection. Tip of the LAMS bar is placed
in the punch mark, thus allowing coordinates of flange
opening centers to be defined.
By moving the bar tip along the proposed route
of the insert pipe, the LAMS defines digital trajectory,
considering calibration reference base, located within
the measuring range. On the basis of obtained digital
data a final shape of the pipe is generated with the
PC along with processing program for pipe bending
machine. After manufacturing the pipe is connected
with flanges on the stand and shifted onboard to the
installation site.
Advantages of the LAMS in comparison with other
measuring systems are high measuring speed (up to
2 s for 1 point), measuring in the coordinate system
of receiving antenna without requirement of reference
bases, easy maintenance, not requiring tiresome manual operations and high qualification of servicing
personnel, low cost in comparison with tacheometers
and measuring equipment with angular sensors.
1. Syasko, V.A., Sinitsky, V.A. (2003) Use of laser-acoustic
method and high-speed measuring station for checking dimensions and shape of ship articles and structures. Shipbuilding Technology Rev., Issue 10.
2. Benditsky, A.A., Shelemin, E.B. Method for measuring distance to the object. Summary of inv. USSR author’s cert.
1835048. Int. Cl. G01D17.00. Publ. 15.08.93.
3. Benditsky, A.A. (1994) Optical and acoustic location – a
new method for definition of object coordinates. Measuring
Eng., Issue 7.
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CHARACTERISTICS OF MAGNETIC FIELD
IN AUTOMATED MULTI-TORCHES FCAW
SUNG-HOON KO, HYEONG-SOON MOON and JONG-CHEOL KIM
Hyundai Industrial Research Institute, Korea
In order to reduce the prime cost and to improve productivity in heavy industries, a variety of attempts are developing
including automatic equipment and new welding technology. Among them, multi-torches welding process comes to rise
as a crucial step due to its high productivity. However it is difficult to set up proper welding parameters since the arcs
of each electrode interfere with each other. To enhance quality and reliability in multi-torches welding, the study on
characteristics and the interference of multi-torches arcs should be given priority over all others. In this study, the arc
shapes were photographed by using high-speed camera to measure the length and width of arc. The arc shape was also
formulated with a simple equation in terms of welding parameters. Based on the magnetic field around the arc calculated
using finite element method, the effect of arc shape on the magnetic flux was evaluated. The minimum distances between
arcs to avoid interference for various welding parameters could be determined using the results of the analysis.

Since welding is the principal manufacturing process in
ship building industries, studies are continuously accomplished to reduce the prime cost and to improve
productivity in welding process. Since fillet flux-cored
arc welding (FCAW) holds 70 % of welding process in
ship building, it is a world-wide tendency that introduces welding automatic equipment and develops welding technology used for automatic equipment in
FCAW. The twin tandem FCAW process among such
researches has been supplied widely and is increasingly
used due to its triple high productivity compared with
single-torch process. Recently, a three torch welding
technique in FCAW was developed to increase welding
speed and was almost put to practical use [1]. In general,
welding process using multi-torches can be operated in
comparatively higher welding speed and help to decrease
welding deformation, as it has higher electrode melting
rate and lower heat input compared with single-torch
process [2]. However it is needed to establish a reliable
automated equipment of high cost and it is difficult to
set up proper welding parameters since the flow of molten metal shows a complex behavior because of relatively
long weld pool and the interference of each arc. To
enhance quality and reliability in automated multi-torches FCAW, the study on characteristics and the interference of multi-torches arcs should be given priority
over all others.
In this study, the arc shapes were photographed
by using high-speed camera to measure the length and
width of arc. The arc shape was also formulated with
a simple equation in terms of welding parameters. In
order to study the mutual interference of arcs in the
FCAW system with multi-torches, the magnetic flux
densities on FCA weldment were evaluated using electro-magnetic filed analysis. Based upon the results of
the finite element analysis, the effect of arc shape on
the magnetic flux was also evaluated, and the minimum space of torches which can prevent mutual interference of arcs was established.
© SUNG-HOON KO, HYEONG-SOON MOON and JONG-CHEOL KIM, 2006

Photography of arc. Equipment. As shown in Figure 1, the equipment to capture the photograph of
arc consists of a rotating positioner, a welding machine and high-speed camera system. The high-speed
camera is located at the same height with welding
arc. Panasonic RF600 as the welding machine, AWS
E70T-1 as the welding electrode, and CO2 as the
shielding gas, were used for this experiment.
Analysis of arc shape
It is difficult to represent an arc shape with a few
of photographs while the length and width of arc are
continuously changed by the molten metal transfer
in FCAW. In this study, the average arc shape was
determined by using a statistical method which analyzes a number of photos taken with the high-speed
camera. The deflection of arc is defined as the length
between arc center and electrode center on the surface
of base metal, as shown in Figure 2.
The outline of the arc can be extracted using threshold image processing from photos of arc captured
from photographed movie, and the length and the
deflection of arc are easily measured (Figure 3).
Regression model of arc shape. Welding voltage
is the sum of voltage of cable, electrode and arc (1),
if welding current is constant, welding voltage is proportional to arc length, therefore, arc length is gene-

Figure 1. Schematic diagram of experimental equipment
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Experimental models and results of Taguchi method
I, A

U, V
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32
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360
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Figure 2. Model of arc shape: Le – electrode extension length;
La – length from the tip of electrode to base metal; W – arc
width; D – arc deflection

rally expressed the function of welding voltage and
current (2) [3]:
V = V0 + (Rc + Re + Ra)I + EaLa,
La =

V — V0 — (Rc + Re + Ra)I
,
Ea

(1)
(2)

where V is the welding voltage; V0 is the initial constant of voltage; Rc is the resistance of cable; Re is
the resistance of electrode; Ra is the resistance of arc;
Ea is the intensity of electric field.
The constants in above equations are determined
by experiment and are affected by metal transfer
mode, shielding gas etc. [4]. However equation (2)
proposed for an ideal symmetric arc model does not
reflect the effect of arc deflection due to moving electrode. In order to estimate accurate arc length in moving electrode conditions, a modified approach is required to take account of arc deflection. Arc shape is
generally affected by many factors, such as welding

v, m/min

La, mm

D, mm
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voltage, current, type of shielding gas, welding speed,
distance between contact tip and base metal, material
and diameter of electrode and flux. However, main
factors among them are welding voltage, current and
speed. The effects of main factors on arc length were
evaluated using Taguchi method, and the length and
deflection of arc was interpolated based on the experimental results. The experimental models and results
of Taguchi method are shown in the Table.
Electro-magnetic field analysis
It can be estimated that the induced electro-magnetic field formed around arc and base metal interferes
the arc in multi-torches welding process. To calculate
the distribution of the electro-magnetic field, the finite element method (FEM) was used. The models
of cylinder and truncated cone were utilized as arc
shape for FEM analysis (Figure 4, a), and mesh design
of arc (Figure 4, b).
To analyze electro-magnetic field, first of all, the
current distribution in arc and base metal has to be
calculated. The current flows not only through the
shortest path from electrode to ground but through
the entire base metal (Figure 5). Because current density around arc and ground is relatively high, magnetic
field induced by current affects only neighboring arcs
in multi-torches welding process.

Figure 3. Measurement of arc shape from arc image
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Figure 4. Model of assumed arc shape (a) and mesh design of arc (b)

Figure 6. Contour of magnetic flux density at current of 400 A
Figure 5. Contour of 400 A current density, A/mm2

Induced magnetic flux density calculated by FEM
is shown in Figure 6, when arc length is 3 mm long
and 400 A of welding current flow. The magnetic flux
density on the electrode and base metal is very high
because permeability of metal is higher than that of
air and that on air around electrode is relatively low
and uniform. However the magnetic flux density on
arc is more complex and higher, because of high current density and low permeability than that of air.
The distance from arc center to the position, where
magnetic flux density is 50 Gs, was 17.6 mm in the
direction of ground and 15.4 mm in the opposite direction of ground. In the direction of ground, as the
directions of magnetic flux induced by current flowed
on base metal and electrode corresponded, magnetic
flux density was slightly higher than that in other
direction. For various arc lengths, Figure 7 shows the
maximum distance from arc center to position at magnetic flux density of 50 Gs. Because of very low variance of distance, the effect of arc length change can
be neglected when distance from electrode center is
over 10 mm.

Figure 7. Effect of 5 (1), 3 (2) and 1 (3) mm arc length on magnetic
flux density

raphs which were captured in high-speed movie and
the regression model of arc shape was proposed as a
function of welding voltage, current and speed. The
induced magnetic field around the arc was calculated
using the FEM and the minimum distances to avoid
interference of arcs for various welding currents could
be determined using the results of the analysis. This
research will be applied to the development of arc
sensor for multi-torches welding.
1. Mulligan, S.J., Melton, G.B. (2002) Assessment of the tandem MIG-MAG welding process. In: TWI Report 745.
2. (1996) Patent 8-224667 Japan.
3. Lancaster, J.F. (1986) Physics of welding. 2nd ed. Pergamon Press.
4. Ushio, M., Mao, W. (1996) An analysis of the dynamic
characteristics of the arc sensor for DC MIG/MAG welding
in open arc model – a study on the improvement of the
sensitivity and the reliability of the arc sensor in GMA welding. Report 2. J. JWS, 14(1), p. 108—111.

CONCLUSION
In order to prevent interference of arcs in multi-torches FCAW, the characteristics of induced magnetic
field were evaluated using the finite element method
and the statistic analysis. Arc shape was determined
using the statistic analysis from a number of photog115

WELD MONITORING AND STABILITY INDICES
J. TAPP, P. GUY and K. CHAWLA
Triton Electronics Ltd., UK
With the development of current welding power sources and control techniques there is an increased need for faster
and more intelligent monitoring systems. This paper discusses some of the requirements for monitors capable of determining
welding waveforms. Further, some analysis procedures are discussed both for the description of the welding waveform
and to asses arc stability. Arc weld monitoring started some thirty or forty years ago when power source waveforms
were uncomplicated and average welding parameters were required. The main goal of weld monitoring was to ensure a
welding procedure was accurately recorded and then replicated. Even today this quality function is still required despite
onboard power source data monitors. The basic arc weld monitor offers an independent, external record of the weld.
Over time these monitors have acquired data storage and communications functions. Most welding waveforms are 400 Hz
or slower and it is now possible to digitally record these with faster arc welding monitors. Typically, these systems
operate at 5 kHz or more per channel. However, the more advanced power sources now control the waveform to improve
the welding characteristics, such as reduced spatter or greater tolerance to standoff variation. This is often achieved
with a small pulse overlaid on the main waveform, to accurately describe these small pulses faster data logging is
required, and monitors are available with a logging frequency of 100 kHz. If basic monitors were developed to provide
procedure quality control so the faster monitors have become tools that can analyse small fluctuations in the welding
waveform. Many authors have detected quality indicators from these fluctuations, initially for arc stability, where
consumable performance can be objectively assessed and welding parameters compared. However, some models claim
to be able to detect weld defects caused by surface preparation, root gap shielding gas failure as just some examples.
The techniques range from looking at transient features on a welding waveform to developing a programme based on
Chaos theory to identify potential errors or instabilities. This paper offers a brief overview of some of these techniques.

As modern power sources become more complex and
welding is more controlled so it is important that
weld monitors are developed with greater capability
both for accurately capturing the waveform and for
describing the data in ways that are relevant to welding. This paper is split into three sections, the first
describes what is required for a fast welding monitor.
The second illustrates how this system can be applied
to a quality control database so increasing producti-

vity and accuracy. The third looks at some stability
indices and shows how these can be used to describe
the welding process and opens up the opportunity for
automatic parameter determination and fault detection.
Welding monitor. Historically welding monitors
have been used for the verification of welding parameters and so only need to record average data. These
have been termed basic monitors [1] and have been
the following characteristics: average values of current, voltage; very robust construction; heat input
calculation, and portable and battery powered. All
monitors comply with standard accuracies listed in
Table 1.
To accurately monitor a welding waveform it is
important to monitor with a higher frequency than
the underlying process waveform. Figure 1 shows that
if frequency determination is required then logging
at twice the process frequency is sufficient, however
if amplitude determination is required this needs to
be increased to 10 or more times the process frequency.
Typical frequencies associated with arc welding
processes are listed in Table 2. These will range from
a few Hertz to around 400 Hz found in AC and spray
Table 1. Validation accuracies for power sources BS 7570 2000
«Code of Practice for Validation of Arc Welding Equipment»
Standard grade power
sources

Figure 1. Illustration of monitoring frequency
© J. TAPP, P. GUY and K. CHAWLA, 2006
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Precision grade power
sources

Quantity

Accuracy

Accuracy

Current meter

± 2.5 % of maximum ± 1 % of maximum
rated welding current rated welding current

Table 2. Process frequencies
Process

GTAW

GMAW

Main
frequency, Hz

Monitor frequency for
process determination,
Hz × frq

NA

1000

Pulse

0.1—10

1000 × 100

AC

50—400

1000 × 20

Dip

100—300

6000 × 20

10—50

1000 × 20

Spray

250—400

8000 × 20

Pulse

50—300

5000 × 20

AC

50—400

8000 × 20

Variation

DC

Globular

applications. Hence any fast monitor should be capable of monitoring in excess of 8000 Hz per channel
recorded. This should guarantee a 20 to 1 ratio and
so allow full mapping of the waveform.
The AMV 4000. This is a PC based fast welding
monitor (Figure 2) fulfilling the requirements listed
in Table 2.
The monitoring software is designed to be easy to
use both for production welding and research applications. The fundamental concept is that the data
logging is handled by the AMV 4000 but the remaining data interpretation and handling is modular. The
code is constructed in such a way that additional
modules can be added for quality control or process
stability. Figure 3 shows how the 3 areas interact.
The process analysis is expected to include routines
for describing the waveform such as stability analysis.
The bespoke code can include control strategy based
on either the raw data or the process analysis or both
together.
Setting-up the AMV4000. The AMV 4000 can be
set-up either simply just by entering the process and
channels to monitor. The data acquisition rate and
process related factors (including heat input efficiency) are automatically set. This screen is shown in
Figure 4. The number of channels to be monitored is
also set on this screen along with standard QC information such as operator and procedure name. The

Figure 3. AMV 4000 code regions

AMV 4000 can also be tailored to a specific welding
requirement in which case the advanced set-up routine
is used. Figure 5 shows this screen. The main considerations are as follows.
Set sample rate. This determines the overall sample frequency. The maximum is 100 kHz, so if all 8
channels are recorded then each is sampled at
12.5 kHz per channel. If only 2 are recorded then
each is sampled at 50 kHz.
Set trigger channel. By default the AMV 4000
triggers if it senses more than 5 V and 20 A but this
can be changed if required. Any single channel can
be selected and the trigger value set. Only current
and voltage are used jointly though.

Figure 4. Configuration screen

Figure 2. AMV 4000

Figure 5. Advanced screen
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Figure 6. QC integration

Figure 8. Cranfield stability indices

Figure 7. Pass welding data

Block size. This determines how many samples are
collected in one block. Once the block is full all calculations are performed such as average values, peak
values and stability index.
Set block interval. The blocks can be continuous
(i.e. 0 block interval) or they can be separated by up
to 10 min. This is really only interest when monitoring
a stable welding process that is extremely long.
QC integration. During weld procedure trials the
AMV 4000 can save weld procedure information direct
to a welding procedure database, this improves both
productivity and accuracy.
Secondly the welding database can apply applicable tolerance values from international standards
(Figure 6). The AMV 4000 stores pass information
in a similar format to normal reporting systems with
average pass data and process type recorded along
with heat input. The AMV 4000 also contains limit

values and these are can be adjusted manually from
the limit screen (Figure 7).
Stability. The AMV 4000 will collect large amounts of data that can be difficult to decipher and many
stability indices have been developed. Two particular
indices are the Cranfield models and Weldprint.
Cranfield stability models. These models [2] use
a number of ratios to describe determine the transfer
mode. These ratios are TI transfer index, TSI transfer
stability index, and DCI dip consistency index.
The first two ratios can be compared on the ranges
illustrated in Figure 8.
Some examples of how these ratios can be applied
are shown in Figure 9.
Figure 9, a shows a waveform within the ideal dip
conditions but Figure 9, b indicates a dip condition
where indices are borderline dip. This was also evident
from the running condition of the arc and there was

Figure 9. Examples of Cranfield stability indices
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more spatter and a less regular bead appearance. Hardly an exhaustive test but it does indicate that a single
number can describe a welding waveform, or the mode
of metal transfer can be inferred from some comparatively simple ratios.
Weldprint. Weldprint [3] has been developed for
a number of years and has a successful track record
for analysing stability and even detecting potential
fault conditions within the arc itself. Weldprint uses
Chaos theory to check how similar the monitored waveform is to a sample waveform and can establish a
stability number from this. It can go further and from
the stability estimate if there is a potentially faulty
weld. The example in Figure 10 shows how spatter
build up the affects weld quality (or stability).

Figure 10. Weldprint quality index

AMV 4000 monitoring software. Some examples are
have been discussed; however the options to tailor
the monitor and decision making process to individual
applications is infinite.

CONCLUSION
The AMV 4000 is a dedicated fast welding monitor
based on PC technology. It accurately monitors all
welding process waveforms and comes with an easy
to select menu to ensure the optimised settings are
possible for each process type. It is possible to add
modules for QC and stability applications to the
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The paper presents the results of experimental simulation of the laser welding of the metals most widespread in the
manufacturing processes of aviation, chemical, and oil industry. Butt welding involved the samples of Al—Li alloy
01420Т, titanium alloy VT20, low-carbon steel St20 and stainless steel 12Kh18N10Т. We investigated the welding
modes with the most optimum neutral gas (He) velocity and pressure, physical and chemical structure and microhardness
of the welded joint, and also mechanical strength of the samples after the laser action of continuous radiation with the
power up to 3 kW, wave length of 10.6 μm. The continuous electric discharge СО2 laser with the convective cooling
of the process medium and maximum power of 8 kW was used as a laser radiation source [1]. In the experiments, the
laser radiation level of 3 kW was limited by the long-term beam strength of the ZnSe lens with the focal distance of
254 mm. The most promising results for the microstructure, microhardness and plasticity have been obtained in welding
of titanium alloy and stainless steel. It has been demonstrated that the low-carbon steel welding process must be followed
by the heat treatment to produce a grinded ferrite-pearlite structure in the welding zone, which provides a high complex
of mechanical properties. The obtained results can be used as recommendations for the welding process improvement
under certain technological conditions, and also to produce an adequate mathematical model of the laser welding.

Description of experimental laser facility and techniques of welded sample tests. At the beginning
of 1980s, the process of laser welding of different
materials has been studied in Russia and other countries [2]. It has been founded that the effectiveness
of heat utilization in the laser welding process is much
higher than in the electric arc process, and the strength
of the welded joint does not differ much from the
base metal strength. The basic advantages of the laser
welding, as well as the presence of СО2 laser technological complexes, stimulate the mastering of this technology at the wave length of 10.6 μm in various
industries, in particular, in atomic and chemical industry for welding stainless steel, in aviation industry
for welding light aluminum alloys, in oil industry for
joining carbon steel big-diameter tubes. In laser welding we applied the continuous electric discharge СО2
laser with the self-filtering resonator and working
radiation power of 5 kW (Figure 1). The active medium is excited by a self-maintained discharge of the
direct current in a transversal gas stream. The electrode system consists of two tube cathodes and a flat
anode between them. The electrodes are water-cooled
and form two discharge gaps. The laser generates a
flat-polarized beam with the polarization plane inclined to the horizon at the angle of 45°.
The welding equipment in Figure 1 includes the
laser itself with the outlet ZnSe window with the
diameter of 50 mm, radiation calorimeter gate set
directly near the outlet window, rotating mirror transferring the beam from the horizontal plane to vertical
one, welding cap with the exchangeable ZnSe lens,
mechanism for linear motion of the samples being

welded, and control board, which provides a certain
sequence of remote gate opening, protection gas supply, technological support plate motion.
The technological sketch of the welding is shown
in Figure 2. The beam with the flat polarization of
30 mm in diameter is focused by the ZnSe lens with
the focal distance of 254 mm. The major experiments
were performed at the radiation power of up to 3 kW
with the welded plates up to 6 mm thick. To protect
the lens, helium was supplied coaxially with the beam
through the nozzle 4 under the pressure of 1 atm. The
angle of incidence onto the welded metal 1 is 80°. The
angle has been chosen for practical reasons: at high
angles, part of the reflected radiation falls onto the
central nozzle; at low angles, the molten metal flows
out from the fusion zone. While welding, the sample
is set onto the technological plate 3 fabricated to hold
the plates being welded. The support plate has a gro-

Figure 1. СО2 laser welding equipment
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Figure 2. Welding technological sketch: 1 – welded unit; 2 –
refractory substrate; 3 – support plate; 4 – central nozzle; 5 –
side nozzle; 6 – reflected radiation absorber; 7 – focusing lens;
α – angle in the yz-plane; γ – angle in the xz-plane; v – beam
velocity

ove of 10 mm width and 2 mm depth, wherein helium
is supplied to protect the bottom run. The reflected
radiation is absorbed by the water-cooled screen 6.
The welding was carried out in the shielding helium
medium. The shielding gas was supplied through the
side window 5, its flow rate reduced to the normal
atmosphere did not exceed 60 l/min. The side nozzle
of 20 mm in diameter was inclined to the welded
plates surface at the angle of 40—45°.
Welding of Al—Li alloy 01420T. Figure 3 shows
the cross section of а weldpool.
For the butt welding, the optimum helium pressure range is 4—6 atm (sections 2 and 9 in Figure 3,
a). When the pressure decreases, we observe the overburning (joint 4 in Figure 3, a), when the pressure
increases, the weldpool boils, pores occur in the junction, scores on the surface.
With the pressure of 5.5 atm, the optimum welding
speed was 4.5—5.5 m/mm (see Figure 3, b, sections
6—8). Reduction of the speed results in the alloy overburning (see sections 1 and 2), speed increase causes
а cone-shaped weldpool (sections 14—17), no beaded
weld (sections 16,17 at v = 6.5 and 6.3 mn/mm).
For the lap welding, the optimum speed was 2.5—
2.7 m/min, the joint quality being satisfactory (see
Figure 3, с, samples 5—7). Reduction of the speed
first causes bubbles (sections 10, 11), and then the
overburning (sections 12 and 13).

Figure 3. Weldpool cross section in butt (а, b) and lap (с) welding
depending on helium pressure with the constant beam velocity of
4.1 m/min (а), on beam motion velocity with the constant helium
pressure of 5.5 atm (b) and on velocity at helium pressure of
6 atm (c)

Mechanical strength of the welded joints. The
static strength of the butt-welded samples was in optimum modes of 0.8 of the solid sample strength (σ ≈
≈ 460 MPa). The fatigue strength tests for the buttwelded samples have shown not bad results. According to the tests, the lap welding shows worse strength
characteristics. We assume the main reason is in insufficiently dense adjacency of the units. Pores caused
by an air layer and magnesium combustion, occur in
the partition points of the welded plates.
Study of the welded joint zones in laser welding.
The quality of the laser-welded samples was evaluated
by the width of the welding zone, its microstructure
and changing microhardness during the transition
from the base material to the welding zone. The study
of the microstructure was performed in the optic (Figure 4) and scanning microscope (Figure 5).
Table 1 presents the average width of the fusion
zone for the half-ready products, used for the mechanical test samples. The measurements were carried
out in three sections of the regions.
As is seen from the Table, the region width changes
from sample to sample, as well as the shape, which
is likely to result from the unstable work of the source.
The comparison between the size and quality of the
fusion zones makes us to assume that the samples 1-2

Figure 4. Microstructure of transition zone between the base metal and melt (a, b – ×50) and of welding zone (c – ×250) in butt(a) and lap-welded (b) joints: 1 – zone of thermal action on the melt boundary; 2 – beginning of the fusion zone; 3 – fusion zone
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Figure 5. Microstructure of welded joint zones: a – initial material beyond the thermal action; b – arrows 1—2 – HAZ on the melt
boundary, arrow 2 – fusion zone beginning; с – fusion zone
Table 1. Average width of fusion zone on the half-ready products used for mechanical test samples
Half-ready
product No.

Wide area

Central area

Narrow area

1-2

1.56

1.02

0.24

3-2

1.64

1.14

0.58

5-6

1.40

1.18

1.02

8-2

1.50

1.16

1.14

11-2

1.42

1.20

1.03

15-2

1.42

1.30

1.38

*

2.03

1.35

1.35

4-5
*

Fusion zone size, mm

Lap-welded, the rest being butt-welded.

Figure 5 demonstrates the microstructures of initial material, transition region in the point with minimum amount of pores and fusion zone in the same
places, obtained by the scanning electronic microscope. It is obvious that the initial alloy presents а twophase system, the second phase is situated mainly near
the grain boundaries as volume of various shapes. The
two-phase structure retains in the HAZ, transition
region, and fusion zone. The dispersion and uniformity
increase.
Figure 6 shows the character of microhardness variation regarding the material state, namely in initial
state (up to the first arrow on the left), in the HAZ
(distance between the first and second arrows), in transition region, and fusion zone (distance between the
third and fourth arrows), then the inverse sequence.
The decrease of microhardness in the HAZ and
fusion zone, where the grain size is smaller, and the
second-phase dispersion degree is higher, may be caused either by the porosity, accompanying the process
of melt crystallization, or by the failed aging of the
alloy after the quenching.
Previous conclusion. The results of structural and
mechanical researches of the quality of the butt-welded samples show the promising future of this method
in the practical application. The further efforts, in
our opinion, should be directed to choose the mode
providing the width of the fusion zone of about 1 mm,
to study the conditions of the following heat treatment
for making the structure equilibrium. This processing
must guarantee the microhardness not worse than that
of the initial material.

and 3-2 have more strength joints (see Figure 4, а).
This is proven by the mechanical test results. The
fusion zones of these samples posses the minimum
porosity. The highest porosity is seen in the samples
8-2 and 15-2.
In the sample 4-5, which is lap-welded, we see
especially high porosity. During the high-temperature
action, the size of the pores increased significantly
(see Figure 4, b). This was to а great extent а reason
of the low strength of the joint, i.e. 0.4 of the strength
of the base material.
The character of the changing microstructure during the transition from the base material to the welded region is of great interest for the analysis of the
laser welding process, as well as the microstructure
in the region itself. These are appreciable reasons of
the inner tensions in the junction.
In Figure 4, а and с, the character of section
itching shows that there are the regions of thermal
action from the side of the welded material. Figure
4, с presents the transition region microstructure at
the high resolution. It is evident that in the HAZ
(gap between arrows 1 and 2) the size of the grain
is smaller than in the initial material. This points
to the fact that this region was heated up to the
one-phase state temperature, and this was followed
by the re-crystallization. The micropores (arrow 2)
are seen at the transition boundary. Region 3 is the Figure 6. Microhardness variation in welded joint zones: 1 – material
zone of the melt solidification.
initial state; 2 – HAZ; 3 – transition region; 4 – fusion zone
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Table 3. Mechanical properties of 12Kh18N10T steel welded
joints

Table 2. Mechanical properties of 12Kh18N10T base metal and
butt-welded joints at welding speed of 1 m/min
σt,
МPа

σ0.2,
МPа

δ, %

ξ, %

Welded joint thickness, mm

Stainless base
metal

628

364

57.0

42.0

Real joint

365

327

7.4

9.3

Ideal joint

647.6

362.7

51.4

42.9

Sample type

Note. δ, ξ – relative reduction in area and elongation of the cross
section, respectively.

Experimental study of the 12Kh18N10Т steel
welded samples. The quality of the welded joints was
estimated by the strength indices (ultimate strength,
yield strength), by the results of microhardness measurement and by the data obtained from the metallography.
The investigations included two stages. The first
stage contained the study of the welded joints produced by through melting of a whole plate of steel
12Kh18N10Т (for simplicity, we called these joints
«ideal» ones), and butt-welded joints of two plates
(these joints were called the «real joints»). The joints
for strength tests were welded at the power of 3 kW
and speed of 1 m/min. The joints prepared for the
metallographic tests were welded at the same power
but with various speeds (0.4—1.5 m/min). The plate
thickness was 3 mm. The results of the strength tensile
tests are presented in Table 2.
As is seen from the Table, the samples with the
«ideal» joints showed sufficient ultimate strength σt.
In addition, the joint has a «strengthening» region –
a small bulge above the plate surface. This bulge is
likely to be the reason why the samples broke not by
the welded joints. The samples with the «real» joints
demonstrated poor strength indices. The ultimate
strength was almost twice lower as compared to that
of the «ideal» joints.
With the purpose to remove possible residual stress
in the welded joints, several samples underwent heat
treatment (normalization). The samples were heated
up to 600 °С, and held at this temperature for about
2 h, and then were cooled in air. This action did not
influence the strength test results.
To measure the microhardness and perform metallographic analysis, we prepared sections. The microhardness was measured in lengthwise and transversal
directions on the joint. The base metal microhardness
was at the same level as the welded joint microhardness. As the rate rises, the microhardness decreases

σt,
МPа

σ0.2,
МPа

δ, %

ξ, %

3 (with milled edges)

561.45

330.8

26.2

35.1

4 (with polished edges
and one-side fusion)

557.6

312.3

53.6

46.1

4 (with milled edges
and one-side fusion)

569.4

318.4

57.7

42.0

(plasticity rises), but after normalization the microhardness partially recovers. In the samples with the
«ideal» joint, no pores nor shrinkage cracks are observed. Pores are the cavities in the structure. Shrinkage cracks are caused by the tensions appearing in
the joint at the course of nonuniform cooling. We do
not observe them, it means that the speed mode of
the welding is correct. The joint structure is uniformly
dendritic (Figure 7). Dendrites present metal grains
which have grown during crystallization in the direction perpendicular to the heat abstraction, and have
taken a fiber shape. Such a structure is typical for
the cast state of any steel. The metallography proves
good quality of the joint.
Hence, during the first stage we have revealed
that extra measures must be taken to prepare the
samples to the welding with the object of advancing
the low-quality «real» joints to the «ideal» joints
level.
The second stage of the investigations included
necessary modifications of the welding technology and
optimum welding mode to reduce the joint width for
the thicknesses of 3 and 4 mm. The working table of
the laser facility was modified in such a way that the
bottom run turned out to be protected with the helium
medium as well. Besides, samples clamping during
the welding was simulated. It allowed reducing the
gap between the butt ends of the welded plates. Also,
to reduce the gas, for comparison of various degrees
of mechanical processing, some samples have milled
edges, and the other – polished.
We have drawn the dependence: as the speed and
power rise, the joint width decreases. It is natural
that the joint width decrease is allowed only while
the through melting retains. The strength tests demonstrate the good quality of the welded «real» joint
(Table 3).
Table 3 shows that the ultimate strength of the
welded joint is on the level of the ultimate strength
of the junction with the «ideal» joint. Then, the re-

Figure 7. Dendritic colonies in the apex (b) and on the edges (b) of joint
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Table 4. Porosity of the 12Kh18N10T steel welded joints
100 mm length
Porosity

Table 5. Scarf welding modes for the VT20 alloy sheets 2 mm
thick at laser power of 1.5 kW with modes 1—5

Needed

Result

Largest nodule size, mm

0.6

0.3

1

2

3

4

5

Amount of nodules and agglomerations
in any section

11

8

0.40

0.64

0.85

1.06

1.30

Total area of nodules and
agglomerations in any section, mm2

2.5

≈ 1.5

3

Escaped
detection

Largest size of single large nodules, mm

duced gap between the welded plates resulted in the
appeared strengthening region in the «real» joint,
too. Hence, we have reached that the real butt joint
breaks not by the joint.
The reduced width of the joint causes faster and
more directed metal melting, which promotes the
shape factor formation. X-ray transmission was used
to study the porosity of the welded joint 100 mm
length. The results are presented in Table 4.
It is seen from the Table that the optimum welding
mode (v = 1.1 m/min, W = 2.76 kW) for the samples
4 mm thick produces the welded joint of the category 1.
Conclusions. The performed investigations allow
concluding:
• СО2 laser radiation of the power up to 3 kW
can be successfully used for welding of stainless steel
up to 6 mm thick;
• previous experiments have demonstrated that to
form more narrow welded joint on the thin plates of
1—2 mm and to reach deeper penetration of them, the
laser radiation must be focused on the bottom plane
of the plates. With the bigger thickness, the focus is
risen to the corresponding level. In such focusing conditions, the threshold power necessary for the welding
process start is 0.6—0.8 kW;
• optimum modes of the butt welding have been
found for the plates 3 and 4 mm thick. For the 4 mm
thickness and radiation power of 2.8 kW, the optimum
welding speed is 1.1 m/min. The strength and plasticity of the welded joint almost coincide with these
parameters of the base metal. As the speed increases,
the penetration becomes incomplete, as the speed decreases, we observe higher microhardness and lower
plasticity of the welded joint. With the thinner welded plates, the welding speed increases pro rata;
• increased power and correspondingly welding
speed for a sample of assigned thickness changes the
welding mode to the «shape factor» melting. The role
of thermal conductivity in the heat balance of the

Welding modes, m/min

welding process reduces, and we obtain maximum
narrow joint;
• welded joint does not require any additive heat
treatment. Normalization, i.e. heating up to 600 °C
for 2 h and cooling in air, increases the joint microhardness by 20 %, and strength properties of the joint
do not change;
• optimum modes produce the butt-welded joint
of good quality, the porosity of the weldpool corresponds to the category 1 of OST 9539.
Laser welding of titanium alloy. The samples
were obtained from scarf welding of sheets of alloy
VТ20 (6Al—2Zr—1Mo—1V) 2 mm thick.
Technological parameters. Analyzing the reference literature, we can see that titanium alloys demonstrate high tendency to pore formation at increased temperatures. The major reason is hydrogen and
oxygen. The laser processing is accompanied by the
strong convective motion of the substance. This motion results in the gas penetration into the liquid
metal, and appeared bubbles have no time to go onto
the surface due to the high-speed crystallization. That
is why especial attention was paid to the joint protection from oxidation during the welding process.
The shielding gas was helium, supplied not only to
the joint apex but also to the bottom run. Besides,
the gas was supplied up to complete metal cooling.
The beam power in scarf welding of the plates 2 mm
thick was of 1.5 kW. The welding speed varied from
0.4 to 1.3 m/min.
The joint outlook is shown in Figure 8. It is evident
that the joint width decreases as the welding speed
increases. From the technological point of view, the
5th mode is the most advantageous (Table 5), due to
the small geometrical dimensions of the joint. The
widths of the joint in the top section and the HAZ
are 2.6 mm and 375 μm, correspondingly (see Figure 8). Besides, the joint has necessary strengthening in the top and bottom sections prescribed by the
standard regulations for welded articles, and profitable formation of the joint is guaranteed.
Microhardness research. The numerical estimation of the mechanical properties of the produced welded joint called for the investigations of the microhardness. The microhardness was measured in the sam-

Figure 8. Structure of joints 1 (a) and 5 (b) acc. to Table 5
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Figure 9. General scheme of structural changes in the welded joint metal

ple 5 acc. to Table 5. The result showed that the
welded joint microhardness retained at the base metal
level. Its average value was 3600 МPа. Besides, during the tensile tests, the material broke not by the
joint, but in the base metal region. This investigation
allows us to conclude that the welded joint possesses
favorable mechanical properties.
Conclusions. The following conclusions can be
drawn from the performed investigations:
• needed joint protection from the ambient medium together with optimum welding power and speed,
and also assigned focus position permit to reach the
high quality of the welded articles, both from the
viewpoint of geometrical characteristics and strength;
• higher welding speed allowed the material porosity to be avoid, which is the most widespread defect
of the welded junctions in titanium alloys;
• joint and base metal microhardnesses are similar
at the level of 3600 МPа;
• optimum scarf welding mode has been found for
the sheets 2 mm thick, namely W = 1.5 kW; v =
= 1.3 m/min; beam focus being in the bottom run.
The joint width is not more than 3 mm.
Peculiarities of the joint formation in laser welding of carbon steels. Mechanical properties of welded structures depend on the joint and the adjacent
HAZ microstructure [3, 4]. These sections of welded
junctions normally have heterogeneous structure,
which results from the essential difference in temperature and cooling conditions in different junction
regions. The welded joint structure has been studied
extensively for a number of technological welding
processes. Special conditions are realized at the laser
heating of half-ready products. The present work is
devoted to the study of the structure of the laser-welded joints of carbon steels.
The St20 plates 4—10 mm thick were used as a
subject of inquiry. The radiation power was 3 kW,
the rate of half-ready product motion about the laser
beam varied from 0.1 to 0.6 m/min. The major researching techniques were optic metallography and
microhardness tests. Structural researches are carried

out in the microscope NU-2E with the magnification
of ×50—×1000. The microhardness was estimated in
the device of PMT-3 type. The loading on an indenter
was 0.98 N.
In spite of the simple chemical composition of the
steel 20, the welding process produces a complex
structure of the welded joint and adjacent region of
the HAZ. This structure demonstrates many defects,
which weaken the joint. A peculiarity of the HAZ
typical for the laser processing is its small width as
compared to the electric arc welding.
The general scheme of the structural changes in
the metal after laser welding is shown in Figure 9.
Five metal regions with clearly differing structure are
evident. In the welded joint, crystallization arises
directly from the liquid state, and actually secondary
crystallization, i.e. re-crystallization of the solid-state
metal realizes in the HAZ.
The base metal did not undergo any structural
changes during the welding and has a typical ferritepearlite structure. The average size of a ferrite grain
is 30 μm, that of pearlite colony is about 10 μm. This
structure provides high plasticity typical for the lowcarbon steels, and this plasticity allows the structure
brittle failure to be avoid.
First structural changes are observed in the incomplete re-crystallization region (Figure 10), wherein
the solvability of carbon in ferrite rises because of the
heating, and it results in carbon diffusing from the
pearlite colonies in ambient ferrite. The pearlite colonies loose carbon and dissolve. When the material
cools down, new small pearlite colonies and ferrite
grains form at the site of the former ones. In Figure 9
one can see that the re-crystallization degree rises as
the welded joint is approaching, i.e. together with
the temperature growth.
Sizes of new ferrite grains and pearlite colonies in
the incomplete annealing are about 5 and 4 μm, correspondingly. The most part of initial ferrite grains
retain in the material.
In the next region located closer to the welded
joint (see Figure 9), we observe complete re-crystal128

Figure 10. Incomplete re-crystallization region

lization of the structure, caused by the heating of the
steel above temperature Аc3. In this region, the ferrite-pearlite structure forms, which differs from the
base metal by the smaller size of the structural components and hence by higher mechanical properties.
The average size of the ferrite grains in the complete
re-crystallization region is 7 μm, that of pearlite colonies is 5 μm.
The region of macrocrystalline structure directly
borders with the welded joint. Its rough structure is
governed by the metal overheating up to the temperatures approaching the melting point of the base
metal. The presence of the crystals of Widmanstaetten
needle ferrite up to 60 μm length is a striking property
of the overheating. The feature of this type structure
is a low level of plasticity. The pearlite formations
are predominantly elongated in this region.
The last region among those presented in the scheme (see Figure 9) is the welded joint region. It demonstrates the macrocrystalline clearly oriented ferrite-cementite structure with the Widmanstaetten
type of ferrite. Crystal length reaches 80 μm. This
indirectly characterizes the size of the former austenite
grain, from which ferrite crystals appeared.
We see from the performed structural analysis that
the HAZ must not be treated as a uniform layer with

solely negative properties (low shock viscosity, plasticity and crack resistance). The HAZ includes the
regions with favorable structures, i.e. regions of incomplete and complete annealing, which show better
indices comparing with the initial structure.
From the viewpoint of providing a high complex
of mechanical properties, it is desirable to extend the
region with the grinded ferrite-pearlite structure and
to remove the region of the Widmanstaetten ferrite.
Complete removal of the Widmanstaetten ferrite formation during the welding process has been unsuccessful. A possible way of welded joint quality improvement is an extra heat treatment. With the laser
technology applied, this processing can by done through the repeated laser action with the modes guaranteeing steel austenization and relatively slow cooling
to produce the structure of the ferrite-pearlite type.
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OPTIMISATION OF ALLOY DESIGN
FOR GOOD WELDMENT OF HSLA STEELS
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A deterioration of the toughness in the HAZ can often be correlated with local brittle zones, caused by an enrichment
of alloying elements as a result of the solidification process. Especially the enhanced shrinkage during the peritectic
reaction in steels with more than 0.09 % C promotes interdendritic segregation. For a defined cooling rate (heat input,
preheating, wall thickness) and carbon content there exists an optimum alloy content, which guarantees the transformation into a fine acicular bainitic microstructure, exhibiting the best toughness and a moderate strength compared to
microstructures of coarse ferrite, granular bainite or martensite. Such considerations for the microstructure-property
relationships are valid also for the base and weld metal. During research there were studied the weldability of several
grades of steels by the method of imitation of temperature-time modes in HAZ, allowing thermo-kinetics parameters in
HAZ to be reproduced at various types of welding. The research were carried out on various steel grades from X52 up
to X80 with the carbon contents from 0.19 up to 0.03 %. The target of the research was to evaluate the influence of a
chemical composition on steel weldability and to define the parameters of welding providing optimum properties of
metal in HAZ. As results of research was developed low carbon bainitic HSLA steels which allows the safe and economic
usage of even higher strength steels than actually applied in welded structures.

A reduction in wall thickness can be achieved by applying materials with higher strength. This reduction
is highest, when only uniaxial stresses like in pipelines
occur. By doubling the yield strength there, half of
the wall thickness is sufficient to carry the load [1].
But also with other stresses deriving from bending or
torsion loads, the weight reduction is still remarkable
[2]. This economic result is demonstrated by the ex-

Figure 1. Weight and cost reduction by using HSLA steels (tension
member for a load of 7000 kN) [3]: 1 – material costs; 2 – weight;
3 – weld metal volume
© S. ALEKSANDROV, K. HULKA, Yu. MOROZOV and A. NAZAROV, 2006

ample of beams with different strength levels (Figure 1) confirming that a higher strength of the steel
allows the usage of lighter profiles.
Such remarkable weight reduction compensates by
far the higher costs for the high-strength low-alloy
(HSLA) steel. Furthermore, the lower weight reduces
fabrication costs such as transportation and handling.
Especially the efforts for welding are drastically reduced, i.e. related to the reduction in wall thickness,
the reduction in the weld metal volume amounts to
an exponent of two and the weld metal volume determines the production time needed for the fabrication of a component. As a result, the yield strength
increase from 355 to 460 MPa results in material savings of about 30 % and the overall costs for the whole
structure may be reduced by about 14 %, even if the
price per ton for the higher strength steel is 30 %
higher [4].
These obvious economic merits can only be used,
if the structure is safe. Besides the necessity to avoid
any brittle fracture at operating temperature also sufficient ductility to withstand the propagation of ductile cracks is requested. This is obtained with «clean
steel», exhibiting low levels of sulphide and oxide
inclusions, and also by reducing the volume fraction
of the second-phase pearlite, consequently asking for
a low carbon content. Therefore, modern HSLA steels
rely on grain refinement as the major strengthening
mechanism, since it is the only metallurgical method
to improve both strength and toughness. The thermomechanical rolling process, often in combination with
accelerated cooling (TMCP), is the practical realisation of this goal [5].
Besides other welded pipelines are an important
application of HSLA steels in Russia, with sometimes
more severe property demands than in other parts of
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the world, including wall thickness up to 50 mm and
strength of grade X80 and higher to allow a pressures
of 100 atm and higher (up to 250). Furthermore, new
pipelines in Siberia and seismic regions of Transbajkaliya as well as off-shore pipelines ask for increased
requirements to the pipes, including the welds. While
some years ago the impact toughness of welds at the
fusion line was specified by Mesnager U-notch specimens, now GAZPROM and TRANSNEFT and other
major consumers of pipes specify the impact toughness
at the fusion line and in the center of the seam by
Charpy V-notch specimen and the impact toughness
level should be not less than 59 J/cm2 for gas pipes
and 39 J/cm2 for oil pipes.
Weldability considerations. For a given welding
process and wall thickness (heat input) of steel structures, the chemical composition of steel, described by
a carbon equivalent formula, determines if a crack-free
structure can be obtained without using expensive
preheating. Figure 2 shows the development of offshore plate grade 50 for the last decades, which finally
resulted in the application of low carbon thermomechanically rolled plate, which do not need pre-heating.
The toughness in the HAZ depends on the effective
grain size and the amount of local brittle phases, the
later being a result of the local chemical composition
as results of segregations [6]. Figure 3 explains the
reason for segregations originated during the solidification of steel. It is known that primary segregations
can be caused by interdendritic inclusion of the liquid
phase, which is naturally enriched in carbon and the

Figure 2. Effect of carbon equivalent on pre-heating temperature
for crack-free weldments 40—60 mm thick of steel with Re >
> 355 MPa [4] at welding heat input 12 kJ/cm: 1 – normalized
structural CMn steel with C ≤ 0.20 %, CE ≤ 0.46 %; 2 – normalized
structural CMnNb steel with C ≤ 0.17 %, CE ≤ 0.43 %; 3 –
normalized off-shore CMn(Ni)NbTi steel with C ≤ 0.13 %, CE ≤
≤ 0.42 %; 4 – TMCP CMn(Ni)NbTi steel with C ≤ 0.10 %, CE
≤ 0.38 %

other alloying elements. During the peritectic reaction, which takes place in steel with carbon levels of
0.09—0.53 %, an additional shrinkage occurs as a result
of the transformation from the cubic body-centred
δ-ferrite into the cubic face-centred austenite. The
relatively highest shrinkage of this kind occurs with
the highest amount of δ-ferrite already formed before
the start of the peritectic reaction, i.e. with steels of
about 0.10 % C. The additional shrinking mechanism
with the peritectic reaction is also known to be responsible for enhanced surface cracks in continuously
cast steel with such carbon levels of 0.09—0.12 %, a

Figure 3. Segregation caused by peritectic solidification and decrease in HAZ toughness caused by LBZ [7, 8]
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Figure 4. Toughness of weld metal on X70 pipe steel [13]

practical reason, why such alloy design is often avoided. The primary segregation of carbon itself will be
reduced during the further solidification and during
hot rolling, but such a homogenisation is marginal
for the substitutional elements in solid solution owing
to their slow diffusibility.
In HSLA steels manganese is the major alloying
element, being often about 1.5 %, and its interdendritic enrichment determines the secondary segregation
and in the final product. Often the segregated zones
exhibit a manganese enrichment corresponding to a
segregation ratio of two. Manganese is an austenitestabilising element and forces the carbon to diffuse
into the region of ultimately transformed austenite.
Since both elements carbon and manganese add to
hardenability, a higher amount of local brittle zones
(LBZ) in the HAZ is observed in such regions corresponding to the originally primary segregations.
Besides understoichiometric Ti/N additions refined the austenite grain in the HAZ [9], the HAZ
microstructure showing the optimal toughness is a
low carbon fine acicular bainite, while coarse ferrite
site plates and martensite constituents deteriorate the
toughness. Besides the welding conditions, also the
steel chemical composition determines the transformation temperature and thus the microstructure and
properties in the HAZ [10—11].
The most relevant welding procedure for HSLA
steel is fusion welding with consumables via automatic or manual processes. The development of suitable
consumables has to take into consideration, that a
certain percentage of the base metal will be dissolved
in the weld metal. Besides the role of carbon and the
other alloying elements in microstructure and toughness as already discussed before precipitation hardening and possible further embrittlement owing to the
microalloying elements (titanium, vanadium or nio-

bium) during a follow up thermal cycle of multi-pass
welding has to be taken into consideration [12]. For
good weld metal toughness a low inclusion level is a
pre-requisite. Furthermore one aims to obtain an acicular microstructure. Figure 4 exhibits one example,
i.e. the weld metal toughness of the longitudinal seam
of large diameter pipes, where typically about 60 %
of the chemical composition of the weld metal derive
from the dissolution of the parent plate material. It
is obvious that the impact energy of the weld metal
is remarkably improved, when using welding wires
with a high alloy content. The best result after high
speed AC/DC welding is achieved with a molybdenum-boron containing wire, where the nitrogen content has been fixed by titanium, together with a fully
basic flux.
Investigation of weldability. Besides full tests of
bridge or pipe welded joints, the simulation of the
welding processes is a cheaper method and gives scientifically clear results. One successful method was
developed at the I.P. Bardin Moscow State ScienceResearch Institute for Ferrous Metallurgy and is especially used for the development and quality control
of new steels for large diameter pipes. It includes
different methods, such as classification of the microstructure and the HAZ hardness and toughness as
results of the steel chemical composition and the cooling rate from peak temperature.
Description of the method. The technique is based
on the simulation of a welding thermal cycle for the
grain-coarsened HAZ, which often represents the area
of lowest toughness.
The used equipment is a dilatometer, which allows
high-speed induction heating to peak temperature of
1300 °C (corresponding almost to maximum temperature in a HAZ). Then the specimens are cooled with
different cooling rates in inert gas (Ar, He) jets. Cooling rate is measured in the temperature range of
800—700 °C and can be varied from 0.6 to 350 °C /s.
The specimens for the dilatometer are hollow cylinders
with an outside diameter of 6 mm and wall thickness
of 1 mm, however for toughness test and resistance
to SCC V-notch specimens of 5 × 10 × 55 mm are
common, and also other types of samples are possible.
This method allows determining on the steel weldability (loss of strength, susceptibility to cold cracking, impact toughness of simulated HAZ, etc.) and
correlating the HAZ properties with its microstructure and the cooling rate, which is directly related to
the heat input during welding. As result of the investigations one obtains the phase transformation forcontinuous cooling (CCT-diagram for welding), a
description of the microstructure, hardness and impact
toughness of metal (as diagrams plotted over the cooling rate). Furthermore, also the determination of
crack tip opening displacement (CTOD) can be carried out.
These tests of samples with simulated HAZ are
more severe and more precise than tests of real welded
joints, since they evaluate only the properties of a
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defined condition in the HAZ without any participation of neighbouring zones of the metal, which might
be less affected by heat input during welding, as it
natural when testing real welded joints.
The simulated cooling conditions of the HAZ for
different welding modes are the basis for the analysis
and classification of weldability of various steel grades.
Some results of the investigations. A big variety
of steels has been investigated by using the simulated
HAZ method, especially in order to gain a better
understanding of microstructure and property formation during the welding of large diameter pipes in the
pipe mill and during pipe laying. As an example CCTdiagrams of different steels are shown in Figure 5,
indicating that different steels exhibit different microstructures for the different welding processes.
For good toughness of steel and the HAZ metal,
a low-carbon microalloyed steel is beneficial for the
large diameter pipes austenite transformation in HAZ
metal during welding of 0.03C—Mn—Cr—Ni—Cu—Nb
steel differs from other steels: the ferrite formation
takes place only at cooling rates lower than 1.5 °C/s
and pearlite formation is observed at cooling rates
below 1 °C/s.
In this steel, the diffusion controlled transformation with formation of polygonal ferrite and pearlite
is completely suppressed at cooling rates of actually
applied welding processes in the pipe mill and during
pipe laying. At cooling rates obtained in practice (partial or complete) bainite transformation takes place
in a temperature range of 620—550 °C and cooling
rates from 0.7 °C/s and more. Furthermore, hightemperature martensite transformation is observed in
the temperature range of 520—400 °C and cooling rates
above 70 °C/s. As a consequence of the favorable
morphology of austenite transformation products
(lath bainite, acicular ferrite), this steel exhibits high
Charpy toughness values at subzero temperatures to
as low as —60 °C under any automatic submerged arc
welding conditions.
In contrary, as a consequence of the relatively high
carbon content and the unfavorable heterogeneous
structure, the 0.19C—Mn—Si steel HAZ exhibits an
insufficient Charpy impact toughness at temperatures
below 0 °C. A certain increase in Charpy toughness
at —20 °C is achieved at cooling rate, corresponding
to automatic submerged arc welding schedule. For
this steel the required level of critical hardness
HV 350 that guarantees absence of cold cracks (hydrogen induced embrittlement) correspondences to
cooling rate of 50 °C/s, while this critical hardness
value has never been observed with the 0.03C—Mn—
Cr—Ni—Cu—Nb steel not even at the highest cooling
rates typical for welding with low heat input.
Impact toughness of 0.1C—Mn—Nb steel HAZ is
in between the described steel grades, but the absolute
level is still rather low.
Recent development work was concerned with
high-strength pipeline grades (Х80 and higher),

Figure 5. Welding CCT diagrams for pipe steel of 0.19C—Mn—Si
(a), 0.1C—Mn—Nb (b) and 0.03C—Mn—Cr—Ni—Cu—Nb (c) grades

which included the investigation of weldability for
the developed 0.05С—Mn—Mo—Ni—Cu—Nb steel. At
cooling rate of 2.5 °C/s the microstructure consists
of 100 % low-carbon upper bainite. The temperature
of bainite transformation start is about 600 °С, and
the martensite formation temperature is close to
450 °С. A microstructure consisting of 100 % lowcarbon bainite is observed up to cooling rate of about
70 °C/s, while at cooling rate 100 °C/s about 85 %
of martensite and 15 % of bainite are observed (Figure 6). Only at low cooling rate 0.1 °C/s the microstructure of the simulated HAZ exhibits polygonal
ferrite with small amount (10—15 %) of upper bainite.
At cooling rate 1 °C/s the microstructure is mainly
bainitic (not more than 10 % of ferrite), and gets
fully bainitic with further increase in cooling rate.
The hardness of 0.05С—Mn—Mo—Ni—Cu—Nb steel
HAZ at the highest investigated cooling rate of
300 °C/s was HV 340 with 100 % martensite microstructure. These hardness data indicate that at low
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Figure 6. Welding CCT-diagrams for 0.05С—Mn—Mo—Ni—Cu—Nb
pipe steel

cooling rates a certain deterioration of strength in the
HAZ occurs compared to the strength in the base
metal. But the same result indicates also that the steel
is not susceptible to cold cracking in HAZ at all investigated cooling rates (welding conditions). Furthermore, at all cooling rates investigated for welding
simulation the metal is characterized by a high level
of impact toughness. The 0.05С—Mn—Mo—Ni—Cu—Nb
steel confirms excellent the weldability obtained in
low-carbon steel with an optimized composition,
which includes the addition of molybdenum to increase the stability of austenite in the HAZ.
To summarize, the ССТ-diagrams show a clear
correlation of the percent of microstructural constituent and the carbon content for a certain cooling
rate. While the 0.19С—Mn—Si steel exhibits a coarse
and heterogeneous microstructure for all cooling
rates, the low-carbon (0.03—0.05 % C) steels with
higher alloy additions show a microstructure of lowcarbon bainite for a wide range of cooling rates (3—
90 °C/s). With the low-carbon steels, which also
exhibit a low carbon equivalent, much better toughness (resistance to crack formation and propagation)
is obtained in the HAZ (Figure 7).

Toughness increase in steels with structure of lowcarbon acicular bainite is a result of the low carbon
content itself and the fine effective grain size of the
bainitic microstructure. The average bainite «grain»
size (the width of bainite lath) is remarkably finer
than that of ferrite grain. However, when instead of
ferrite-pearlite structures «grainular» bainite is formed, and no toughness improvement is obtained. The
HAZ toughness also can be improved by the addition
of titanium and niobium, refining austenite grain.
Another factor is the ability of niobium in solid solution to reduce the temperature of γ→α transformation thus increasing the amount of acicular microstructural constituents.
Investigations of phase transformation of hot-deformed austenite (reheating to 1150 °С, ε = 20 % at
1000 °С and 50 % at 850—800 °С) have shown that
the same steels, which exhibit a favourable transformation for the conditions in the HAZ, also show a
favourable transformation behaviour under conditions
of thermomechanical rolling TMCP, resulting in ferrite-bainite or bainite microstructure over a wide
range of cooling rates, increasing the stability of production process.
Furthermore, Figure 8 shows examples of industrial trials for the production of modern low-carbon
niobium-microalloyed steels. They were carried out
at the wide-strip mills of SEVERSTAL and ММК
works to produce Х70 steel grade with a thickness of
up to 16 mm for spiral-welded pipes with a diameter
of 1220 mm for Volzhsk Tube Works. They all exhibited low carbon levels combined with increased alloy
additions ((0.04—0.06)С—Mn—Mo—Nb—V and (0.04—
0.06)С—Mn—Cr—Ni—Cu—Nb—V) thus guaranteeing
high impact toughness values in the welded joints,
besides the excellent properties of the base metal.
The decrease in carbon from 0.19 up to 0.03 % in
the HSLA steel pipes widens the range of favourable
cooling rates (15—300 °C/s) for hardness values,

Figure 7. Effect of carbon content on Charpy V-notch impact toughness (a) for 0.03 (1), 0.05 (2), 0.06 (3), 0.10 (4) % C, and CTOD
value (b) of the HAZ on pipe steels
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which do not exceed the critical value of HV 350,
avoiding cold cracks.
This simulation method was also used for investigation on susceptibility to SCC of pipeline steels. The
technique developed by the I.P. Bardin Institute includes static bending of the samples in air and in
low-acid (рН 5.1) corrosion medium with a slow strain rate to failure. The integral fracture energy at testing in medium —АΣSCC is a parameter of evaluation
of susceptibility of steel to SCC. It is known that the
fracture energy in corrosion medium for the HAZ is
lower than in the pipe base metal, thus the HAZ is
more prone to crack nucleation under influence of
stresses and corrosive media. The studies showed that
the highest resistance to SCC was obtained in a steel
with 0.055 % C, exhibiting a mainly acicular ferrite
microstructure, and being microalloyed with niobium
and small additions of nickel and copper. The highest
susceptibility to SCC appeared steel with 0.1 % C,
where the HAZ microstructure consists of ferrite and
coarsed upper bainite.
CONCLUSIONS
1. The fundamental relationships between chemical
composition, microstructure and toughness apply not
only for the base metal itself, the HAZ and weld
metal. Especially when the economic high heat input
welding processes are applied, a low carbon level, far
below the 0.09 % C level, is a pre-requisite for sufficient HAZ toughness.
2. A low carbon fine-grained acicular bainite offers
the best opportunity to obtain a high strength steel,
suitable for safe welded structures. When applying
the thermomechanical rolling process, which prepares
a high amount of nucleation sites for the phase transformation, the effective grain size of bainite is typically as small as 1 μm [14]. Besides an improved
toughness, the fine-grained bainite adds also to
strength increase by both, further grain refinement
and higher dislocation density compared to microstructure of polygonal ferrite plus pearlite.
3. There are two ways of obtaining a bainitic microstructure, either increasing the steel hardenability
by adding more alloying elements or by increasing
the cooling rate. Many modern rolling mills comprise
accelerated cooling with a rate of about 20 °C/s for
material 20 mm thick or even direct quenching with
35 °C/s or more for the same thickness plate. In order
to obtain the demanded strength level, alloy design
and cooling rate have to be balanced. Low-carbon
bainitic HSLA steels open the possibility to apply

Figure 8. Impact toughness of welds on 0.05С—Mn—0.20Ni—V—Nb
(1), 0.04C—Mn—0.30(Cr + Ni + Cu)—V—Nb (2) and the Severstal
0.06C—Mn—Cr—Ni—Nb—V (Рcm = 0.17) steel spiral pipes 1220 mm
diameter on fusion line

steels of higher strength than actually common in
welded structures, with increased safety and economy.
4. The method of simulation of welding thermal
cycles for HAZ, developed by the I.P. Bardin Institute, allows weldability of steels to be evaluated by
considering the phase transformations and testing the
strength loss, susceptibility to cold crack formation,
impact toughness and crack resistance.
5. The best HAZ properties are obtained in steels
with a microstructure of low-carbon bainite, and the
most suitable shape of the CCT-diagram shows a wide
bainite transformation field. Such shape is obtained
with low carbon and a balanced alloy design.
6. High strength and thick wall pipe steel with
excellent toughness in the base metal and improved
weldability have been developed and industrially produced, exhibiting high values of Charpy impact toughness in the welded joints.
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MATHEMATICAL COMPUTER MODELING
AND OPTIMIZATION OF WELDED JOINT FORMATION
FOR MULTI-PASS WELDING OF GAS PIPELINE FITTINGS
B.M. BEREZOVSKY, A.V. PUJKO and O.V. PILNIK
South-Urals State University, Chelyabinsk, Russia
The following procedure was offered for constructing complex mathematical models for bead formation in the groove
and temperature fields in welded joints as applied to multi-pass arc welding of metal plates and pipes of large thickness.
The system of models is open to further modification and allows specifying individual sub-models on the basis of more
precise methods of modeling and calculation of the major processes taking place during the formation of multi-pass
welded joints. Within the framework of the offered approach software has been developed making it possible to study,
during the stages of scientific research and process engineering, the main peculiarities of welded joint formation, the
shape of the surface and penetration zone of the individual beads forming in the groove, and also the thermal cycles of
HAZ various points.

The gas pipeline fittings are important structural components ensuring to a considerable degree the serviceability of gas mains and reliability of their operation. Tees and pipe-bends with metal thickness of
16—65 mm are most frequently used fittings (Figure 1).
The technological peculiarities of the fabrication
and installation of gas pipeline fittings depend on the
conditions under which the process is organized.
Under the stationary conditions of their fabrication
the most productive methods of welding are used, in
particular, multi-pass submerged-arc welding. During
their installation in the field the multi-pass manual
arc welding process using coated electrodes is mainly
employed. The application of mechanized methods of

Figure 1. Main fittings of gas pipelines: a – tee; b – pipe-bend
© B.M. BEREZOVSKY, A.V. PUJKO and O.V. PILNIK, 2006

welding under the stationary conditions of fabrication
makes it possible to reduce appreciably the effect of
the welder’s skill factor and considerably increase the
productivity of the welding process, the quality and
reliability of products.
A large variety of requirements, particularly stringent in the case of heavy metal, are imposed on the
welded joints of gas pipelines. The reason for this is
that gas pipelines are operated under the unfavorable
conditions of high pressures and low temperatures.
Making a multilayer weld without lacks-of-fusion
or slag inclusions. Under conditions of stationary fabrication of gas pipeline fittings all welded joints undergo a 100 % ultrasonic inspection. In this connection
it is important that the welding processes employed
should be robust to the occurrence of defects in welds,
particularly, various inclusions and lacks-of-fusion.
The currently available publications on this issue present a wide range of opinions on the reasons for the
occurrence of lacks-of-fusion and slag inclusions [1].
For example, in the opinion of the author of [2] lacksof-fusion occur owing to the insufficient amplitude
of electrode wire oscillation or because of excessive
welding speeds.
Bringing down to a minimum residual stresses
induced by welding. Thick metal to be welded involves problems with regard to the formation of residual welding stress fields and distortions in a workpiece both during and after welding. These problems
can be solved on the basis of modeling fields of temporary and residual stresses taking into account the
properties of the material being welded, their dependence on temperature, and a number of other factors
[3—5].
Prevention of technological cracks in weld and
HAZ metal. Cold crack formation is prevented by
ensuring a favorable thermal cycle of both weld and
HAZ metal [1, 3]. When welding special steels using
high-strength low-alloy consumables which improve
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the performance properties of welded joints, with the
purpose of preventing the occurrence of cold cracks,
preheating or sometimes accompanying heating is applied. Refusal from preheating is possible in cases of
application of double-arc or multi-arc welding, and also
when regulating thermal cycles by various techniques,
for example, by depositing individual layers in a particular order (rational filling of the groove) [1].
Ensuring achievement of required mechanical
properties for HAZ metal. Multi-pass submerged-arc
welding operations account for about 28 % of all welding operations [6]. Most frequently this method of
welding is applied when more stringent requirements
are imposed with regard to the impact strength of the
weld metal at low temperatures or for high-carbon,
low- and high-alloy steels to improve the structure of
weld and HAZ metal. For this purpose it is important
to create favorable microstructures of the weld and HAZ
metals, making it possible to achieve high mechanical
properties of welded joints [7]. In a number of cases
when special steels and alloys sensitive to a thermal
cycle of welding are welded, the rate of heat input and
the section of beads in the groove should be minimal,
therefore edge preparation and multi-pass welding are
applied even for joining components of small thickness.
It is accounted for by the fact that welded joints of
structural alloyed steels tend to form cracks and the
impact strength of weld metal decreases.
Challenges and principles for optimization of arrangement of beads in the groove
The examination performed by the authors of [8]
of the places where extensive slag inclusions are predominantly located in multi-pass welded joints in plates 38 mm thick and having Х-shaped grooves (Figure 2, а) has shown that defects occur mainly at the
edges of beads (Figure 2, b—d).
Similar problems are encountered when welding
various materials, for example, aluminum alloys. In
particular, when fabricating critical thick-walled welded structures from aluminum alloys designed for use
under unfavorable conditions, a variety of defects
occur in them [9].
These defects act as stress concentrations under
load. Particularly dangerous are internal defects occurring in multi-pass welds in the form of lacks-offusion which cannot be always detected when X-ray
tests are performed on welded joints, and ultrasonic
testing is inapplicable in many cases.

Figure 2. Preparation of edges for welding (а) and sites of slag
inclusions in the middle of the plate (b), near the surface (c) and
between the beads (d) in multi-pass weld [8]

Most frequently lacks-of-fusion occur when there
are overlaps beyond weld toes (Figure 3, а), and also
when penetrations are distinctly centrally and dagger-shaped (Figure 3, b, c).
When conventional melting techniques are used,
metal penetration is maximum along the axis of a weld,
and it is insignificant in the peripheral sections accounting for up to 40 % of bead width. Such a pattern of
penetration during bead formation in the groove results
increasingly in lacks-of-fusion between deposited beads.
For example, when the basic technique was used for
welding high-strength steel structures [10] the V-groove
between workpieces was filled in four passes according
to the diagram with austenite electrode wire 5 mm in
diameter under different welding conditions for the root
and filling beads (Figure 4).
One of the main reasons for such defects to occur
is the adverse shape of the surface of the second bead
especially at the sites of its transition to the edges of
the parent metal, and also the shape of the third bead.
Therefore, to prevent such defects as slag inclusions,
it is necessary to deposit non-convex beads and ensure
smooth transition to the parent metal. In so doing
instead of depositing the third and fourth beads according to the basic welding technique, it is more
expedient to finish the filling of the groove with the
final wider third bead.

Figure 3. Localized lacks-of-fusion occurring in multi-pass welding of aluminum alloys [9]
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Figure 4. Location of slag inclusions in multi-pass weld (a) and
arrangement of beads when using transverse oscillations of electrode
(b) [10]

In this connection, it is important to ensure optimum control over the multi-pass welding process, i.e.
to optimize arrangement of beads in the groove and
to prevent slag inclusions and lacks-of-fusion. In particular, the principal technical and economic parameters of the welding technique essentially depend on
the shape and geometric parameters of edge preparation [11—13]. As the thickness of workpieces to be
welded increases and V- and X-grooves are used, the
arrangement of beads becomes more complicated to a
considerable degree. This is particularly so with big
included angles and fluctuations of the shape and
geometric parameters of grooves [14].
Challenges of multi-pass welding optimization.
The application of numerous criteria of quality to
multi-pass arc welding of thick metal, the difficulty
of accounting groove preparation deviations along the
axis of a weld on the arrangement of beads and geometric parameters of a weld complicate the development of effective models and software, allowing the
choice optimum technological options.
If for single-pass arc welding a significant amount
of various procedures for calculating and optimizing
the weld formation process has been developed, for
multi-pass welding such procedures are almost nonexistent. Therefore, in most cases developers of the
welding processes for heavy-gauge metal are compelled to limit themselves only to setting the arrangement
of beads in the groove and the range of changes to
the key welding parameters (welding current, arc
voltage, welding speed, etc.) for several beads in a
particular layer of a weld [15].
The technological preparation of the welding process for heavy-gauge metal structures including the
use of welding robots, calls for determination of a
much greater number of welding parameters [6]. The
shortage of effective mathematical models for multipass welding complicates development of the expert
systems used for solving problems with regard to optimization of the multi-pass welding process [16], and
also the software to control welding robots used for
welding critical of heavy-gauge metal structures [17].
The author of [18] underlines that the main obstacle
to the automation of multi-pass welding of thick metal
under the conditions of significant fluctuations with
regard to of fit-up accuracy and geometric parameters
of the groove is the lack of algorithms and programs for
groove filling. In this connection welding robots widely
used in many practical applications find limited application when thick metal structures are welded. For this
purpose, it is possible to use expert systems integrated

into the robot control system. That said, it is necessary
to take into account the fact that during the welding
process the welding circuit buses experiences the action of various random factors upon itself: the error
of fit-up, temporary distortions of the workpiece, various vibrations, fluctuations of parameters of welding
conditions, and a lot of other factors. In addition, it
is also necessary to take into account various technical
and economic limitations.
A special feature of multi-pass arc welding is that
the errors made when depositing the first and all subsequent beads can accumulate and eventually affect
the final shape of a weld. Therefore, with groove
dimensions varying any bead can be deposited in the
groove under essentially different conditions for two
identical workpieces. It can lead to adverse situations
when undercuts occur in the groove sidewall or on
the edges of the previous beads, and also an excessively sharp angle is formed between the profiles of
adjacent beads, which may result in insufficient penetration during the next bead deposition.
The work [15] reviews the main provisions of the
strategy acceptable for the robotized multi-pass process used for welding heavy metal. This strategy is
focused on the use of robots having computer vision,
seam tracking system and certain level of artificial
intellect, sufficient for solving problems involved in
multi-pass welding of heavy-gauge metal on the basis
of selecting a particular sequence of arranging beads
in the groove.
As the welding process control circuit includes
weld models, any mathematical dependencies describing relationships between the shape and the dimensions of the bead in the groove on the key parameters
of the welding conditions are necessary for realization
of any strategy. The authors of [15] suggest using for
this purpose the regression models obtained experimentally with design of experiments techniques.
In [19] a way of optimizing the process of automatic multi-pass СО2 welding with wire of 1.6 mm
in diameter is described. Calculations resulted in the
optimization of welding parameters for the first and
subsequent two passes ensuring qualitative filling of
the groove. Examples have been given of the optimization of parameters of multi-pass welding used for
sheets 25 mm thick with groove angles of 60° and 45°.
Use of welding process control systems. Adaptive multi-pass welding systems are beginning to be
used on an increasingly broader scale when fabricating
welded structures for complex critical products [20].
The modern intellectual adaptive welding systems are
being integrated into installations for multi-pass welding thick-walled products. They provide the high
quality of welds matching the high efficiency of the
welding process. These systems possess high flexibility and fast adaptability to any welding procedure,
and can also make up for any inaccuracies in fit-up.
The systems also control distribution of metal in grooves of various sections with due regard for possible
variations of the area of their section.
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The intellectuality of these systems is provided
with the help of mathematical models and also by
modern software and hardware complemented by
means of technical sight, measuring the shape of the
groove and its cross-section area. The contour of the
groove surface is analyzed by powerful processors,
capable of calculating precisely the necessary amount
of metal deposited for any complex groove and to
coordinate the position of a welding torch when performing a welding operation [21].
Theory
It was shown that irrespective of the groove angle,
thickness of the metal plate and shape of the groove
there are general regularities for the formation of layer
beads in the groove [21—23]. Most effective can be
the approach under which recommendations are given
not with respect of specific ranges for allowable alteration of welding conditions, but for general parameters of the welding process, giving technologists
sufficient leeway in selecting ways of achieving the
values of these parameters with due regard of other
conditions and restrictions.
The analytical mathematical model of formation
of a layer of metal in welding or surfacing is described
in detail in [21—23]. It uses the mathematical model
of formation of a horizontal bead on an inclined plane.
The model includes the basic geometric parameters of
the bead in the groove, in particular, its width B, the
area of section Fb and the angle of plane inclination
~. The physical properties of metal are taken into
θ
account by the value of the capillary constant
ac = √
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
σ/g(ρ1 — ρ⎯2) ,

(1)

where σ, ρ1, ρ2 are the values of surface (interphase)
tension of the weld pool liquid metal, its density and
density of a shielding gas or a flux, respectively.
According to the model of formation of a horizontal
bead on an inclined plane, the shape of the bead surface for the given calculating diagram is determined
by the area of its section Fb, width B, angle of plane
inclination θ and capillary constant of weld pool liquid metal αc.
For the description of the surface shape of an individual bead sets of equations have been obtained
determined by the basic geometric parameters of the
bead. One of the possible variants of a set of equations
can be represented as follows:
ϕn

b0 cos θ =

∫
0

ϕv

—∫
0

cos ϕdϕ

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
√
z20 + 2(1 + cos ⎯
ϕ)
cos ϕdϕ

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
√
z20 + 2(1 + cos ⎯
ϕ)

—
(2)

;

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
z20 + 2(1 — cos ϕn) —
b0 sin θ = √
—√
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
z20 + 2(1 — cos ϕv) ;
f0 sin θ = cos (θ — ϕv) — cos (θ — ϕn),

(3)
(4)

where b0, f0 are the dimensionless values of the bead
width and the area of its cross section calculated with
the following formulae:
b0 =

B
;
ac

f0 =

Fb
a2c

,

(5)

where ϕn, ϕv are the boundary angles in boundary
points M and N of the bead contour.
For example, from this model it follows that the
primary factors determining the shape and dimensions
of a bead deposited next to the groove sidewall are
the height of the melting away of edge СM, width of
the melting away of groove B1, and also the amount
of metal deposited per one pass of Fb.
If area Fb depends only on the electrode diameter
and the ratio of its feed speed and the welding speed,
parameter СM strongly depends not only on the rate
of heat input, but also on the distance between the
electrode tip and prepared edge (Figure 5, a). As
distance Le increases with value Fb of bead 1 remaining constant, there is a reduction of parameter СM:
the height of melting away of decreases, and the width
of melting away of B1 increases.
As a certain value is achieved, the bead next to
the sidewall changes its shape and becomes convex.
As this takes place, the left edge this bead sinks,
forming a hollow which is subsequently difficult to
penetrate when depositing the bead of the following
layer. As a result lack-of-fusion between the bead and
the left sidewall of the groove (see Figure 5) is likely
to occur. With Le too small, excessive melting of the
left edge of the groove occurs, and according to the
model, on the left sidewall of the groove an undercut
occurs, which is not filled with deposited electrode
metal. As a result as the left bead of the next layer
is deposited, lack-of-fusion between the bead and the
left edge of the groove also occurs.
An analysis has shown that the most desirable
shape of an individual bead forming in a groove is
concave or convexo-concave. From an offered principle of physical-geometric modeling [22] and multipass welding optimization such general recommendations can be formulated as follows: at any ratio of
welding conditions for an established current structure of deposited beads, the values of the bead width
В and the area of deposited bead Fb for obtaining the
concave or convexo-concave shape of the bead, the
height of the melting away of the edges should be
within optimum limits. At the same time it is necessary
to take into account the fact that if the surface of the
bead is too concave, undercuts of the bead edges being
welded occur.
Such a pattern of occurrence of lacks-of-fusion,
resulting from an analysis of process of bead formation
with the help of the mathematical model, conforms
to the regularities of the occurrence of defects in a
multi-pass weld observed in practice.
Thus, in multi-pass welding the shape of the surface of the bead deposited per each pass is determined
by a ratio of its width, the amount of metal deposited

139

Figure 5. Scheme for modeling and basic geometric parameters of the bead deposited next to the sidewall and the second adjacent bead
(for designations see the text)

per one pass and the height if the melting away of
the edges. There is an optimum range of ratios of these
parameters in which the surface of a bead is concave
and has no undercuts of edges of the parent metal and
overlaps in the bottom part of the bead.
Computer program for simulating arrangement
of beads in a groove. This software package allows
simulating the process of groove filling on the PC
screen (Figure 6). In the software package for modeling arrangement of beads a database is built in. The
database allows storing information about various options of the technique including both values of geometric parameters of the groove and all parameters
of welding conditions, among them the characteristics
of electrode positioning in each pass.
Discussion of modeling results
Figure 7 shows two adverse situations resulting
from modeling on the PC screen the process of bead
formation in the groove. In the first situation (Fi-

Figure 6. Main window of the software package for simulating
arrangement of beads in groove

gure 7, а), with a relatively small amount of weld
metal the deposition of a weld on the sidewall of a
groove having a significant angle of inclination has
led to an undercut in the top part of the bead. It is
possible to remove this undercut by reducing the bead
width, the area of the metal deposited or the angle
of inclination of the groove. A more radical way is
prevention of situations whereby a bead is placed on
a contour with a big angle of inclination.
In the second case (Figure 7, b) a significant amount of metal deposited in the bead next to the wall
has caused occurrence of an overlap on the horizontal
part of the groove while the left part of the bead has
formed a relatively favorable shape on the left sidewall of the groove. To eliminate this overlap it is
necessary to reduce essentially the amount of metal
deposited per one pass.
Figure 7 shows an option of modeling the arrangement of beads in a groove with a relatively favorable
formation of the first layer consisting of three beads.
One the measures of quality of the formation of
beads in a groove is the angle of intersection of the
contours of adjacent beads. The closer is the value of
this angle to 180°, the smoother is the contour of the
beads in the groove and the lower is the likelihood
of occurrence of lacks-of-fusion in a multi-pass weld
when welding heavy-gauge metal. For example, the
form of third bead in Fi-gure 7 can be improved by
increasing the arc voltage or introducing the transverse oscillations of the electrode.
The validity of this approach was tested for cases
when welds of different types were formed with the
groove having different geometric parameters and miscellaneous welded materials. A good agreement has
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Figure 7. Shapes of surfaces of beads designed according to theoretical model with their adverse shape because of undercuts and overlaps
(a, b) and with their favorable arrangement (c, d)

Figure 8. Thermal cycles of a welded joint HAZ

been reached between the theory and the experiments
in terms of quality and quantity [21—25].
This method of modeling and the computer program allow study at the design stage of the arc multipass welding process the basic regularities for arrangement of beads in a groove and choice the best option
from among those considered.
Modeling and calculation of temperature fields
in workpieces during multi-pass welding. The submodel of arrangement of beads in a groove makes it
possible to estimate the reliability of the chosen scheme of arrangement to the occurrence of lacks-of-fusion
or slag cavities. The result of its application is the
information about the coordinates of each bead in the
groove on which depends the character of the temperature field in the immediate proximity to multi-pass
weld. Based on the known coordinates of beads in the
groove it is possible to calculate the total temperature
field in a pipe being welded, and also the thermal
cycles of any HAZ point (Figure 8).
In this work for this purpose used computational
methods of various levels of complexity. The simplest
method consists in using schemes of point heat sources
moving with uniform speed successively one after
another. The distance between the sources along the

perimeter of the pipe depends mainly on the diameter
of the pipe and welding speed. The arrangement of
the sources in the section perpendicular to the axis of
the weld is determined by the arrangement of beads
in the groove.
At the second higher level of modeling, schemes
of distributed heat sources have been applied. It makes
it possible to estimate more precisely a temperature
field in a welded joint HAZ.
At the third level of modeling temperature fields
numerical methods of calculation (a finite difference
method) were applied. They make it possible to improve the accuracy of modeling by considering during
calculations of such factors as the dependence of the
thermal and physical properties of metal on temperature and the heat of phase transitions such as melting-solidification. Knowledge of a thermal cycle of
any HAZ point makes it possible to calculate its phase
and microstructural composition, and also the distribution of mechanical properties in HAZ metal.
CONCLUSIONS
1. The procedure offered for constructing comprehensive mathematical models of bead formation as applied
to multi-pass arc welding of heavy-gauge metal makes
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it possible to simulate with the help of the computer
program the major phenomena occurring when multilayer welded joints are fabricated.
2. This method of modeling and its computer implementation allow one to provide the most graphic
visual simulation of all process peculiarities on the PC
screen in order to select the optimum options of the
multi-pass arc welding process for heavy-gauge metal.
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MATHEMATICAL MODELLING
OF COLD PRESSURE WELDING
M.V. BOLSHAKOV and G.N. LUKINA
National University «Lvivska Politekhnika», Lvov, Ukraine
A model of the contact interaction in cold pressure welding is proposed. The problem of residual stresses influence on
strength of cold-welded joints in terms of fracture mechanics was solved. It is shown that the cold-welded joints, which
are formed between the metals inclined to brittle fracture, may be destroyed by the residual stresses after load removal.
The quantitative criteria which connect cold weldability with mechanical properties, elastic constants and value of
applied compression stress are established.

In 1948 in journal «Materials and Methods» a new
method of welding without heating was presented by
Sowter. The method has come to be known as cold
welding. The basic parameter in cold welding is pressure or derivative value of plastic deformation εmin
that suffices for the strong welded joints creation.
There is a significant difference in value εmin for various metals, but some of them, for example steels
and even pure iron, can not be welded by cold pressure
welding.
In analyzing the various solid-state welding methods, including cold pressure welding, it is essential
to distinguish between adhesion (or seizure) and welding phenomena. Adhesion is a process of elementary
bonds formation when two solids are brought into
contact by force P, while welding is a process of
creation of strong welded joints which have a capacity
for work. So we can say that the welding is the integral
of adhesion over surface.
By now a great body of experimental data occur
about different factors which influence on cold weldability of the metals and alloys. There are many
hypotheses which attempt to explain the physical nature of the cold welding. The critical review of all
the hypotheses was made in [1], where their contradiction to a great deal of experiments is pointed out.
Moreover, all the hypotheses have qualitative character.
The adhesion and cold welding are very important
in advanced technology and industry. Their positive
role takes place in different solid-state welding processes. Adhesion adversely affects in operation of the
friction couples and the machine contacting parts.
Particular attention to the problem is given in context
of space investigations [2] that corroborate adhesion
between juvenile surfaces of similar and dissimilar
metals. As it has been shown, these processes are not
dependent on either mutual solubility or crystal lattice type of the metals. Some investigators note an
influence of the residual stresses on cold weldability
particularly of the metals that are prone to brittle
fracture.
© M.V. BOLSHAKOV and G.N. LUKINA, 2006

For a point of departure one can accept that as a
result of great deformation in the contact zone the
residual stresses spring up. The stresses will try to
rupture the adhesive bonds during unloading. The
danger of such rupture is intensified by hard cold
working and the lack of adhesion, which are the sharp
stress concentrators. The theoretical analysis has
shown that at the periphery of discrete contacts the
residual stresses approach infinity. Therefore periphery joints will rupture if they do not have ductility
to adapt themselves to the new geometry of separated
interface.
Modelling. A quantitative estimation of the joints
viability having regard to the stresses level may be
conducted in terms of fracture mechanics.
Let us look at a model in which two semi-spaces
z > 0 and z < 0 are deformed together by force P
(Figure 1, a). For a simple case let us assume that
the seats of adhesion are disposed hexagonally on the
plane z = 0 (Figure 1, b). The area in the plane z =
= 0 at which contact and adhesion occur is denoted
by S and single seat radius equals b. All over the area
S the normal stresses equal
σzz = p(x, y);

p ≤ 0.

(1)

So, the whole contact area S may be considered
as a welded metal and outside of S the lack of adhesion
by size l occurs. It is suggested that in z = 0 the

Figure 1. Calculated model: a – contact of semi-spaces; b –
hexagonal disposition of adhesion seats
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tangential stresses are τ = 0; during deformation the
area S is kept flat; during unloading (P → 0) the
brittle fracture may take place if the stress intensity
factor (SIF) of the welded metal exceeds its critical
value Kc, that depends on pressure value p(x, y),
scheme of deformation and properties of the metals.
The value of Kc can be obtained experimentally.
During unloading when P = ∫ p(x, y)dxdy → 0,
S

P∗ =

1
π2√
⎯⎯⎯⎯⎯
a2 — ⎯r2

r2 — 2rln cos (θ — θn, m) + l2n
2

(5)

2

0 a

∫ rρdrdρ;

N is the integral number tending to

0 a

infinity; E is the elasticity modulus; μ is the Poisson’s
ratio.
2π

Based on Eq. (5) the stresses

(3)
σ0zz =

where W is the normal displacement.
One can see from (3) that to determine the force
P* it is necessary to solve a contact problem in theory
of elasticity for semi-space z ≤ 0 if in the area S* acts
a stamp (or several stamps) which has the flat interface; the total force acting to the stamp is recognized;
normal stresses p(x, y) act out of stamp in the area
S — S*.
The area S is total combination of the circles with
radius b periodically located in plane z = 0. By symmetry, it would suffice to determine the stress under
one of the stamps, suggesting that during unloading
the circle shape of the stamps is preserved. As in [3],
we should take into consideration that the adhesion
seats have centers at the origin of the coordinates and
at the points rn = nl; θn, m = 2πm/6n (m = 1, 2, ...,
6; n = 1, 2...) and value of the force applied to single
circle at the end of loading equals P0.
The radius a of welding area can be determined
provided that applied to the stamp load equals P∗0
(P∗0 < P0).
In this instance, the contact problem boils down
to the determination stresses under circle stamps with
radius a, provided that the load P∗0 is applied to each
of the stamps, and outside of these stamps additional
load acts. For the stamp with center at the origin of
coordinates the stress value can be found from relation

when a < r < b.
According to [3], in such problems to the stresses
determination in area r < a, we may allow changing
all the rest load-carrying stamps by the centered
forces. In this case, stresses under the stamp are defined as

—

ρ — a dρdϕ
,
∫ ∫ ρp(ρ, ϕ) r2 — 2r√⎯⎯⎯⎯⎯⎯
ρ cos (ϕ — θ) + ρ2

σ0zz

1
=
2π

raged over θ are available

(4)

×

π2√
⎯⎯⎯⎯⎯
a2 — ⎯r2

2πb

—

S∗

σzz = —p

P∗1

⎯√⎯⎯⎯⎯
l22 — ⎯a2

∑ ∑

n=1m=1

—∫

σzz⎪⎪(x, y) ∈ S — S = —p;

∫ (p + p∗)dxdy,

—

2πb

(2)

∗

π(1 — μ2)√
⎯⎯⎯⎯⎯
a2 — ⎯r2
6n

N

×

where the stresses p* are determined from condition
that in the area S the following expressions take place:
W⎪⎪(x, y) ∈ S = c = const;
∗

Ec

where c is the stamp displacement; ln = nl; P∗1 = P∗0 —

the adhesion area will decrease from S to SK. We
consider the intermediate case when the force P decreases to P* and adhesion area will equal S*. The
stresses into this area may be imagined as
σzz = p + p∗,

σzz =

Ec

—

π(1 — μ2)√
⎯⎯⎯⎯⎯
a2 — ⎯r2
—

⎯⎯⎯⎯⎯
√
a2 — ⎯r2

∑

π2√
⎯⎯⎯⎯⎯
a2 — ⎯r2

ρ — ⎯a
∫ ρp0(ρρ)2√⎯—⎯⎯⎯⎯
r2
2

0

N

6P∗1

b
⎯⎯⎯⎯⎯
√
l2n — ⎯a2

∫ σzzdθ ave-

n—

n=1

(6)

2

,

a

where p0(ρ) is the pressure averaged over θ.
The constant c is defined provided that the main
vector of forces applied to the stamp is known (equal
P∗0 ). Whence it follows that
⎯⎯⎯⎯⎯
√
a2 — ⎯r2 σzz =

6P∗1
P∗0
+ 2
2aπ
π

∞

∑n×
n=1

⎛1
2
⎯⎯⎯⎯⎯
√
⎯2 ⎞ 2
a
× ⎜⎜ arctg 2
— l2n — a2 ⎟⎟ + π
2
⎜a
⎯√⎯⎯⎯⎯
ln — r ⎟⎠
ln — ⎯a
⎝
⎛1
× ⎜⎜ arctg
⎜a
⎝

a

⎯⎯⎯⎯⎯⎯
√
ρ —a
2

2

—

b

∫ ρp0(ρ) ×

(7)

a

⎯⎯⎯⎯⎯⎯
√
ρ2 — a2 ⎞⎟

⎟ dρ.
ρ2 — r2 ⎟⎠

Considering that p0(ρ) = q = const, then the SIF
K = lim π√
⎯⎯⎯⎯⎯
r — aσ0zz averaged over θ will equal
r→a

⎯⎯2a
√
⎯ K=

P∗0 6P∗1
+
2a
πl

∞

∑n×
n=1

⎛1
⎞
α
1
⎟+
× ⎜ α arctg 2
—
2
2
2⎠
⎝
⎯√⎯⎯⎯⎯⎯
n —α
⎯⎯⎯⎯⎯⎯
√
n —α
⎛1
β
π ⎞
+ qb ⎜ β arctg
—√
⎯⎯⎯⎯⎯
1 — β2 — β⎟,
2
2 ⎠
⎝
⎯⎯⎯⎯⎯
√
1—β

(8)

where α = a/l and β = a/b.
Taking into account that at the end of unloading
P∗0 = —πa2q and P∗1 = —πb2q, the terminal radius of the
adhesion seats a = rK can be found. The series involved
in Eq. (8) at small α (α is always less than 0.5) by
the expansion its into powers of α and summation of
the originated series can be written as
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∞

⎛1

α

∑ n ⎜⎝ α arctg √⎯⎯⎯⎯⎯⎯
n2 — α2

—

n=1

1

⎞
⎟=

2⎠

⎯⎯⎯⎯⎯⎯
√
n —α
2

(9)

= f(α) = —0.548α2 — 0.325α4 — 0.127α6.

It is of interest to investigate the case when rK =
= b. From (8) follows that
|q|√
⎯⎯⎯⎯
b/2 [π/2 + 6αf(α)] ≤ Kc.

(10)

Let us denote by σ the stresses in the plane z = 0
on the assumption that contact is ideal (that is to say
that the stresses over the entire plane are evenly distributed). Considering that in our case between q and
σ there is dependence q = √
⎯⎯3 σ/2πα2, the condition
(10) would be expressible as
⎯⎯3
√
2π√
⎯⎯2

⎡ π/2 + 6αf(α) ⎤
⎥≤K.
⎯√l σ ⎢⎢
⎥
c
1.5
⎢
⎣

⎥
⎦

α

Figure 2. Form of function F(σ)

σmax =

(11)

S(t)/Sm ≈ 1 — ex,

τmax = 1/3σmax(1 — 2μ),

α=√
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
⎯⎯3 (1 — ex)/2⎯π .
√

τmax = 0.12σS(1 — 2μ).

(12)

(13)

From (11) it follows that during and after unloading of the cold-welded joints their failure will not
occur if the following inequality is obeyed:
⎯ l F(σ) ≤ Kc,
√

(14)

and in its turn
F(σ)

⎡ 0.5π + 6αf(α) ⎤
⎥.
σ ⎢⎢
⎥
⎥
α1.5
2π√
⎯⎯2 ⎢⎣
⎦
⎯√⎯3

(15)

The Eq. (14) relates the properties of the welded
metals (σ0.2, Kc), the lack of adhesion size l and the
compression stresses σ to the failure probability of
the welded joints by the residual stresses due to unloading. The function F(σ) is monotone-increasing
(Figure 2) and
F(σ0.2) = 0.8σ0.2.

(16)

We emphasize that mechanical properties of the
cold-welded metals should be determined by standard
methods using hard cold-worked samples.
Influence of tangential stresses. The danger of
failure of the joints of metals which are prone to
brittle fracture is intensified by the tangential stresses
resulting around the circle contact with diameter d0
and area S0. The value of the stresses depends on
maximal normal stresses σmax in the center of contact,
which is equal [5]

(18)

but as P = σSS0, then

For accepted contact area the following equations
is true:
S(t)/Sm = 12πα2/√
⎯⎯3 ;

(17)

and

As has been shown in [4] there is approximate
relationship between dimensions of current contact
area S(t) and its maximum value Sm:
4σ
x=
.
3σ0.2

3P
,
2πd20

(19)

The value of the stresses for brittle metal having
high value of yield strength σS and low value of
Poisson’s ratio can exceed the tensile stresses of the
adhesion seats. As a result the adhesive bonds will
failure already during the welding process.
Role of elastic constants. Analyzing fracture toughness of the body-centered metals, Crutchley and
Reid [6] connect cold brittleness with their elastic
constants. It has been shown by them that with increase of the bulk modulus B to the shear modulus G
ratio the ductile-to-brittle temperature is reduced.
The reason is that with increase of the ratio B/G the
part of the elastic energy accumulated by a crystal at
expense of the shear deformation increases in comparison with the energy accumulated at expense of the
cubical expansion. Expressing the ratio B/G in term
of the theory of elasticity one can connect the cold
brittleness with Poisson’s ratio μ:
B

G

=

2(1 + μ)
.
3(1 — 2μ)

(20)

On a basis of the way of looking, the experiments
in cold welding and ultrahigh vacuum adhesion of
various body-centered metals was carried out [7]. It
has been shown that another quantitative cold weldability criterion may be represented by inequalities
B/G ≥ 2.5 or μ ≥ 0.32.

(21)

If pressure welding occurs at high temperature
(resistance welding, diffusion bonding, friction welding etc.) the residual stresses relax and can not destroy the joints. In these cases the most important
factors are problems of oxidation, surface film removal
and also diffusion and recrystallization, that influence
the structure and properties of interfacial zone.
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CONCLUSIONS
1. The residual stresses due to elasto-plastic deformation during cold welding may exceed the strength of
the adhesion seats and destroy a welded joint.
2. The brittle fracture danger of welded joints is
aggravated by cold working of contact zone and the
availability of the lacks of adhesion, which are the
sharp stresses concentrators.
3. The proposed model of cold pressure welding
is realized by means of the fracture mechanics mathematical apparatus, and permits to obtain the quantitative criterion of cold weldability estimation.
The criterion connects weldability with the metal properties (yield strength, critical SIF) and the dimension of possible lack of adhesion.
4. The given concept connecting the cold weldability of the metals with their tendency to brittle

fracture is in good agreement with experiments in
cold welding and adhesion of pure surfaces of the
body-centered metals.
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MODELING OF THE WELD METAL MICROSTRUCTURE
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A computer model for the prediction of weld structure and phase composition for fusion welding process based on a
modified Schaeffler diagram has been developed. The model takes into account the non-equilibrium crystallization of
metals and strengthening phase formation processes in the weld with any level of alloying and permits calculation of
the quantities of each phase formed regardless the concentration level of alloying components. Chemical composition
of new flux-cored wire for build up layers with good shock-abrasion resistance properties using the proposed model
have been calculated. A calculated phase microstructure of the build up weld made by the computer was presented.
Flux-cored wires were fabricated from a cold-rolled ribbon (1008 steel) and filled with a powder mixture. Low carbon
steel (A 516) was used as the base metal. The samples were prepared by 3-layered build up. The prepared samples were
tested using elemental analysis, hardness measurements, and metallographic tests were performed. The results of the
mentioned tests confirmed the correct calculation of the model.

Fusion welding is a very complicated process because
of the formation of the multi-component weld pool.
This is multiphase system with a non-uniform temperature field and complex mass and heat transfer processes which are occurring on the metal—slag and
metal—gas boundaries and determine the chemical
composition of the weld metal and as the result determine its mechanical properties.
The mechanical properties of the weld deposit are
determined not only by the chemical composition of
the metal and of the build up wire, the nature of the
crystallization of the weld has also a great influence
on its properties.
More than 50 years, Schaeffler diagram is an important tool to predict Cr—Ni austenite, austenite-ferrite or austenite-martensite weld metal with carbon
content of up to 0.12 %. Chemical composition of
alloying elements is a main regulator for receiving
required microstructure according to Schaeffler diagram. However, it does not allow determining the composition and volume of carbide phases. Furthermore,
if carbon content in weld is over 0.12 % (for example,
in the case of hardfacing), the forecast agreement
with actual data is markedly reduced due to an intense
consumption of carbon and carbide-forming elements
by the process of carbide formation. Firstly, it could
be attributed to the fact that the carbide formation
process in weld is not taken into consideration (as
mentioned above) and, secondly, it is caused by using
constant empiric coefficients in the equations determining chromium (Creq) and nickel (Nieq) equivalents.
Schaeffler diagram was modified and presented in
our previous works [1, 2] to provide a more accurate
prediction of weld structure as follows:
• taking into consideration of the carbide formation process;
• implementation of variable coefficients in Creq
and Nieq equations (the coefficients should depend on

the concentration and mutual influence of alloying
components, and on the carbide formation process in
the weld metal);
• incorporating of phase percentage lines for interphase areas (i.e. the areas which contain two or
more phases, as performed by Schaeffler diagram for
austentite-ferrite area).
Model of weld metal microstructure and chemical composition prediction. The chemical composition of the weld metal is determined by the original
chemical composition of the welding consumable, the
base metal and the build up wire, and by the nature
of the physicochemical interactions between the molten metal and the slag. The chemical composition of
a weld deposit can be predicted by a procedure based
on a kinetic analysis of the simultaneous diffusioncontrolled reactions that occur between the molten
metal and the slag [1, 3—5]. This procedure takes into
account the mutual influence of the reactions and the
diffusion of all the reactants in the metal and the
slag. The oxidation of the elements in the molten
metal can be represented by the reaction
n
1
[Ei] + (FeO) →
(E O ) + Fe,
m
m in m

(1)

where Ei denotes the i-element dissolved in the molten
metal (Mn, Si, W, Mo, V, etc.); and EinOm denotes
the i-element oxide in the molten slag.
Calculation of reaction (1) rates for each element
does not present any difficulties. However, a separate
analysis of each reaction does not correspond to the
real processes occurring in the weld pool. The mutual
influence of both the components of the interacting
molten phases and the heterogeneous reactions taking
place in these complex systems, must be considered.
Within the approach developed, the rates VEi of the
reaction (1) for all the metal components with con-
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sideration of their mutual influence are defined by
the expression
xm — Km
i
VEi =

m

x
VlEi

(EinOm)

Ei
,
(E
Km
inOm)
i
+
[Ei] VlE O
i
m

(2)

n

where x is the ratio between the concentration of iron
oxide in the slag and the concentration of iron in the
molten metal on the boundary between the interacting
phases; VlEi and VlEi Om are the limiting diffusion fluxes
n

of the components of the molten phases; [Ei] and
(EinOm) are the initial concentrations (wt.%) of the
elements and their oxides in the molten phases, respectively; Ki is the equilibrium constant of reaction
(1) for the i-component of the molten metal; and n
and m are stoichiometric coefficients.
Taking into account that VEi are the rates of passage of the i-element from the molten metal into the
molten slag or vice versa, we can use them to calculate
the corresponding concentrations of the elements in
the metallic and slag phases as functions of time. As
the result, for the current and final compositions of
the molten metal, in accordance with [4] we have
τ

Vd[Ei]dτ + Vb m[Ei]bmτ + 100⋅MEiAp∫ VEidτ
τ

0

[Ei] =

,

Vcrystτ

(3)

where Ap is the interfacial interaction area; Vcryst is
the rate of crystallization of the weld pool; MEi is the

molar mass of the i-element; Vd and Vbm are the rates
of supply of the welding wire and base metals to the
weld pool; [Ei]d and [Ei]bm are the concentrations of
the i-element in the wire and base metal (wt.%).
This chemical composition is the starting point for
determining the quantitative and qualitative composition of the phases of the build up metal.
The calculated (according to (3)) alloying element
is distributed between matrix phases and carbide phases. First, each element forms carbide due to its carbide-forming ability as it was partially explained in
[4]. The carbide-forming ability increases along the
series consisting of Fe, Mn, Cr, Mo, W, Nb, V, Ta,
Ti, Zr, and Hf, in good agreement with the results
of [6—9]. Second, the remaining amount of the element
dissolves in the matrix due to its solid solution behavior.
Creation of shock-abrasion resistance build up
metal. The task of this work is developing of a new
flux-cored wire for shock-abrasion resistance. The inverse problem of flux-cored wire computation has
been solved (using mentioned model) which can provide us with the required chemical composition of
build up metal and as the result it can give us the
required mechanical properties, in our case shock-abrasion resistance properties. These required properties
are achieved by austenite-martensite matrix structure
with 10 wt.% of carbides uniformly distributed in it.
Austenite face centered cubic structure allows holding a high proportion of carbon in its solution. In
our case austenite is used for shock resistance because
of its energy absorbance ability. Martensite is body
centered tetragonal where the carbon atoms constitute

Table 1. Composition and properties of flux-cored wire «pr.11» for shock-abrasion resistance (computer output), composition of base
metals and build up layers (wt.%)
FCW
Density,
g/cm3

Component

Quantity in 100 kg, kg

Relation in the flux dray mixture, %

Graphite (g17)

0.530

1.170

8.870

Cr powder

3.480

2.080

15.850

FeV-55

4.300

1.490

11.350

Nb powder

3.830

1.730

13.150

Ni powder

2.960

3.760

28.600

Qz

1.900

0.580

4.440

Rutile 0156

2.440

0.870

6.650

CaFF18

1.390

0.870

6.650

K2CO325

0.700

0.580

4.440

Base materials and build up layers
C

Si

Mn

A 516

0.280

0.300

1.000

Wire band

0.080

0.030

0.500

Required weld

1.100

0.400

0.500

Layer 1

0.995

0.155

0.605

Layer 2

1.185

0.118

Layer 3

1.236

0.097

Cr

W

V

0

0

0.001

0

0

0.120

0.015

0.010

0.100

0.010

1.800

0

0.700

0

0

1.625

0.012

0.683

0.066

0.048

0.500

2.057

0.015

0.864

0.083

0.473

2.171

0.016

0.912

0.088
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Mo

Ti

Al

Nb

Fe

Ni

0

0

98.350

0.001

0.010

0.005

98.820

0.250

0.001

1.300

91.197

3.000

0.015

1.294

91.444

2.977

0.059

0.019

1.637

89.608

3.768

0.063

0.020

1.731

89.129

3.978

Table 2. Atomic radii of metals with FCC lattice structures [10]
o

Element

Atomic radii, A

γ-Fe

1.27

Cr

1.28

V

1.36

Ni

1.24

Nb

1.47

a supersaturated solid solution and as a result it has
the hardest and strongest microstructure. Therefore
in our case martensite will be good for abrasion resistance according to its mechanical properties. The
stable carbide phase brings the better toughness and
abrasion resistance and also ensures uniform distribution of the hardness properties.
The way achieves the required properties partially
explained here.
A cold-rolled ribbon (1008 steel) was filled with
a powder mixture due to the calculated result presented in Table 1. In final «pr.11» wire the main alloying
elements were graphite (carbon), ferrovanadium,
chromium, niobium (columbium), and nickel powders. From Hume—Rothery rules and [10] (Table 2)
it is known that the crystal structures of the solute
and the solvent must be the same, in our case the
mentioned alloying elements should be dissolved in
FCC structure (austenite phase structure). It is also
known that the size difference between solute and
solvent must be < ~15 %.
In our case chromium and nickel dissolves well in
the austenite formed matrix. However, niobium because of its high difference in atomic radii as compared
to γ-iron, and vanadium because of its different lattice
structure, poorly dissolve in austenite. Therefore, by
the end of the primary crystallization of a melt containing sufficient quantity of carbon (which is the
case) both niobium and vanadium form disperse primary carbides of the type MC (NbC and VC) uniformly distributed in austenite matrix, which ensures
good abrasion resistance [1]. By the end of the secondary crystallization, some amount of niobium and vanadium will stay dissolved in residual metastable austenite because of the high rate of cooling of build up
layers. During impact loading this metastable austenite will dispart into alloyed martensite and carbide
phases, which will additionally increase shock-abrasion resistance of the build up metal [2].
These alloying elements were supposed to increase
the strength and toughness of the build up metal and

Figure 1. Base metal A 516 microstructure

this assumption was examined and the obtained results described below.
Experiment. The required properties for shock-abrasion resistance were the input in our computer program. The output is presented in Table 1 where we
can see the needed alloying elements and their content
in flux and final wire in wt.%. The Table presents
also chemical composition of the base metal (A 516),
wire band (cold-rolled ribbon, 1008 steel) and alloying elements the band was filled with.
Flux cored wire with diameter 1.7 mm was prepared on a drawbench.
Next step in this work was manufacturing of the
samples by build up process which was preformed by
welding machine Kemppi FU 30, PS 3500. The samples were prepared by 3 layers build up metal. The
technological parameters of the build up process were
as follows: current 200 A, voltage 28 V, feed speed
130 m/h, travel speed 30 m/h, reverse polarity.
The samples were tested on home made shock-abrasion machine. The samples were subjects of the mechanic impact loading with the simultaneous continuous sea sand strew (85 g/min) of pre-tested sand
passed through 60 Mesh sieve.
Results and discussion. A 12.5 mm thickness sheet
of low carbon steel A 516, consisting 73 % of ferrite
and 27 % of pearlite structure, was used as the base
metal. Its microstructure is presented in Figure 1.
Phase composition of the microstructure of build
up metal «pr.11» calculated with the help of the presented model is given in Table 3.

Table 3. «Pr.11» phase microstructure based on the model calculation
Type of structure

Structure fraction, %

Austenite

33.37

Martensite

56.14

Carbide

10.49
Figure 2. Surface build up metal microstructure
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Table 4. Results of EDS analysis and model calculations of weld
metal chemical composition, wt.%
Element

EDS

Model

Si

0.21

0.097

V

1.03

0.7

Cr

2.92

2.171

Fe

92.26

89.129

Ni

1.58

3.978

Nb

2.00

1.731

Total

100

97.806

Figure 3. SEM-microstructure of surface build up metal

or impact only resistance, corrosion resistance, etc.
The problems can be solved for build up processes as
well as for welding of different metals or welding of
poorly weldable metals.
CONCLUSION
Figure 4. Shock-abrasion test results as a function of time

Surface of the 3rd layer build up metal microstructure is presented in Figure 2. In this Figure we
can see martensite microstructure areas on the grain
boundaries. As the result of formation of the microstructure areas, ferrite microstructure area decreased.
The same area is presented in Figure 3. On the SEMimage we see the same microstructures (see Figure 2),
the needle-like areas presents a martensite phase structure. The carbide inclusions (white areas on the
image) dissolved in austenite microstructure.
The results of elemental analysis (EDS) of the
matrix are shown in Table 4 in comparison with the
results, calculated using the described model.
Hardness tests were made by the Rockwell hardness tester. The hardness of 3rd layer of build up
metal was HRC 43 that is better result than HRB 90,
the hardness of the base metal A 516 and emphasizes
the good shock-abrasion resistance.
The results after shock-abrasion tests are presented
in Figure 4. Tested samples were weighted every 5 min
and the results of samples weight loss per shocked
area were plotted as a function of time, i.e.
Δm
= f(t).
A

(4)

The calculated results show that using the build
up metal, shock-abrasion resistance increases by 33 %,
which is in a good agreement with the declared aim
of the current work. The presented test results of
«pr.11» shock-abrasion resistance are very close to
the computer-calculated results using the presented
model. They confirm the correct calculation of the
model. The computer calculation using the presented
model can solve a big variety of problems like abrasion

An approach for developing build up materials and a
model of metal microstructure and chemical composition of a build up metal has been improved. The
flux-cored wire improving the shock-abrasion resistance was produced in accordance with calculated
composition using the proposed model. Build up samples have been prepared using this wire. Full-scale
testing and investigation have been performed.
The presented results are confirming the adequacy
of the computer calculation using the mentioned
model.
The shock-abrasion resistance build up metal is
only one of the possibilities which can be solved using
the presented computer model.
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FINITE ELEMENT MODELLING OF MICROSTRUCTURE
ON GTAW METAL DEPOSITION OF Ti—6Al—4V ALLOY
C. CHARLES and N. JARVSTRAT
University West, Sweden
Titanium alloy Ti—6Al—4V is widely used in aero-engines because of its excellent strength, toughness, and corrosion
resistance. The use of metal deposition (MD) technology is receiving increased interest due to its cost saving potential
when manufacturing complex shapes. The main difficulty in producing high quality titanium alloys is to control the
microstructure for the required properties. MD is essentially a multi-pass welding method, and can be used for building
features such as bosses and flanges on fabricated components. There are different MD methods, however, the scope of
this paper is MD with gas-tungsten-arc welding (GTAW) and wire feeding. A microstructure evolution model is necessary
to provide input to a more physical-mechanical constitutive model. Further, it is necessary to accurately keep track of
the temperature history when modelling this microstructure. The model should cover each step of the process considered:
rapid solidification, cooling, and heating. The finite element method (FEM) is chosen to keep track of the temperature
history. This work is part of the development of a complete virtual fabrication chain of compatible simulation models
within the European research project VERDI (http://www.verdi-fp6.org/). A set of microstructure evolution subroutines is being adapted for use in the FE commercial software MSC.Marc. Grain growth and phase content evolution
are modelled according to a point-wise logic. The diffusional β → α phase transformations are described using a modified
Johnson—Mehl—Avrami theory. The microstructures of a simple metal deposited feature are discussed in relation to this
model, and some numerical approaches are presented.

The aero-engine industry has shown an interest in the
development and understanding of metal deposition
processes since the beginning of the 1980s. The saving
in buy-to-fly material cost is of great interest, especially when using advanced and expensive materials
such as titanium alloys. Laser metal deposition
(LMD) has drawn much attention lately, and several
LMD processes with metal powders have been commercialised in the last few years. However, the use
of powders has less potential deposit output and demands a specific cleaning system. In this study, metal
wire is fed through a conventional wire feeder and
deposited as features on a metal plate using a standard
GTAW power source. The power source is used to
electrically heat and melt the metal wire, which then
solidifies to form a fully dense layer. The addition of
multiple layers produces a fully dense part having a
near-net shape. In the current work, the most used
titanium alloy Ti—6Al—4V [1] is deposited to form a
single linear wall structure using the MD process.

Ti—6Al—4V alloy is a HCP-α and BCC-β two-phase
heat-treatable alloy, which exhibits a variety of microstructures dependent on the conditions experienced during cooling transformation from the hightemperature β-form to the low-temperature α-form of
the alloy, and for the reverse transformation upon
reheating. During the MD process, steep temperature
gradients and multiple thermal cycles lead to considerable microstructural changes within a very short
time. Therefore, and since physical and mechanical
properties are known to be sensitive to the microstructure, it is necessary to consider the effects of phase
transformations.
A first model of the microstructure is proposed
based on the diffusional theory. The thermal history,
inducing phase transformations, is calculated using
the FEM with the commercial software MSC.Marc.
The modelling of the microstructure takes into account heating, cooling, as well as successive reheating

Figure 1. Flowchart of the thermal-microstructural modelling
© C. CHARLES and N. JARVSTRAT, 2006
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Table 1. Chemical composition of the plate and wire, wt.%
Al

V

Fe

C

O

N

Y

Ti

Plate

6.010

3.87

0.18

0.009

0.14

0.006

< 50 ppm

Balance

Wire

6.045

3.89

0.12

0.022

0.15

0.004

< 0.001

Balance

involved in the process of MD. In this paper, only
the microstructure modelling strategy is presented.
Numerical strategy
The MD process will be modelled in the traditional
semi-decoupled thermal-microstructural-mechanical
approach, as depicted in Figure 1. In this paper, only
thermal and microstructural analyses are discussed.
However, the ultimate goal of the FE simulations is
to achieve a fully coupled simulation where metallurgical evolutions are stored and handled in parallel to
mechanical deformations and thermal history throughout the manufacturing chain, giving an accurate account of product properties after the conceived production.
Experimental setup
Material. The base plate 2 mm thick and measuring 100 × 210 mm is made of Ti—6Al—4V alloy. The
microstructure of the as-received plate (Figure 2, a)
was a typical mill-annealed textured plate, consisting
of primary α-grains surrounded by a transformed βstructure. The chemical compositions of both the commercial grade Ti—6Al—4V alloys used in the plate and
the feeding wire were according to aerospace specifications and are specified in Table 1.
Metal deposition. During the MD, the plate was
held in place by a fixture with 3 contact points on
each side (Figure 3, b). To avoid bending of the plate,
it was also supported from below at one centrally
located point. Six thermocouples of K type

(NiCr/NiAl) were spot welded on the top surface of
the plate, positioned at a distance of 4, 4.5, 5, 6, 7
and 8 mm from the centre of the weld, and distanced
2 mm from each other in a direction parallel to the
weld. Figure 4 shows the thermocouples in place after
the building of the MD wall. The entire GTAW metal
deposition sequence was performed within a chamber
(see Figure 3, a) to prevent formation of α-case and
oxidation. A protective atmosphere of less than 20
ppm of oxygen was maintained by injecting argon
into the chamber. An 8-layered wall, 8 mm wide was
built next to the thermocouples (see Figure 4). The
final wall measures 8 mm high by 120 mm long.
Thermal model
The commercial FE software MSC.Marc is used
for simulating the temperature field evolution during
the MD operation. A 3D model is used to represent
the experimentally investigated geometry.
There are two alternatives for modelling the weld
heat source: a complete description of the plasma arc
and molten weld pool or a simpler model for heat
transfer distribution between the torch and the workpiece. In this study, one of the methods for the second
approach listed by J.A. Goldak [2] was used. A circular Gaussian surface distribution has been chosen
for modelling the heat source from the weld, because
the GTAW pool penetration is shallow. User subroutines previously developed by a co-worker [3] were

Figure 2. Original plate morphology: a – unaffected zone; b – HAZ

Figure 3. Setup of the Ti—6Al—4V plate: a – atmospheric chamber; b – weld torch, fixture and plate
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Figure 4. Position of the thermocouples close to the 8-layered MD wall

Figure 5. Temperature variations at 0.5 mm distance from the side of weld: a – experimentally measured temperature; b – comparison
between predicted and measured temperature for the first weld pass

employed to simulate the heat source motion. The
heat flux [4] is expressed as
2

αqr

q = q0e

,

(1)

where q represents the heat transfer to the plate
ηELαq
q0 =
π ; E and I are the welding parameters voltage and current; η is the efficiency factor; αq is the
concentration factor; and r is the radial distance from
the centre of the heat source.
The thermal properties, specific heat and conductivity, were considered temperature dependent in the
model [5]. The latent heat of melting has been accounted for separately in the model for temperatures
between the solidus (1600 °C) and the liquidus
(1670 °C). Natural film convection has been retained
as boundary conditions on the entire plate surface,
since the workpiece is maintained in an atmosphere
controlled chamber during the MD. The heat conduction into the fixture has been neglected in these calculations due to its very small contact area with the
plate. Consequently, the conduction of the heat within the base plate is the principal cooling factor considered in these simulations.
In order to model successive material layers while
building up the wall, the mesh for the plate as well
as for the complete wall must be established before
the simulation. All the wall elements are then initially
deactivated to ensure that they do not contribute to
the heat load calculation. A new wall layer is subsequently activated in the mesh after each heat source
pass [6]. Material properties and thermal boundary
conditions are assigned to the elements at activation.

Results. Experimentally measured temperatures
variations at the 0.5 mm distance from the weld during
the MD are shown in Figure 5. Each temperature
peak represents the thermocouple response as the heat
source passes the thermocouple. The rapidly decreasing temperature after the peaks is caused by cooling
from the surrounding material when the heat source
moves away from the thermocouple during fabrication
of an individual layer. The general decreasing trend
in the temperature peaks is the result of the distance
from the heat source increasing with each new layer.
Notice that the reheating is extremely rapid, bringing
the metal to temperatures higher than the β-transus
several times.
The predicted top temperature is in good agreement with the measured temperature at the side of
the weld (Figure 5, b). The discrepancy between
measurements and simulation appearing during the
cooling is probably mainly due to insufficient accuracy
in thermal boundary conditions of the FE-model.
Figure 6 shows a typical heat distribution from a
simulated weld pass, in this case without filler material from the 3D FE-model at a time of 40 s into the
first pass. The white area in the centre represents
temperatures higher than 1670 °C (liquidus temperature) and can be interpreted as the weld pool.
Metallographic description
The microstructure of the Ti—6Al—4V deposited
metal needs to be examined in further detail. This is
achieved by optical microscopy of deposited metal
cross-sections. The following section contains a preliminary characterisation and comments on the MD
microstructure. The samples shown were prepared
using conventional grinding and polishing techniques
and etched by a 2 % Kroll solution.
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Figure 8. First two layers with plate, and changes in the prior
structure of the β-grains from the plate to the deposited layers

Figure 6. Contour plot of predicted temperature

Macrostructural features. Figure 7 represents a
transversal and a longitudinal macrograph of the deposit, showing the presence of macroscopic banding
between layers. Interestingly, the structure consists
of 8 deposited layers but only 6 layer bands were
observed. We interpret this as the band formations
being caused by reheating during the deposition of
the following layer. Also, the spacing between bands
was measured to be 0.6 ± 0.1 mm at the weld centreline, but the last visible layer was measured to be
1.3 mm corresponding to the sum of the last two
deposited layers.
The presence of large columnar prior β-grains in
the deposit is shown in Figure 7. They are nearly
perpendicular to the plate and cross multiple deposited layers and layer bands. At their maximum, the
size of the prior β-grains almost reaches the height of
the entire structure. This is probably caused by continued grain growth in the new weld pool due to the
unidirectional heat conduction during cooling. At the
intersection of the first layer with the plate, the prior
β-grain morphology changes from equiaxed to columnar (Figure 8).
In comparison with welding, a well defined heataffected zone (HAZ) associated with the fusion zone
(FZ) can be seen on the side of the deposit at the
junction with the plate. Figure 9 shows the changing
microstructure from the unaffected plate to the HAZ.
Microstructure. The plate exhibits a variety of
microstructural morphologies dependent on the distance from the MD wall. The as-received plate mi-

crostructure was presented in Figure 2, a. The microstructure consists of equiaxed α- in a transformed
β-matrix, typically referred to as the α + β microstructure. The α-grains become larger and more acicular
closer to the HAZ and FZ (see Figure 9). The prior
β-grains are outlined by the presence of a continuous
α-phase at the grain boundaries (see Figure 2, b).
The deposit microstructure between the layers
shows a basket-weave Widmanstaetten morphology
(Figure 10). The banding morphology presents a difference in the a size between the dark and the lighter
bands. The lighter band microstructure in Figure 10,
c presents a larger α-platelet size than the darker band
morphology in Figure 10, b.
Based on the current understanding of the as-deposited Ti—6Al—4V alloy microstructure, microstructural features are identified for quantification and as
parameters (state variables) for the microstructural
model.
Microstructural modelling
In this work, the main aim of the microstructural
modelling is to provide information capable of parametrising mechanical properties in order to predict
mechanical behaviour, distortions, residual stresses,
and fatigue of aero engine components based on the
manufacture processes employed. As a result, scalar
quantities assignable to integration points in an FE
calculation are needed. Obvious choices are the constituent phase fractions and associated size quantities.
It is less obvious, however, which level of detail should be chosen for constitutive phase selection, as is
the choice of size quantities. The α- and β-phases
should certainly be included, and the prior β-grain
size is known to significantly influence material pro-

Figure 7. Macrographs of the Ti—6Al—4V deposited metal: a – transversal section; b – longitudinal section
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Figure 9. Changing microstructure from the base plate to HAZ

Figure 10. Banding structure crossed by prior β-grain boundaries (a), morphology in dark (b) and lighter (c) band

perties even after complete β → α transformation. We
have, as a preliminary assumption, chosen to distinguish between several different α-types, and, while
retaining information about β-grain size, also adding
size information about the α-phases according to
Table 2.
It has been established that phase transformations
occurring during rapid cooling of titanium are of two
principal types, namely diffusion-dependent and diffusion independent (martensitic). Phase transformations can be described graphically in transformation
diagrams, the most common being the TTT (time-temperature transformation) or IT (isothermal transformation) diagram, and the CCT (continuous cooling
transformation) diagram. Both contain essentially the
same information, but this information has to be transformed into equations as discussed below; for this
purpose, the TTT/IT diagram provides more readily
translatable data.
As a first step, three different diffusional transformations (D1, D2, and D3) and one martensitic (M)
are considered. α → β transformation will be modelled,
while the back-transformation β to α will be considered independent of the type of a until contrary
evidence is available. These transformation models
are summarised in Figure 11.
For diffusion controlled transformations, the Johnson—Mehl—Avrami equation [7, 8] is adopted, which

for pure and isothermal transformation from phase j
to phase k, can be written as
Njk

—Bjkt

νj = e

ν0j νeq
k .

(2)

N

jk
Here νk = ⎛⎝1 — e—Bjkt ⎞⎠ ν0j νeq
k is the current fraction
of phase k; νj is the current fraction of phase j; Bjk
and Njk are the temperature-dependent material constants that can be determined, e.g. from a TTT diagram; t is the time since start of transformation; ν0j
and νeq
k are the initial fractions of phase j and the
equilibrium fraction of phase k, respectively.
For the martensitic transformation, it is common
practice for titanium to assume instantaneous transformation at cooling rates higher than around
410 °C/s [9]. We will, however, employ the for steel
established Koistinen—Marburger equation [10],
which for transformation of phase j into phase k in
the absence of diffusional transformations can be written as

—0.003(Tms — T) 0
νj .

νj = e

(3)

Here νk = ⎛⎝1 — e—0.003(Tms — T)⎞⎠ ν0j ; Tms is the start temperature for martensitic transformation; T is the current temperature; the constant —0.003 is taken from
[11] and used instead of —0.011 as commonly employed for steels.

Table 2. Microstructure parameters and morphology description
Phase constituents

α

Diffusional
Martensitic

β

Type

α

gb

Size parameters

Grain boundary

Mean diameter

dgb

αc

Intragranular, basket-weave Widmanstaetten

Needle mean diameter, colony size

dc

α

Massive, martensitic

Platelet thickness

dm

Prior β-grain

Mean grain size

dβ

m

α
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Figure 11. Schematic table of the preliminary included phase transformations (for notation see Table 2)

Numerical considerations. In order to discretise
the transformation equations (2) and (3), the general
case with several ongoing phase transformations should be considered, possibly simultaneous, and with
phase contents changing due to other transformations
and temperature variations during the process. Thus,
the discretisation is performed using the assumption
that the current fraction of the resultant phase is
taken relative to the total content of transforming
and resultant phase, rather than using the equations
directly with the original content of the transforming
phase. This assumption implies that transformation
into other phases will remove possibly transformed
material, regardless of when and at which temperature
the transformations occur. With these assumptions,
equation (2) can be written directly in incremental
form without a detour through differential form:
Njk

—Bjk(tc + Δt)

n
⎞ (νnj + νnk)νeq
k — νk;
⎠
⎛
⎞
⎤1/Njk
⎡
νnk/νeq
⎜
⎥
⎢
k ⎟
/B
tc = ⎢—ln ⎜1 — n
.
⎟
jk⎥
n⎟
⎜
⎥
⎢
ν
+
ν
j
k⎠
⎝
⎦
⎣

Δνk = —Δνj = ⎛⎝1 — e
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(4)

Here, superscript n denotes values at the beginning
of the increment. In the same way, martensitic transformation according to equation (3) can be written
in incremental form as
Δk = —Δνj = (1 — e—0.003(—ΔT)) (νnj + νnk),

parameters for the microstructure kinetics. Available
TTT diagrams are not detailed and may need some
elaboration for use in these models. Thermodynamics
and diffusional phase transformation software (ThermoCalc [12], JMatPro [13]) might be able to extend
the existing microstructural data. The FEM allows
using isothermal kinetics data by time and space discretisation.
In the near term, further 3D thermal simulations
will be performed, and the microstructural model implemented as a subroutine including latent heat generation for the thermal calculations. The boundary
conditions used will be reassessed, in particular with
regards to the convection parameter, but possibly also
including heat conduction to the fixture. Further, the
microstructural evolution will be used in predicting
the varying mechanical model parameters, e.g. by
using the rule of mixtures on temperature-dependent
flow stress of each constituent phase. Finally, the
model will be developed to address the influence of
morphology parameters, such as grain size, and to
predict product fatigue resistance.

(5)

where —ΔT is the step in increased undercooling below
the martensite start temperature Tms. When heating
occurs, or when above martensite start temperature,
no martensitic transformation is assumed to occur.
Discussion and future work
A strategy has been presented for modelling temperature and microstructure, with the vision of achieving a complete coupled model for the MD process.
Metallographic observations of the titanium alloy Ti—
6Al—4V has been employed to determine representative parameters, such as α-phase contents and
associated geometrical size parameters. The prerequisite for applying the methodology is to determine
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NUMERICAL SIMULATION OF HEAT TRANSFER
AND STRUCTURE FORMATION IN LASER WELDING
OF ALUMINUM ALLOY*
A.N. CHEREPANOV, V.P. SHAPEEV, V.M. FOMIN and L.G. SEMIN
Institute of Theoretical and Applied Mechanics, RAS SB, Novosibirsk, Russia
2D quasi-stationary model of thermophysical processes in laser butt welding is proposed. Model is based on quasi-equilibrium description of processes of multi-component alloys melting and solidification with formation of two-phase zone.
Numerical modeling of butt welding of aluminum alloy two plates is performed. Values for all necessary physical
constants were taken from known sources.

In the last years the increasing attention is paid to
development of technology for laser welding of metalware. Among advantages of this technology are
local character of the heat impact, minimal thermal
deformation, broad range of adjustment of laser radiation energy parameters, high productivity of the
process. However, the use of the lasers (especially,
the powerful CO2 lasers) in different materials bonding is restrained by low stability of the welded joint
properties. Due to specifics of the welding process,
experimental study and definition of the optimal technological parameters are accompanied by essential
methodical difficulties and considerable expenses. In
this connection, development of adequate mathematical models and numerical algorithms for their computer realization is an important issue, because the
method of computer mathematical modeling allows
one to investigate effectively the complex physicalchemical and thermomechanical phenomena in the
weldpool as well as in the near-weld zone, and to
determine the efficient weld modes guaranteeing a
high-quality joint. In the present study we propose a
2D quasi-stationary model of thermophysical processes in laser butt welding of metal plates and present
a method for numerical modeling.
Problem formulation. Rectangular parallelepiped-shaped plates of the same thickness are butt-joined along narrow sides. Upper surface of the plates
is blown by inert gas to avoid oxidation. Laser beam
axis is in the plane of the butt and is perpendicular
to the surface of the plates. We consider a case when
the power density of laser radiation exceeds the threshold limit, and the process of the joint formation is
accompanied by intensive evaporation of the material
with formation of the vapour keyhole. The model is
based on quasi-equilibrium description of processes
of multi-component alloys melting and solidification
with formation of two-phase zone. According to this
*This study was performed under financial support of RFBR grants
Nos. 06-01-00080-a and 05-01-00311.
© A.N. CHEREPANOV, V.P. SHAPEEV, V.M. FOMIN and L.G. SEMIN, 2006

model, there is no supercooled fluid or superheated
solid phase in the two-phase zone. There is a thermodynamic equilibrium between compounds of the nonsolidified melt and crystals emerging from it. However, due to the low diffusive mobility of the dissolved
components in the solid phase the substance distribution in the growing crystals is non-uniform, and the
complete equilibrium in the system is not reached.
Figure 1 shows schematically the welding domain.
As an origin of Cartesian coordinates the intersection
point of laser beam axis and upper surface of plates
was taken. The direction of z-axis is along laser beam
axis, x-axis lies along butt in direction opposite to
direction of laser beam motion, y-axis is normal to
the butt. In coordinates chosen the laser beam is motionless and plates move with welding speed v. Vapour keyhole 2 is forming in vicinity of laser beam 1
and is adjacent with the molten pool 3. The latter is
adjacent with subdomain 4, where the material is in
two-phase state, and finally it surrounded by the material in solid state. Shape and location of these curvilinear boundaries (keyhole surface and boundaries
between different phases) depend on laser power, thickness of the plates, material properties and other
parameters of the problem.
In the mathematical model corresponding to the
physical model mentioned above heat transfer process
in welding is described by quasi-stationary heat conduction equation, and heat exchange with ambient
medium and between subdomains in different phases

Figure 1. Scheme of deep penetration butt welding: 1 – laser
beam; 2 – keyhole; 3 – liquid phase; 4 – two-phase zone; 5 –
weld

157

is described by different non-linear boundary conditions of heat balance.
In order to simplify this complex problem let us
average 3D heat conduction equation over y-coordinate. As a result we obtain following equation:
⎛ ∂2T ∂2T ⎞ λ
∂T
⎜
⎟
i
ceiv
= λi ⎜
+
⎟ — 2 (T — Ta),
⎜ 2
2⎟
l
∂x
T
∂z ⎠
⎝ ∂x

(2)

⎪z = 0 = (αk + αri)(T|z = 0 — Tg),
x > rF (i = 1, 2, 3).

(3)

Here αk is the convective heat-transfer coefficient
caused due to inert gas flow; Tg is the gas temperature;
αri is the radiative heat-transfer coefficient of i-th
phase determined by relation αri = εiσ0(T2|z = 0 + T2g) ×
× (T|z = 0 + Tg), where εi is the specific emissivity
factor of i-th phase; σ0 is the Stefan—Boltzmann constant. Similar condition is specified on the bottom
boundary.
The condition of heat balance under the laser radiation (x < rF) on the keyhole surface is
.
→ →
—λ3∇Tn = qn — Lm + δqc,

(4)

.
where m is the mass rate of evaporation from unity
surface; L is the specific evaporation heat of alloy;
→
q is the absorbed flux of laser radiation taking into
account multiple reflections inside keyhole; δ = 0 on
the front keyhole wall, δ = 1 on the rear one; qc is
the convective heat flux from the front keyhole wall
to the rear wall, which is determined by relation qc =
= с3ρ3vr(T1 — T), where T1 is the averaged temperature on the front wall; vr is the average velocity of
liquid melt during flow around keyhole, which was
estimated according to [1, 2]. The intensity of laser

F

2

F

⎝

F

0

(5)

⎠

where rF is the laser beam radius in focal plane; ZF
is the focus location with respect to top surface of
welded plates; λ0 is the wave length of laser radiation.
Then the expression for flux absorbed by keyhole surface element will be given by the following formula:
q(x, z) =

∂T ⎪
∂z

rz =

(1)

Here subscript i = 1, 2, 3 denotes parameters of
solid, two-phase and liquid states of metal, respectively; ci, λi, ρi are the specific heat capacity, heat
conduction and density of i-th phase; κ is the specific
melting heat; Tl0, Te are the temperatures of the be⎯⎯⎯
aiτ is
ginning and the end of solidification; lT = 2√
the heat-wave propagation length for the time τ =
= 2rF/v; ai is the thermal conductivity of i-th phase;
Ta is the characteristic temperature of the plate outside the region of averaging; fl(T) is the liquid portion
in two-phase zone.
Boundary conditions are derived from the conditions of heat balance at boundaries. On the top surface
z = 0 in the domains of solid, solidified, liquid and
two-phase state of alloy we specify following condition:
λiT

⎞
⎛z — Z
⎯⎯⎯⎯⎯⎯⎯
√
r + ⎜⎜
⎯
λ ⎟⎟ ,
⎟
⎜ πr
2

where effective heat capacity cei is given by formula
⎧c1ρ1, T < Te,
⎪
⎛
⎪
κ ∂fl ⎞⎟
cei = ⎨c2ρ2 ⎜⎜1 +
⎟, Te ≤ T ≤ Tl0,
⎜
c
⎪
2 ∂T ⎟
⎠
⎪c ρ ,⎝T < T.
⎩ 3 3 l0

radiation is described by normal Gaussian distribution
I(x, z) = I0 exp (—2x2/r2z ), where I0 = 2W/(πr2z );
W is the laser power; rz is the laser beam radius at
the depth z, which is determined by formula

2Wabs
πr2z

exp —2x2/r2z ,

(6)

where Wabs is the total value of all multiple absorbed
power. When determining Wabs, we assume that remaining power after first reflection is distributed uniformly over keyhole surface. Power absorbed by keyhole walls is calculated approximately by formula
Wabs = AeffW using effective coefficient of absorption
Aeff = βA + Ae(1 — A), where A is the absorption
coefficient; Ae is the equivalent absorption coefficient
for multiple reflected laser radiation; β = 1 under
laser beam and β = 0 beyond it.
On the inter-phase boundaries heat flux balance
and continuity of temperature should be satisfied.
Below we expound numerical modeling of welding
by finite-difference method omitting some minor details. Due to the fact that locations of keyhole surface
and inter-phase boundaries depend on unknown solution and due to non-linearity of boundary conditions,
the numerical algorithm is iterative with nested loops.
For the convenience of program realization, all iterations in outer loop are divided into stages.
On the first stage (without keyhole) the computational domain G is rectangle in the plane of plates
butt. Its sides are given by relations z = 0, z = h, x =
= —l1, x = l2, where l1 and l2 are the distances from
the left and right rectangle sides to the laser beam
axis. Choice of these quantities depends on the laser
power and the welding speed. The main requirement
on l1 is that it would be possible to specify the temperature on the left boundary equal to the ambient
temperature. That is, as a boundary condition on the
left side we suppose
T|x = —l1 = T∞.

(7)

As moving off the molten pool to the right, the
temperature in section parallel to z-axis equalizes. On
the right side of the domain besides specifying Dirichlet condition with temperature T∝ other boundary
conditions were tested. In particular, temperature
value was selected from test calculation in rectangular
domain with large l2 without keyhole. Here we omit
the description of quite simple method of checking
the appropriateness of choosing this temperature
value.
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Approximation of equation and some aspects of
numerical algorithm. The domain is covered by rectangular grid Gh with nodes (ih1, jh2), i = 0, 1, ...,
n1; j = 0, 1, ..., n2, where h1 and h2 are grid steps.
Different variants of finite-difference scheme for pseudo-unsteady method were used to solve the problem
numerically. One of these schemes is following:
Tni ++ 1,1 j — Tni —+ 1,1 j
Tni, +j 1 — Tni, j
+
v
= ai ×
τ
2h1
⎛ Tn + 1 — 2Tn + 1 + Tn + 1
Tni, j + 1 — 2Tni, j + Tni, j — 1 ⎞⎟
⎜ i + 1, j
i, j
i — 1, j
⎟—
×⎜
+
2
⎟
⎜
h1
h22
⎠
⎝
(8)
—

ai
l2T

(Tni, +j 1 — Ta).

Convergence of numerical solution was observed,
in particular, by convergence of the quantity
max |Tni, +j 1 — Ti,n j|. The scheme (8) is implicit in x-dii, j

rection and explicit in z-direction. It solved iteratively
by Thomas algorithm for systems with three-diagonal
matrices along coordinate lines x = const at each j.
In the present study boundary conditions on external and internal (inter-phase) boundaries are approximated with first order. It is necessary to know
values of normal components and boundary curvature
in particular node in order to set up boundary conditions. Since all internal boundaries are certain isotherms, they can be found by interpolation based on
computed temperature values at grid nodes. Interphase boundary z = Zl(x) between liquid phase and
two-phase zone is to be determined by liquidus isotherm T = Tl0. Inter-phase boundary z = Ze(x) between
two-phase zone and solid phase is to be determined
by isotherm corresponding to eutectic temperature
T = Te. In the computer program the process of constructing these isotherms is automatized.
On the inter-phase boundaries we require continuity of temperature and heat balance condition. On
the boundary z = Zl(x) heat balance condition is
∂T ⎪
∂n

⎪z = Z+l =

∂T⎪
∂n

⎪z = Z—l .

(9)

On the boundary z = Ze(x) heat balance condition
will take the following form:
∂T ⎪
∂n

⎪z = Z+l =

∂T⎪

∂Ze/∂x
.
⎪z = Z—l + Pe St √
⎯
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
1
+
(∂Ze/∂x)2
∂n

(10)

In these formulae indices + and — denote that temperature derivatives are taken from different sides of
the curve. The last term in (10) relates to crystallization heat, Pe is the Peclet number; St is the Stefan
number.
In order to approximate (9) and (10) we approximate curves z = Zl(x) and z = Ze(x) found on the
grid solution by broken lines which pass over grid
nodes. To do this, we take the node which is nearest
to the curve under consideration passing between pair

of nodes. The nodes chosen are linked by parts of
coordinate lines or cell diagonals in such a manner
that broken line obtained will have no right angles.
In the present study when approximating ∂T/∂n on
internal and external boundaries, the derivatives
∂T/∂x, ∂T/∂z were approximated with first order
taking the value of temperature in grid nodes from
the corresponding side of a curve. The ends of these
curves lie on external boundary and therefore conditions for external boundary are specified there. In
order to accelerate iterations fictitious time finite-difference derivative of temperature was added into all
finite-difference boundary conditions. As in equation
(8), the sign at these derivatives was taken in such
a way as to increase absolute value of diagonal element
in corresponding row of matrix in the system of linear
algebraic equations (SLAE).
The process of constructing the keyhole was composed of several stages. On the first stage the problem
was numerically solved in rectangular domain without
keyhole. Initial temperature for iterations was taken
equal to ambient temperature. After the maximum of
residual of substituting numerical solution into finite-difference equations over all grid nodes became less
than some specified value, the isotherms of boiling,
liquidus and eutectic were found. Thus, some rough
approximations for temperature distribution and internal boundary positions were found and used as
initial approximation for further stages.
In the present study the method of iteration was
chosen where solution of problem with nonlinear
mixed boundary condition on each iteration over
whole domain was reduced to solution of SLAE. It
consists of some known techniques.
First of them is linearization of nonlinear equations. For example, nonlinear coefficient αri in boundary condition (3) is approximated on the solution
computed on previous iteration.
On the second stage the domain is divided into subdomains. They differ either by heat conduction coefficients or by combination of boundary conditions on the
ends of each coordinate line x = const which set ends
against the boundaries of particular subdomain, and at
the same time grid lines x = const do not intersect
subdomain boundaries inside the subdomain. Number
of subdomains depends on presence of keyhole and on
positions of liquidus and eutectic curves.
During carrying out the iteration over whole domain (global iteration) system (8) is solved sequentially in all subdomains by Thomas algorithm along
x-axis at every index j possible for each particular
subdomain. Temperature values on the boundaries of
each subdomain are taken from previous iteration.
After iteration is finished, solution correction in all
boundary nodes is performed. In each boundary node
boundary condition is resolved with respect to temperature value at this node. Thus its correction is
found through temperature values at neighbour nodes
obtained at the current iteration. This corrected value
is used at the next iteration.
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Collection of methods described allowed obtaining
quite simple method of numerical model realization.
Keyhole modelling. Constructing the keyhole and
modeling physical processes on its boundary is the
most complex part of solving the problem. Here we
do not consider and do not simulate hydrodynamical
instability of the free keyhole boundary. First of all,
we model heat transfer through it and its shape which
would guarantee heat balance on the surface and
would approximately guarantee the equilibrium of
surface tension force and pressure of metal vapour.
Let us note that solution behavior on the keyhole
boundary plays leading part in iteration process. The
solution converges, first of all, in vicinity of keyhole
and then in the rest of domain. The size and the shape
of keyhole affect shapes and locations of isotherms in
domain.
On the first stage the heat conduction coefficient
was taken equal to that for liquid metal for whole
domain. It is easy to understand that maximal value
of z-coordinate on the boiling isotherm is the lower
estimation for keyhole depth. If it is deeper than plate
thickness, then it is clear that laser breaks plates
through.
The shape of vapour keyhole depends, first of all,
on the process of vaporization of liquid metal from
the surface, vapour pressure, surface tension and hydrostatic force. The latter is relatively small for the
narrow plates. Its inclusion appears to have little effect upon the shape of keyhole and eventually on the
temperature field. The vapour pressure consists of
saturated vapour pressure and recoil of vapour flowing
out from the keyhole. The surface tension, being in
proportion to the surface curvature forces the surface
to become flat. In the whole, it tends to return the
keyhole surface to the plane of plate surface (z = 0)
with zero curvature. Hence the surface tension is equilibrated by the vapour pressure within the keyhole
which depends on the process of liquid metal vaporization. Moreover, with the surface tension and vapour
pressure being absent, the shape of vapour hole was
totally governed by the process of vaporization which
is taken into account in the boundary condition (4).
At the second stage, when constructing the boundaries of keyhole, the temperature field obtained at
the first stage is used. The shape of the front keyhole
boundary (ahead of moving the laser beam) is matched
so that the boundary condition (4) is fulfilled at this
boundary first. If during welding the laser is the only
energy source then the greatest quantity of the external heat flux into the domain passes through the close
vicinity of laser beam axis at the front wall of the
keyhole. The temperature such achieved depends on
the wall slope angle. In controlling the keyhole wall
slope relative to x-axis, the governing factor is the
following physical process consisting of two mechanisms affecting the wall slope. These latter effect the
slope in the opposite directions and are balanced at
some slope value. As the greatest part of energy absorbed by the wall is in proportion to the cosine of

the slope to x-axis then, with laser power exceeding
critical one, decrease in the slope results in the increase in metal vaporization, with the following increase
in the keyhole depth, which leads to increase in the
wall slope. But this slope increase is restricted.
First, with low plate thickness the break-through
will take place, which is undesirable during welding.
Second (and the main), the slope angle exceeding a
certain value corresponding to given parameters of
the problem (laser power, plate thickness, etc.) results in decrease in energy absorbed through the unity
of wall surface thus leading to the wall temperature
decrease and the keyhole depth decrease. The mechanism mentioned is accounted for in equation (4) by
the first and the second terms in its right-hand side.
The third term in right-hand side is negligible compared to these two.
Note that energy distribution in radius of laser
beam presents pronounced peak with maximum at
beam axis, which is essential. Therefore the greatest
part of the front wall in z-direction is in the vicinity
of beam axis. Moreover, at the upper plane of the
plates (z = 0) the front wall is approximately believed
to begin from the point (x = —rF, z = 0).
Now the problem of construction of front wall at
the second stage of iterations is reduced to finding
the smooth curve with maximum of the slope angle
at the beam axis (x = 0) beginning at the point (x =
= —rF, z = 0) and ending at the point where it touches
the circle of radius rd. This radius is obtained from
the estimation of the keyhole bottom curvature from
the requirement of the balance of surface tension and
vapour pressure. In so doing the keyhole depth (z =
= zmax) is determined from the condition that on this
curve the relationship (4) is valid for the temperature,
with the temperature T|z = Zc = Ts at, where Tsat is the
boiling point of the metal. In a numerical model such
curve is searched approximately. The front wall is
founded iteratively as cubic spline or by least-squares
method. It is searched in the outer loop of the whole
system of nested loops of iterations.
Relationship (4) and the assumptions made are
still insufficient for finding the shape of rear wall.
At the second stage of the estimations a straight-line
segment is proposed as some approximation of rear
wall shape. This segment is suggested to touch the
mentioned circle at one end, another end coinciding
with the boiling isotherm of the surface z = 0. Here
we omit some minor details related to the fact that
at the second stage one could define the position of
keyhole walls somewhat more precisely. Note merely
that variation of their position effects the results of
calculation only in their close vicinity, with the beam
vicinity being the governing element of the whole
calculation. And the slope of the front wall at beam
axis and in its vicinity controls the main part of the
keyhole depth.
In the calculations, condition (4) can be met precisely enough at the front wall in the beam vicinity.
As the numerical solution of the problem with the
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absence of plasma keyhole converges on the grid sequence with the first order, the solution of the problem
with the keyhole is required to have the same order
of convergence. This leads to accuracy requirements
for satisfying heat balance.
Additional details of the wall construction are presented in relation with its correction at the third stage
of the solution.
Conditions on the internal free boundaries are used
for correcting their positions in the course of iterations
starting with the second stage. They are met with the
accuracy of approximation order when iterations will
converge. Conditions on the internal boundaries were
realized rather simply in this study (these details are
omitted).
It is pertinent to note that this set of the first and
second stages presents some complete approximate
numerical model of laser welding of metal plates.
Temperature value calculated at the end of the
second stage is taken as an initial one for the third
stage.
To correct the shape of the keyhole at the third
stage, together with heat balance (5) the additional
condition of dynamic equilibrium on its surface is
suggested. It is written as
P(T) = σKr + gρ3z.

(11)

That is, at the keyhole walls the pressure is balanced by surface tension and hydrostatic pressure.
In (11), σ is the surface tension factor of liquid metal:
g is the gravitational acceleration; Kr is the surface
curvature which is defined by relation
⎞
⎛
∇Zc
⎟
Kr = div ⎜
2 .
⎝√
⎯⎯⎯⎯⎯⎯⎯⎯
1 + |∇Zc| ⎠

(12)

Vapour overpressure P is the sum of static pressure
Ps at surface evaporation and recoil pressure Pr, i.e.
P = Ps + Pr. We assume linear dependence of Pr with
Ps, namely Pr = bPs. Saturation pressure of mixture
of evaporated alloy components is determined by formula
1

Ps =

∑ 0.001Cj

j=0

P0j Aj — Bj/T
e
,
T

(13)

where Cj is the molar concentration of j-th alloy component; P0j, Aj, Bj are the some empirical constants.
Formula (11) points to the fact that shape of keyhole walls depends on temperature. That is, complex
problem arises: it is necessary to solve heat conduction
equations (1), (2) with nonlinear heat balance conditions together with second order partial differential
equation (12) on unknown keyhole boundary. To
avoid this, we propose a simplified method for correcting the shape of keyhole walls.
At the third stage the shape of rear wall and temperature distribution are corrected. Front keyhole

Figure 2. Temperature field in the domain: 1 – isotherm T =
= 1207 K; 2 – liquidus (T = 862 K); 3 – isotherm T = 517 K

wall which was constructed from requirement of satisfying condition (4) is not corrected anymore. We
assume that its shape is affected mainly by evaporation
under laser radiation.
The greatest curvature is related to maximal pressure at the keyhole bottom. Due to the great surface
tension there the keyhole surface is approximately
bottom part of a sphere with radius comparable to
laser beam radius rF. At the second stage the rear wall
was taken as straight line which connects the end of
boiling isotherm at z = 0 found at first stage and
touches right side of sphere part on the keyhole bottom
mentioned above. At the third stage in the external
iteration loop the curvature of rear wall is determined
from (11) and at the next iteration the boundary-value
problem is solved with condition (4) on the rear wall
with taking into account only reflected radiation.
Numerical experiments. Numerical experiments
were performed on sequence of grids with decreasing
steps. The behavior of parameters calculated such as
temperature distribution, positions of isotherms,
inter-phase boundaries and keyhole walls was controlled and first order of convergence was established.
We carried out calculation for butt welding of
two plates of aluminum alloy AL2 (Al + 10 wt.% Si)
which is used in aircraft industry. Welding speeds
were taken corresponding to those in real welding
process. In the calculations we determine temperature
field in the object, location of internal boundaries
between the phases, form and depth of the vapour
keyhole. Based on the calculations, one can predict
size of the zones occupied by the different phases in
the welding process, characteristic size of the crystal
grain, and determine which speed of the laser movement along the weld at a given laser power can ensure
appearance of a sufficiently large liquid-phase zone
in absence of the through keyhole (i.e. without breaching the object by the laser beam). Figure 2 shows
the isotherm distribution in the domain for one of
computations. The radius of laser beam in focal plane
is taken as length unit. For the purpose of demonstration clearness there are different scales in x- and
z-directions. More dark hue of gray corresponds to
lower temperature. The keyhole is marked as narrow
black area wedged into high temperature region.
1. Borisov, V.T. (1987) Theory of two-phase zone of metal
ingot. Moscow: Metallurgiya.
2. Zinoviev, V.E. (1989) Thermophysical properties of metals
at high temperatures: Refer. Book. Moscow: Metallurgiya.
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PREDICTION OF MICROSTRUCTURE AND MECHANICAL
PROPERTIES OF WELD METAL
WITH CONSIDERATION FOR REAL WELD GEOMETRY
V.A. KARKHIN1, P.N. KHOMICH1 and V.G. MICHAILOV2
1
St.-Petersburg State Polytechnic University, Russia
2
Cottbus University of Technology, Germany
Technique of reconstructing the welding temperature field from the measured real weld geometry is proposed. It is
based on the solution of the 3D direct heat conduction problem by using Green’s function method and numerical solution
of the inverse problem for unknown parameters of a moving volumetric heat source. A welding time-temperature
transformation diagram is used to determine microstructure distribution taking the local temperature cycle into consideration. The final mechanical properties of the weld metal are determined as a function of a local cooling time/rate.
The distributions of calculated and measured hardness in TIG-welded heat-resistant steel joint are compared.

In welding technologies the following problem often
arises. Given: the welding conditions, welding consumables and base metal (its chemical composition
and properties). Required: the distribution of microstructure and mechanical properties. How can estimates of the distributions be made? The phenomenological and statistical models allow one to determine
microstructural phases and mechanical properties
(hardness, yield strength, ultimate tensile strength,
elongation, reduction in area, etc.) are known [1—4].
For such calculations the temperature characteristics
(peak temperature, cooling rate, cooling time, etc.)
are required as input data.
The well-know solutions [5, 6] give quite accurate
thermal history in the zones of the workpiece where
temperature is less than about 30 % of the melting
point, but they are subject to serious errors for temperatures in or near the fusion and heat-affected zones
(HAZ). The main difficulties are caused by the complexity of the physical phenomena (interaction of a
heat source with a weld pool, convection and evaporation of a molten metal, etc.). Sophisticated mathematical models and computer codes are used to determine the weld geometry and temperature cycles in
the HAZ. They require prescription of a large number
of input parameters (effective thermal conductivity,
effective viscosity, surface tension, etc.), which, in
turn, are dependent on the problem solution [7]. Such
calculation requires highly trained personnel, much
time and expenses.
A choice of method for solving the heat conduction
problem is governed by an accuracy required (by further use of the results). When one needs to predict
the metal microstructure and properties after welding
only the temperature profiles in a solid part of the
weldment are of interest. Therefore the temperature
problem formulation can be simplified. In this case
the boundary conditions for a solid part including the
solidus face of the molten pool (which carries the

resulting information on all physical processes in the
weld pool) should be available. Such approach allows
determining the temperature field in the surroundings
of the molten pool and is used in the «equivalent heat
source» conception [8]. The weld interface can be
determined experimentally. It is simple matter in welding of a thin plate. This calculation technique was
used for the first time to evaluate the thermal processes near moving weld pool [9, 10]. In welding of
a thick plate only incomplete information on 3D solidus face is usually available.
The aim of the study is to develop a calculation
technique in order to reconstruct the 3D temperature
field and predict the microstructure and mechanical
properties. The technique is based on the solution of
the direct 3D temperature problem by a functionalanalytical method, the numerical solution of the inverse problem for unknown parameters of a volume
heat source, the employment of the known models for
prediction of the microstructure and mechanical properties by welding thermal cycle. Some experimental
data (weld crater or ripples visible on the weld surface, weld interface in cross section, thermal cycles
at some points, etc.) are used.
Formulation of direct heat conduction problem.
The following assumptions are made:
• plate is homogeneous and infinitely long and
wide;
• thermophysical properties (thermal diffusivity
a and volume-specific heat capacity cρ) are temperature-independent;
• heat source centre and attached reference frame
x, y, z move uniformly and linearly with constant
velocity ν along x-axis during time t;
• plate surface is heat-impermeable;
• initial temperature T∞ is constant.
Then the equation for the conservation of energy
takes the form:
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⎛ ∂2T ∂2T ∂2T ⎞
∂T q3
⎜
⎟
=a⎜
+
+
+ ,
⎟+ν
⎜ ∂x2 ∂y2 ∂z2 ⎟
∂x cρ
∂t
⎝
⎠

(1)

q3 = q3net + q3c + q3L,

(2)

∂T

where q3 is the apparent power density (per volume);
q3net, q3c, q3L are the power densities of the real source
and fictional sources accounting for the effects of fluid
flow and latent heat, respectively (Figure 1).
Equation (1) with the corresponding boundary
conditions represents the formulation of a direct heat
conduction problem.
Model for heat source. The apparent source [2]
represents simultaneous influence of the real source (arc,
beam, etc.), of the convection, and of the latent heat.
Note that the dimensionality of function q3 is equal to
the dimensionality of the temperature field even though
the dimensionality of the real source q3net is less. For
example, if a thick plate is heated by a real 2D surface
heat source the temperature field and, consequently,
the apparent source are 3D. Function q3(x, y, z) can
be approximated by prescribing the form of distribution
beforehand. For instance, the power density distribution
unbounded in extent along all axes can be described by
the Gaussian normal distribution, such source is called
ellipsoid heat source [11]. In reality the domain of a
volume source distribution along z-axis is bounded by
the weld pool interface and does not have a physical
meaning outside the pool.
Let us consider bounded normally distributed
front (x > 0, subscript f) and rear (x < 0, subscript
r) halves of the source:
q3i(x, y, z) =

4qi
π3/2xeiΦ(xci/xei)yeiΦ(yci/yei)zeiΦ(zci/zei))

2
2
⎛ ⎛ ⎞2
⎛y⎞
⎛z⎞
⎜
x
× exp ⎜⎜— ⎜ ⎟ — ⎜ ⎟ — ⎜ ⎟
⎝ yei ⎠
⎝ zei⎠
⎝ ⎝ xei ⎠

⎞
⎟
⎟,
⎟
⎠

i = f, r,

×

Figure 1. Schematic diagram for moving reference frame and apparent heat source

On physical grounds, the apparent heat source can
be represented by several sources, for example, by
surface and submerged sources. The power density of
a surface source q2i(x, y), W⋅m—2, results from integration of q3(x, y, z) over the plate thickness:
q2i(x, y) =

2q
×
π[xefΦ(xcf/xef) + xerΦ(xcr/xer)]yeΦ(yc/ye)

2
⎛ ⎛ ⎞2
⎛y⎞
⎜
x
× exp ⎜⎜— ⎜ ⎟ — ⎜ ⎟
⎝ yei ⎠
⎝ ⎝ xei ⎠

⎞
⎟
⎟, i = f, r.
⎟
⎠

Solution of direct heat conduction problem.
Under the assumptions made above the equations (1),
(3) and (4) can be solved using the Green’s function
method [6]. The temperature increment at any point
x, y, z at any moment t is the sum of the temperature
increments due to the front and rear sources:

(3)

where qi is the power of the i-th source; xci, yci and
zci are the coordinates of source boundary; xei, yei and
zei are the power distribution parameters (the coordinates of the points on the axes where the density is
e times smaller than in the centre); Φ is the error
integral. If function q3(x, y, z) is continuous (that
is, q3f(0, 0, 0) = q3r(0, 0, 0), ycf = ycr = yc, yef = yer =
= ye, zcf = zcr = zc, zef = zer = ze) (Figure 2), then
q3i(x, y, z) =
=

4q
×
π3/2[xefΦ(xcf/xef)xerΦ(xcr/xer)]yeΦ(yc/ye)zeΦ(zc/ze)
(4)
⎛ ⎛ ⎞2 ⎛ ⎞2 ⎛ ⎞2 ⎞
⎜
y
x
z ⎟
× exp ⎜⎜— ⎜ ⎟ — ⎜ ⎟ — ⎜ ⎟ ⎟⎟, i = f, r,
⎝ yei ⎠
⎝ zei⎠ ⎠
⎝ ⎝ xei⎠

where q = qf + qr is the total apparent power.
Note that the convection and the latent heat do
not violate the balance of energy [12]:
q = qnet = ηqgross,

where qnet is the net power of the real heat source; η
is the heat efficiency; that is, the fraction of the total
power qgross absorbed by the solid.

Figure 2. Volumetric power density distribution of apparent heat
source in the plane (a) and through the thick plate thickness (b)
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Here k = 1, if i = f; k = —1, if i = r; h is the plate
thickness.
If function q3(x, y, z) is continuous (see Figure 2),
then
T(x, y, z, t) — T∞ =

qi
cρh3

×

t

×

(6)

∫ fx(x, τ)fy(y, τ)fz(z, τ)dτ,

in the case of a continuous source it is described by
9 parameters (vector p = {η, xef, xcf, xer, xcr, ye, yc,
ze, zc}). The unknown parameters, that is a vector of
design variables, are determined from the best fit to
the experimental data. The corresponding optimisation problem (minimisation of the objective function
F) with the set of inequality constraints of physical
nature is presented in the following form [12, 13]:
N

0

F(p) =

where
fx(x, τ) =

∑

K

2
wfn[fm
n — fn(p)] +

n=1

∑

xefΦ(xcf/xef)fxf(x, τ) + xerΦ(xcr/xer)fxr(x, τ)
;
xefΦ(xcf/xef) + xerΦ(xcr/xer)
fy(y, τ) = fyf(y, τ) = fyr(y, τ);
fz(z, τ) = fzf(z, τ) = fzr(z, τ).

If power q varies with time, it should be taken
inside the integral sign. The integrals are expressed
as the known functions in very rare cases, therefore
they are calculated by numerical methods. It is evident
from the equations that the temperature field depends
on the plate thickness (h), material properties (cρ
and a), source power (qi), its distribution (xei, yei,
zei), boundedness (xci, yci, zci), velocity (ν) and time
of action (t). When t → ∞ the field is quasi-stationary.
If the source is unbounded along x, y or z (xci, yci or
zci equal infinity) then the form of corresponding equations fxi, fyi or fzi is simplified. If necessary, the
distribution of apparent power over the thickness
q3i(z) can be represented by several curves with different values of zci and zei, that is, it can be represented
with desired accuracy by a continuous piecewise normal function. The influence of finite width and finite
length of the solid with its heat-impermeable edges
can be easily taken into consideration by using the
method of images [6]. The effect of the latent heat
can be more accurately considered separately [13].
Solution of inverse heat conduction problem.
Each i-th source is described by 7 parameters (vector
p = {ηi, xei, xci, yei, yci, zei, zci}, totally 14 parameters),

∑ wpk(p0k — pk)2 → min,
k=1

ηi ≤ 1;

0 ≤ xei ≤ xei max etc.,

i = f, r

where N is the number of observations; K is the number of unknown parameters; fn and fm
n are the respective calculated and measured (prescribed) values of
temperature field characteristic at point n (weld pool
length, temperature, peak temperature, etc.); pk is
the k-th unknown parameter; p0k is the k-th parameter
known from prior information; wfn and wpk are the
weighting factors for the n-th measurement and parameter pk, respectively (they are prescribed depending on dimensions and measurement error); xei max
is the peak allowable value of parameter xei. The
constraints have a physical meaning (for example, the
heat source efficiency can not be more than 1, the
depth of the source can not exceed the depth of the
weld).
The objective function F is a non-linear function
of the parameter vector p and may have many local
minima in the feasible design space. Therefore, at first
the global minimum region of the objective function
has to be found by comparison of its values at the
prescribed finite set of feasible points. Then the global
minimum (true optimum) can be found using numerical optimisation [13, 14].
It is worth noting that many dozens of 3D direct
problems have to be solved in order to solve one inverse problem. Therefore the CPU time for a direct
problem is of the utmost importance. The time needed
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to obtain the results by a functional-analytical method
is less by many orders of magnitude than that by a
numerical method.
Prediction of microstructure and mechanical
properties. All parameters of the apparent heat source
result from the solution of inverse problem. Formulae
(5) and (6) make it possible to calculate the temperature field and its characteristics, for instance, the
peak temperature Tmax and cooling time t850/500 from
1123 K (850 °С) to 773 K (500 °С).
The welding time-temperature transformation diagrams allows the phase composition to be found at
any point of HAZ when cooled [3]. The cooling stage
can be identified by one index, for example, by cooling
time t850/500. Figure 3 shows the mechanical properties of 12CrMo4.3 heat-resistant steel versus cooling
time t850/500. The diagram has been obtained from the
corresponding T—t plot [3].
Example. The TIG welding of 12Kh1MF heat-resistant steel 7 mm thick is performed under the following conditions: current 250 A, voltage 12 V, speed
ν = 5 mm/s, temperature T∞ = 288 K. The chemical
composition of 12Kh1MF steel (%: 0.11—0.15C, 0.9—
1.2Cr, 0.25—0.35Mo, 0.15—0.3V) [15] is similar to
that of 12CrMo4.3 steel (%: 0.11C, 1.02Cr, 0.29Mo,
0.19V) [3]. The following properties are taken: a =
= 9.40 mm2/s, cρ = 0.0035 J/(mm3⋅K), melting temperature Tmelt = 1773 K, Ac3 = 1173 K [15]. As the
input data, the coordinates of HAZ boundaries, where
Tmax = Tmelt and Tmax = Ac3 (Figure 4, left side), and
tail part of the weld pool (ripples, Figure 5), where
T = Tm are taken.
Comparison of the calculated and experimental
weld pools shows good agreement (see Figures 4 and
5, solid line). The following heat source parameters
are obtained:

Figure 3. Welding cooling time-temperature transformation diagram (a) and 12CrMo4.3 welded steel properties (b) at peak temperature of 1623 K [3] (point A is shown in Figure 4)

• η = 0.37, xef = xer = ye = 4 mm for a surface
source (mainly imitating the arc);
• η = 0.23, xef = xer = ye = 4 mm, xcf = xcr = yc =
= 1 mm, zc = 4 mm, zc = 3.5 mm (mainly imitating
the convection);
• η = 0.30, xer = 100 mm, xcr = 9 mm, ye = 4 mm,
yc = 0.8 mm, ze = 100 mm, zc = 0.7 mm (imitating

Figure 4. Peak temperature field and hardness distribution in TIG-welded 12CrMo4.3 steel cross-section at Iw = 250 А, Ua = 12 V and
ν = 5 mm/s
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Figure 5. 12CrMo4.3 steel welded joint and calculated geometry
of molten pool in TIG welding

the convection and latent heat), total heat source
efficiency η = 0.90.
The metal heated above Ac3 is cooled down at 1123—
773 K (850—500 °C) during 5.6 s (Figure 6). It corresponds to residual microstructure consisting of 76 %
of bainite and 24 % of martensite and to the following
mechanical properties: hardness HV30-270, σ0.2 =
= 670 MPa, σt = 750 MPa, ψ = 16 %, δ = 46.7 % and
impact toughness K = 20.3 J (see Figure 3, b). The
mechanical properties of the base metal are as follows:
HV30-150, σ0.2 = 450 MPa, σt = 580 MPa, ψ = 6 %,
δ = 38 %, K = 32 J [3]. The experimental hardness
distributions agree with the calculated ones (see Figure 4). The measured hardness of weld and HAZ
metal is an average of HV30-287, the calculated hardness is HV30-270.
Note that one surface circular source with normal
distribution of heat source density q2 does not allow
reproduce satisfactorily the experimental size of pool
and weld (the calculated weld pool is shown by a
broken white line in Figure 5).
If the rapidly moving point source on the semi-infinite solid [6] is taken, then the cooling time is
t850/500 =

⎞
1
1 q/ν ⎛
1
⎜
⎟.
—
2πa cρ ⎝ 773 — T∞ 1123 — T∞⎠

For the current example t850/500 = 1.3—1.8 s at
η = 0.5—0.6 [3], and hardness is HV30-370—360 which
is a very overestimated value.
If the rapidly moving line source in the infinite
plate [6] is taken, then the cooling time is
t850/500 =

2
1 ⎡ q/(νs) ⎤
⎢
⎥
4πa ⎣ cρ ⎦

⎡
⎤
(1
1
⎢
⎥.
—
⎢
⎥
⎢ (773 — T∞)2 (1123 — T∞)2 ⎥
⎣
⎦

For the current example t850/500 = 3.7—5.3 s and
hardness is HV30-300—270.
CONCLUSIONS
1. The proposed technique based on function-analytical solution of the 3D direct heat conduction problem and on numerical solution of the inverse problem
makes it possible to reconstruct the temperature field
in the solid part of weldment using some measured
characteristics of this field.
2. The bounded heat source with normal distribution of volumetric heat density can be used for calculation of the temperature field during TIG welding.

Figure 6. Temperature cycles at points A (see Figure 4)

3. The proposed technique allows the distribution
of microstructural phases and mechanical properties
to be predicted taking the real weld geometry into
consideration.
4. Comparison of the calculated and measured hardness distributions in heat-resistant steel weld shows
good agreement.
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COMPUTER-AIDED EXPRESS DETERMINATION
OF DIFFUSIBLE HYDROGEN
IN DEPOSITED WELD METAL
V.A. KARKHIN1, A.M. LEVCHENKO1, P.N. KHOMICH1 and V.G. MICHAILOV2
1
St.-Petersburg State Polytechnic University, Russia
2
Cottbus University of Technology, Germany
A calculation method to reduce the time of determination of diffusible hydrogen in deposited weld metal is proposed.
It uses measurements at the beginning of the hydrogen effusion. The functional-analytical solution of direct 3D hydrogen
diffusion problem for a parallelepiped-shaped solid is found. The inverse problem for unknown initial concentration of
hydrogen introduced through a deposited metal is stated and solved numerically. It is demonstrated that as much as a
quarter of total diffusible hydrogen can effuse prior to its measurement according to the standard procedure. The
proposed method allows the time of determination of diffusible hydrogen to be reduced by several factors.

Hydrogen is a major factor in cold cracking problem.
The principal sources of hydrogen in welding are moisture contained in and picked up by electrode coatings
and fluxes, other hydrogeneous materials which may
break down in the heat of the arc, oil, dirt and grease
in the plate surface or trapped in the surface layers
of welding wires, and atmospheric moisture during
welding [1].
The most commonly used methods of determination of the hydrogen content in the weld metal are
the following:
• diffusible hydrogen evolves from the test piece
and collects in the capillary tube over the liquid (spirit, glycerin, oil, mercury and so on) [2];
• diffusible hydrogen collects in the preliminarily
evacuated space of a known volume and its content
is determined by measuring the pressure (as in the
vacuum method) or by analysis the gas composition
(as in the chromatographic method) [3].
A practical disadvantage of the first method (when
spirit, glycerin or oil are used) is the underestimation
and the wide scatter of experimental data as a result
of high hydrogen solubility in the liquid and the sensitivity of the method to physical properties of the
liquid. The evolution takes place at room temperature
and consequently the collection time is typically about
14 days [2]. The mercury method gives a reliable
result, but mercury is a hazardous substance.
The vacuum method was developed at the St.-Petersburg Polytechnic University, Russia [4], and was
used as the basis for the standard [3]. It is rather
simple and reliable in operation. The experimental
results obtained by vacuum and mercury methods are
in good agreement [4]. The chief drawback of the
method is the hydrogen collection time (5 days) [3].
A common disadvantage of all methods is omission
of the hydrogen evolved before measurement. This
part of hydrogen is not fixed, it depends on the welding conditions, materials and postweld preparation

of the sample. The estimation of this part is of practical
interest. For instance, when solving a boundary-value
problem of hydrogen diffusion in a real weldment the
amount of hydrogen introduced in a weld pool is to
be given. For this reason the following question arises
in the welding practice: can the total volume of diffusible hydrogen be predicted on the basis of the initial
part of the hydrogen effusion curve? A positive answer
would allow reducing the test time and evaluating
the total hydrogen introduced in the weld.
The aim of the study is to develop a calculation
technique of determining the hydrogen content in the
deposited metal using short-term experiment. The technique is based on solving the inverse problem which,
in turn, uses the solution of the direct hydrogen effusion problem.
Solution of direct diffusion problem. The proposed technique is based on the functional analysis
solution of mass transfer problem for the solid with
the weld bead (centre test piece) (Figure 1, a).
The following assumptions are made:
• solid is homogeneous and parallelepiped-shaped,
L long, W wide and H thick (Figure 1, c);
• weld cross-section is known (it is measured on
the ends of the test piece). For example, if the weld
surface is described by parabola S in length and the
weld interface is described by sinusoid, then the weld
is specified by three parameters: width w, height of the
deposited metal (weld reinforcement) hrein and depth
of the fused metal (penetration) hpen (Figure 1, b);
• in calculation the weld is positioned along the
specimen centreline and has a plane surface, its surface
area is equal to that of the real weld (Figure 1, c);
• weld cross-section is presented to sufficient accuracy as a set of M rectangles (Figure 1, c);
• weld is divided into K short intervals of length
lk′′ — lk′, 1 ≤ k ≤ K (Figure 1, c). The interval length
can be associated with the droplet transfer frequency.
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Figure 1. Weld test assembly (a), macrosection of weld (b) and representation of weld as longitudinal and transverse layers (c) (for
designations see the text)

The instant of completion of the k-th interval tk is
determined by its location at the x-axis;
• hydrogen is introduced in the solid by means of
the liquid metal and distributed immediately over the
weld cross-section Aw. As this takes place, the hydrogen concentration in the cross section increases by
C0;
• hydrogen content Qint increases linearly at steady
welding conditions (Figure 2);
• prior to welding the hydrogen concentration C
equals zero;
• hydrogen concentration at the solid surfaces is
equal to zero (according to Sieverts’ law at low solubility of hydrogen in the solid and low partial pressure of the hydrogen in the gaseous environment);
• hydrogen diffusivity coefficient for a hot specimen (before force-cooling) Dh and for a cold specimen
(after force-cooling) D are constant, that is, they are
averaged (apparent) ones.
In parallel with the real time scale Δt (where the
initial fixed point of hydrogen effusion is taken as

zero) the equivalent time scale t is introduced (where
the start of welding of the centre test piece is taken
as zero) (see Figure 2). The equivalent time allows
switching from diffusion at different temperature to
diffusion at constant (room) temperature. Under the
assumptions made the relation between the equivalent
time t and the real time Δt takes the form:
t=

⎧
⎪(Δth + Δtp + Δt)Dh/D, if Δt < —Δtp,
⎨
⎪ΔthDh/D + Δtp + Δt, if Δt ≥ —Δtp;
⎩

t0 = th + tp; th = ΔthDh/D; tp + Δtp; tw = ΔtwDh/D,

where Δtw, Δth and Δtp are the real times of welding
of test piece, the duration in a hot state (before cooling) and the preparation time of cold specimen for
hydrogen measurement (after cooling), respectively.
The diffusivity is Dh during real time Δth and is D
through the rest of the time (see Figure 2).
Under the stated assumptions the formulation of
the direct problem is as follows.
Diffusion equation:
∂C
∂t

⎛ ∂2C ∂2C ∂2C ⎞
⎜
⎟
+
+
⎟ + f(x, y, z, t),
⎜ 2
2
2⎟
∂y
∂z ⎠
⎝ ∂x

=D⎜

where term f accounts for the hydrogen input through
the weld pool.
The initial conditions (at t = 0):
C(x, y, z, 0) = 0.

The boundary conditions:
C(0, y, z, t) = C(L, y, z, t) = C(x, —W/2, z, t) =
= C(x, W/2, z, t) = C(x, y, 0, t) = C(x, y, H, t) = 0.
Figure 2. Schematic diagram for hydrogen evolved from the test
piece (for designations see the text)

The direct problem is solved by using the Green’s
function method:
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The volume of hydrogen evolved from all specimen
surfaces over time t is the difference of the introduced
hydrogen Qint and the hydrogen presented in the
specimen:
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where Φ is the error integral; lk′, lk′′, wm, hm′ , hm′′ are
the geometric parameters of the weld layers (see Figure 1, c); tk < t is the time of completion of the k-th
weld interval.
Using the above formula the rate of flow of hydrogen per unit time (effusion rate) across any specimen surface at any moment t can be derived:
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The volume of hydrogen evolved from any specimen surface can be found by integration of corresponding flux:
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All above integrals and derivatives are expressed
by the known functions:

The total volume of effused hydrogen is
t

Q(t) =

∫ [—qx(0, t) + qx(l, t) + 2qy(W/2, t) —
0

— qz(0, t) + qz(H, t)]dt.

This expression is identical to formula (1) and it
can be used for additional check upon accuracy of the
solutions.
Hence the above formulae allow one to calculate
the distribution of hydrogen concentration in the specimen, hydrogen flux across each surface and the volume of effused hydrogen at any moment. All series
are fast converging.
It is worth noting that a consideration of complex
specimen geometry (reinforcement), micro- and macrotraps and hydrides, non-uniformity of the distributions of temperature, hydrogen solubility and diffusivity across the solid makes the problem formulation
more complicated. Then the problem can be solved
only by numerical methods [5—8]. In this case to find
the required input data is a real challenge.
Method of calculating the hydrogen concentration in the deposited metal (solution of inverse problem). It was supposed in the direct problem that initial
concentration C0 and diffusivity coefficients D and
Dh are known. Actually the concentration C0 is sought. The hydrogen diffusivity depends to a large
extent on the chemical composition, the steel microstructure and varies over a wide range (three orders
of magnitude). Therefore the diffusivity is practically
unknown. Let us find C0, D and Dh by using experimental data solving the following inverse problem.
Let the volume of effused hydrogen ΔQn at some
time Δtn (n = 1, ..., N) be known (see Figure 2). Let
us find such values of C0, D and Dh which correspond
to the best position of a calculated curve Q(t) with
respect to the experimental points. In other words,
let us solve the following optimisation problem with
the set of inequality constraints of physical nature:
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Figure 3. Volume of hydrogen evolved from the test piece
N

F(C0, D, Dh) =

∑ wn[ΔQn — ΔQ(C0, D, Dh, Δtn)]2 → min;
n=1

C0 > 0;

D > 0;

Dh > 0;

Dh > D.

Here wn is the weighting factor of the n-th measurement (it is the greater, the smaller is the measurement error). If the measurement error is the same,
then wn = 1.
The minimum of the objective function F, depending on the design variables C0, D and Dh, can be
found by using one of the optimisation methods [9].
The corresponding values of C0, D and Dh determine
the sought values Qint, ΔQ∞ and Q0 (see Figure 2).
Note that functions Q(C0) and ΔQ(C0) are linear,
therefore the optimum value of C0(D, Dh) for any
pair of D and Dh can be explicitly deduced from the
condition for minimum, ∂F(C0, D, Dh)/∂C0 = 0. The
values of D and Dh are simply found by the search
methods. Such approach considerably reduces the time
of solving the inverse problem.
The solution of the inverse problem can be based
not only on presented functional-analytical solution,
but also on a numerical method of solution of the
direct 3D problem. However in the latter case the
total solution time increases by many orders of magnitude. This fact is of practical importance because
all algorithms of nonlinear problem solution usually
come to successive solution of many dozens of direct
problem (number of direct problems depends on number of the parameters sought, method of inverse problem solution and first approximation which, in turn,
is taken as the result of analysis of objective function
behaviour in the feasible design space).
Example. According to the standard [3] a single
weld bead is deposited on the centre test piece (L ×
× W × H = 100 × 25 × 8 mm) prepared from a plain
carbon non-rimming St3sp steel (0.15 % C, 0.02 % S).
The welding conditions are the following: 150 A current, 24 V voltage, 2.5 mms—1 welding speed, 4 mm
diameter UONI 13/45 basic coated electrode, welding time Δtw = 40 s, hot state time Δth = 50 s, rapid
quenching in stirred iced water, preparation time
Δtp = 250 s at room (ambient) temperature of 20 °C,

10—12 gm—3 humidity. It is assumed that the reinforcement is a parabola and the weld interface is a sinusoid.
The weld dimensions are as follows (see Figure 1,
b): reinforcement hrein = 2.5 mm, penetration hpen =
= 2.0 mm, weld width w = 10 mm, weld cross-sectional area Aw = 26.7 mm2, deposited metal cross-sectional area of 16.7 mm2 (it corresponds to 13.1 g).
The value of hpen is determined from the mass of deposited metal on the centre test piece G: hpen =
= 3G/2ρwL, where ρ = 0.00785 g⋅mm—3 is the density.
The volume of diffusible hydrogen is measured
during 5 days (Figure 3). The measurements (number
of experimental points N = 14) at first 7 h (see solid
circles Figure 3) are taken as the input data for the
inverse problem. It is assumed that wn = 1, M = 10,
K = 100.
The solution of the problem is the following: concentration C0 = 0.2033 (of units of the effused hydrogen per unit weld volume), diffusion coefficients
D = 1.625⋅10—4 mm2⋅s—1 and Dh = 3.335⋅10—3 mm2⋅s—1.
Averaged (apparent) diffusivity D falls in between
ferrite and martensite diffusivity [10]; the latter can
form as a consequence of force-cooling. The solution
results in hydrogen content Qint = 542 mm3, or
4.14 ml per 100 g of deposited metal or 2.59 ml per
100 g of fused weld metal (corrected to STP) or
2.33 ppm by mass. The hydrogen is evolved from the
test piece before measurement (Q0 = 94 mm3 or 17 %
of the total volume) and after the start of the measurement (ΔQ∞ = Qint — Q0 = 448 mm3).
Data treatment of other similar samples shows
that the part of hydrogen effused prior to measurement
can be as much as a quarter of the total diffusible
hydrogen. The calculation time is about 1 s for a direct
problem (calculation of objective function F) and
approximately 1 min for the whole (inverse) problem
if a conventional personal computer is used.
Half of hydrogen total amount is effused during
first 7 h (see solid circles in Figure 3). After 3 days
the hydrogen hardly evolves from the test piece and
the measurement can be stopped (a change, over 24 h,
is no more than 1 % of the total volume collected
according to [2]). From the comparison between the
calculation curve and the experimental evidence it
follows that the developed technique, using the experimental data obtained only during 24 h, allows for
predicting the hydrogen evolution with an acceptable
accuracy.
The time dependences of hydrogen fluxes (rates
of flow per unit time) across all surfaces of the specimen are shown in Figure 4, a. The start of welding
of the centre test piece is taken as zero. The maximum
total flux q falls on the end of welding. Prior to
measurement most of the hydrogen evolves from the
face surface, small quantities evolve from the front
surface, and practically nothing evolves from the back
and side surfaces. The back flux qz (z = 8 mm) is
maximal at about of 10 h, the time increases as the
170

Figure 6. Distribution of hydrogen across the specimen thickness
(x = 50 mm, y = 0) at different time (for explanation see the text)

Figure 4. Rates of hydrogen evolution from all surfaces, q, from
front —qx (x = 0), rear qx (x = 100 mm), side qy (y = 12.5 mm),
face —qz (z = 0) and back qz (z = 8 mm) surfaces (a), and volume
of hydrogen, Q, evolved from the same surfaces after start of welding
centre test piece (b)

specimen thickness increases [1]. The curve inflections
at 50 s (0.014 h) result from a sharp change in the
hydrogen diffusivity at force-cooling. It follows from
Figure 4, b that the hydrogen has mainly crossed the
face and back surfaces (79 and 17 % of the total
amount, respectively), the remainder has crossed front
and rear surfaces (about 4 %) and side surfaces (less
than 1 %). Notice that such information about hydrogen evolution enables us to optimise the test piece
dimensions.
As an example Figure 5 shows the hydrogen concentration field in yz-plane at x = 50 mm and Δt =
= 2 h, when ΔQ ≈ 0.2ΔQ∞. The dimension of the concentration is the unit of hydrogen volume (at STP)

Figure 5. Hydrogen concentration field at central cross section of
the test piece (x = 50 mm) at Δt = 2 h

per unit of weld volume. The broken line shows the
calculated weld interface.
The distribution of the hydrogen concentration at
the central cross-section (x = 50 mm, y = 0) along
z-axis at different time Δt are given in Figure 6. We
notice that the zone where the concentration is maximal changes its position during the time. Such curves
make it possible to analyse HAZ in cold cracking
problems. The hydrogen distribution along the weld
is non-uniform as the weld is not performed instantly
along its full length (Figure 7). Even at the end of
the welding (Δt = —Δtp = —250 s = — 0.07 h) and the
start of the measurement (Δt = 0) the hydrogen concentration at a depth of 1 mm is remarkably below
the initial concentration C0. Such a profound effect
of the welding time is caused by high diffusivity at
high temperature (Dh >> D). Later the concentration
falls and the distribution along the weld becomes
symmetric about the central cross-section of the specimen. Post welding non-uniform hydrogen distribution was observed experimentally [11].
Note that the measurement time ΔtN can be decreased with increase in the ΔQn measurement accuracy. The preparation time Δtp can be increased, which
will allow the specimen to be better prepared for
testing (to remove all surface sources of hydrogen).

Figure 7. Hydrogen distributions along weld axis (y = 0) at depth
of 1 mm at different time
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The proposed technique can be used also for other
fusion welding processes and other methods of determination of the hydrogen content in weld metal.
It should be emphasised that the assumption of
uniformity of the test piece and the deposited metal
with respect to the hydrogen diffusivity and solubility
is essential. A strong non-uniformity can significantly
influence the concentration distribution and hydrogen
evolution from the solid [10].
CONCLUSIONS
1. The functional-analytical solution of 3D hydrogen
diffusion problem for a parallelepiped-shaped solid is
found. The solution allows calculating the concentration distribution, volume and rate of hydrogen effusion at any time.
2. The inverse problem for the unknown hydrogen
content in the weld metal is stated and solved numerically. It enables the boundary conditions of the
direct problem to be reconstructed using some measurements of the hydrogen evolved from the test piece.
3. The developed computer-aided technique makes
it possible to determine the hydrogen content in the
deposited weld metal from the measurement of effused
hydrogen at the beginning of effusion (when approx-

imately half its volume is effused). It allows the measurement time to be drastically reduced.
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NUMERICAL STUDY OF INFLUENCE
OF EDGE PREPARATION ANGLE OF BUTT,
TEE AND CORNER JOINTS ON MICROSTRUCTURE
AND MECHANICAL PROPERTIES IN FZ AND HAZ
ON LOW-ALLOY STEELS OF GENERAL DESIGNATION
T.V. KOROLYOVA1, V.A. STARODUBTSEV2, B.V. STEPANOV2 and V.A. YAROCHKIN2
1
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
2
Uralmashzavod, Ekaterinburg, Russia
Developed at the E.O. Paton EWI computer system ArcWeldSys allows mathematical simulation of processes of heat
and mass transfer in fusion zones (FZ) and heat-affected zones (HAZ) in arc welding of structural steels of various
groups, and predict on this basis parameters of thermal cycles, chemical composition of metal in FZ, microstructural
changes and mechanical properties in the welded joint area. Use of this system allows replacing a significant volume
of experimental studies on specimens, when selecting filler materials and conditions of welding, with numerical studies,
which make it possible to significantly reduce material expenses. In this work system ArcWeldSys is used for substantiating
possibility of using reduced angles of preparation of various welded joints in comparison with those regulated by GOST
14771—76. It is shown that for the whole number of steels of the types 09G2S, 17G1S, 10KhSND, 12GN2MFAYu and
corresponding to these steels welding wires of the types SV-08G2S, OK Autrod 13.26, OK Autrod 13.29, etc. 1.2—1.6 mm
in diameter, increase of Δt8/5 during welding in the mixture of shielding gas (Ar + 20 % CO2) because of reduction of
the groove angle from 60° to 30° in butt joints B17 and B25, corner joints C6 and C8, and from 40° to 30° in tee joints
Т6 and Т8 does not cause significant change of microstructure and mechanical properties under the same conditions of
welding. At the same time significant reduction of the volume of built-up metal and reduction of angular deformations
and cross shrinkage takes place. It is shown that efficiency of such change reduces when the steel to be welded is rather
sensitive to thermal cycle of welding.

In manufacturing various welded structures, it is expedient to apply in the first place such technological
processes, which provide a required quality of products at minimum funds and time expenditures. Substantial economy of such expenditures can be obtained
thanks to the reduction of welded joint edge preparation angles, which obviously leads to the reduction
of volumes of deposited metal and reduces the time
of production. The experts on the basis of many years
experience of preparing quality welded joints developed recommendations of GOST 14771—76. It is however known that application of modern arc welding
techniques in many cases provides for the quality formation of welds at reduced welded joint edge preparation angles.
But evident benefit in the reduction of expenditures is not enough. Of importance is also the effect
of the change in geometric parameters of the joint on
the microstructure and mechanical properties of the
weld and near-weld zone metal, as it is accompanied
by heat impact on the metal in the weld zone. Clarification of the significance of such an effect is the
subject of this investigation.
Investigation method. Calculations were made for
butt B17 and B25, corner C6 and C8 and tee T6 and
T8 joints (in compliance with GOST 14771—76). For
the above types of welded joints was conducted com-

parative study of influence of edge preparation angle
on thermal processes, including the size of penetration
zone, chemical composition of that zone and time
Δt8/5; microstructural changes in the metal of penetration zone and HAZ; and mechanical properties of
the weld and HAZ metal in welded joint.
Calculation methods developed by the E.O. Paton
Electric Welding Institute, Ukraine, and implemented in the computer system ArcWeldSys, were applied. In accordance with such methods, it is required,
in the first place, to provide a specific description of
the base and filler material, specimen geometry,
modes and conditions of welding.
Used in this study structural carbon and low-alloy
steels can be categorized in groups according to the
classification accepted in a number of countries:
• group 1: carbon structural steels (VSt3, VSt5,
St20);
• group 2: low-alloy structural general-purpose
steels (St20GS, 09G2S, 17G1S, 17GS, 10KhSND).
Besides, calculations were made for hardened-tempered steel 12GN2MFAYu.
The filler material was represented by one brand
of indigenous welding wire Sv08G2S and 4 brands of
the ESAB welding wire, namely OK Autrod 12.51,
Autrod 12.64, Autrod 13.26 and Autrod 13.29, having
diameter of 1.2—1.6 mm.
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Figure 1. Basic characteristics of steel St20 entered using computer
system

Geometrical dimensions of weldments corresponding to joints B17, B25, C6, C8, T6 and T8 with
regard for the variation of angle α, were the same as
for the specimens during experimental development
of welding technologies, i.e. transverse dimensions
were selected depending on the thicknesses to be welded (15—20)δ, where δ is the thickness of specimens,
while their lengths are 300—500 mm. Mode of MAG

welding in shielding gas mixture of Ar + 20 % CO2
using electrode 3 mm in diameter, was as follows:
Iw = 225 A, Ua = 37 V, vw = 0.4 cm/s. The deposition
coefficient was selected using the ArcWeldSys computer system containing all required experimental dependences, and was found to be αd = 14.7 g/(A⋅h).
The number of passes and arrangement of beads of
«stitch» welds, the system determines itself, in accordance with the preset welding mode.
Using this system, the data on average chemical
composition, thermo-physical characteristics, peculiarities of the technology and MIG welding conditions
were determined for the base metal (for instance, as
for St20 in Figure 1).
Chemical composition. An important factor in
predicting the quality of the welded joint in multipass
welding, is the evaluation of the average chemical
composition of the melted during the given pass metal,
with account of filler material. To do this, it is necessary to know not only the quantity of the filler
material during the given pass, but also the quantity
of the melted base material and the material of successive passes. For each pass average chemical composition of fusion zone is determined on the basis of

Figure 2. Sketches of welded joints and fusion zones formed in filling the groove
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knowledge of the dimensions and chemical composition of the melted areas, as well as quantity and composition of the filler material being deposited.
Microstructure. On the basis of the knowledge of
chemical composition in each specific section point of
the joint in performing a concrete pass, as well as of
the Δt8/5 values, microstructure of weld zone metal,
after completion of the given pass, is calculated.

Application of the known approximate dependences for calculation of microstructure and mechanical
properties of the metal, is most expedient in comparative studies, as it allows one to significantly reduce
the scope of the experimental works, having obtained
the idea of the influence of any parameter.
Account of repeated heating. In considered variants of butt, corner and tee joints, made using mul-

Figure 3. Some calculated characteristics of weld metal for two-sided butt joint at different edge preparation angles
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Figure 4. Some calculated characteristics of weld metal for tee joint at different edge preparation angles
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Figure 5. Some calculated characteristics of weld metal for corner joint with two-sided groove at different edge preparation angles

tipass welding, a certain change in microstructure and
mechanical properties takes place due to previous passes, which is found in the weld and HAZ metal and
is accounted for in calculations by ArcWeldSys system. It is assumed that repeated heating to above
Ac3 assists in formation of a new microstructure, based
of the new chemical composition and new thermal
cycle parameters. Repeated heating to below Ac3 does
not affect the microstructure, but promotes changing
of mechanical properties by a respective short-term
tempering mechanism.
Some results of numerical studies
Butt joint B25 (Figure 2) 40 mm thick for specimens of St20 welded with OK Autrod 12.51 wire.
Analysis of calculation data presented in Figure 3,
shows that changing of edge preparation angle from
60° to 30°, at constant welding mode, does not lead
to noticeable change of the microstructure and of the
mechanical properties, which is due to relatively small
change of Δt8/5 depending on the preparation angle
and relatively low sensitivity of the base and filler
metal to such variations of Δt8/5. A small increase of
impact toughness KCV with decreasing edge preparation angle of within 5 % range, and significant reduction of the number of passes, are observed.
Tee joint T6 in compliance with GOST 14771—76
(see Figure 2) has a standard angle of wall bevel of
α = 45°. Correlation of the results of calculation of
weld formation, microstructure and mechanical properties for α = 45° and 30° for the same thicknesses
of the wall and the web of 30 mm, was conducted.

Method and mode of welding are the same as for the
butt joints.
Figure 4 shows the results of calculation of quantitative characteristics of the weld metal for this joint.
Reduction of the wall bevel angle from 45° to 30°,
enables to reduce the number of passes from 17 at 45°
to 11 at 30°. The microstructure of the weld metal is
characterized by predominance of bainite and pearlite-ferrite mixture. Martensite content does not exceed 20 % neither at α = 45° nor at α = 30°. The
observed higher weld metal and near-weld zone hardness for α = 30°, is however not exceeding 5—10 %.
Impact toughness KCV for HAZ is at a level of
0.7 MJ/m2, while for the weld metal it varies from
about 1.0 to 1.4 MJ/m2 at α = 30°, and from 1.1 to
1.4 MJ/m2 at α = 45°.
It can be considered that in this case the influence
of the edge preparation angle on the microstructure
and mechanical properties of the weld metal and nearweld zone, is insignificant.
Corner joint C8. Results of calculation of weld
formation, microstructure and mechanical properties
for C8 joint 40 + 40 mm thick from St20 and filler
wire Sv08G2S show that reduction of costs involved
with the reduction of the number of passes from 15
at α = 40° to 11 at α = 30°, adds-up with retention
of quantitative characteristics of the microstructure
and mechanical properties of the joints.
CONCLUSIONS
On the basis of numerical studies conducted using
ArcWeldSys system, of the influence of edge prepa177

ration angles of welded members of butt, tee and
corner joints of the types B17 and B25, T6 and T8,
C6 and C8 in compliance with GOST 14771—76, from
steels VSt3, VSt5, St20, St20GS, 09G2S, 17GS,
17G1S, 10KhSND, 12GN2MFAYu 10—40 mm thick
in arc welding in argon-based gas mixture with welding
wires Sv08G2S, OK Autrod 12.51, OK Autrod 12.64,
OK Autrod 13.26 and OK Autrod 13.29, having diameter of 1.2—1.6 mm, in varying edge preparation angles
within 60—30° range, the following can be stated.
1. For butt joints B17 and B25 reduction of edge
preparation angles from 60° to 30° leads to the reduction of volumes of the deposited material approximately two-fold. However, at similar arc welding modes,
reduction of edge preparation angles leads to a certain
increase in the cooling rate. It is shown that for the
structural steels considered, said reduction of edge
preparation angles somewhat reduces Δt8/5 values
and, depending on the sensitivity of the steel in the
HAZ and FZ to Δt8/5 value, the content of hardening
microstructures somewhat increases, hardness,
strength limit and yield point of the material grow,
due to a small reduction in area and relative elongation. A small change of impact toughness, depending
on the edge preparation angle, at —30 °C and lower,
can occur both ways: towards its increase or decrease.
Most markedly said change of microstructure is ob-

served among the steels considered, for carbon steel
VSt5, as well as for the HSLA steels 17G1S and,
especially, 12GN2MFAYu. Characteristically, that
increasing volume of hardening microstructures (martensite and bainite) in HAZ of sparsely-alloyed hardened-tempered high-strength steel 12GN2MFAYu in
multipass welding, due to diminishing size of the austenite grains by non-dissolved disperse carbonitrides
and respective diminishing size of the hardening products («packets» of martensite and lower bainite),
leads to high strength- and ductility properties, including impact toughness KCV at low temperatures.
2. For simpler steels, sensitive to Δt8/5 value (type
VSt5 and to some extent 17G1S), reduction of edge
preparation angles, with otherwise unchanged conditions and welding modes, leads to increased number
of hardening structures and increasing risk of cold
crack formation, for which reduction, an increased
number of technological procedures is required (for
instance, preheating).
3. For the tee joints T6 and T8, as well as for the
corner joints C6 and C8, change of the bevel angle
of the wall adjoining the web, in the context of microstructural transformation, mechanical properties in
HAZ and FZ, produces the same effect as in the case
of change of the edge preparation angles of butt joints
of similar thickness.
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NUMERICAL SIMULATION OF SHS LASER WELDING
OF METALS*
O.B. KOVALEV and K.A. MANAJCHEV
Institute of Theoretical and Applied Mechanics, RAS SB, Novosibirsk, Russia
A mathematical model is proposed for calculating self-propagating high-temperature synthesis (SHS) laser welding of
materials. The method of SHS laser welding suggested is based on a local dynamic laser heating and initiation of a synthesis
reaction of powder mixture caused heat generation immediately between the plates. The SHS laser welding is especially
useful in case of joining thick materials, as it allows one to decrease a radiation power and exclude a formation of the vapor
cavity leading to arising of some defects in the join region. Mathematical formulation reduces to a two-phase Stefan problem
taking into account a heat release at the expense of metal—chemical reactions. An equation of kinetics of Arrhenius type is
additionally considered. Numerical simulations yield the spatial distribution of the temperature field in a chemically active
zone and in the metal, the position of the inner fusion boundary, and the shape of the fused zone. The optimal physical
parameters that ensure stable fusion of the welded joints, are chosen by solving the problem numerically. The computations
allow predicting the necessary power of laser radiation, the amount and physical-chemical properties of the powder mixture
reacting in the SHS regime, a fused zone of sufficient size for welding of materials is obtained.

There exists a SHS welding of refractory materials based
on exothermic interaction of components of a reacting
mixture placed in a gap between the materials being
joined. Welding is realized in the mode of electrothermal
explosion, when the mixture is heated up to the temperature necessary for interaction of reagents. Simultaneously, a synthesis of heat-proof materials is performed,
and the welded joint is formed. Strength of a welded
joint corresponds to the strength of the materials to be
joined. A disadvantage of the electrothermal SHS welding is that the joint parts have to be pre-heated up to
the temperature necessary for beginning of the reaction,
which surely leads to arising of a residual deformation
of the whole structure after its cooling.
SHS is used for welding refractory and dissimilar
materials. The mechanism involves exothermic interaction of the components of the reacting mixture located
in a gap between the materials being joined [1—3]. The
reacting mixture contains powders of metals and nonmetals forming carbides, borides, silicides, intermetallic
compounds, and other refractory materials. Welding is
performed in an electric thermal explosion mode where
the reacting mixture is heated up to a temperature at
which the reagents start interacting. A high specific
heat-release power (~100 kW/g) developed during the
reaction supports the high heating rate (~105 K/s) [2].
This allows one to substantially reduce the welding
period and to prevent recrystallization of refractory materials in the seam zone. The SHS product formed during
the reaction is responsible for fusion of material surfaces
to be joined. SHS welding is simultaneously accompanied by synthesis of refractory materials and welded
joint formation. SHS welding based on the electric ther-

* This work was supported by Russian Foundation for Basic Research (Grant No. 05-01-00311).

mal explosion allowed obtaining permanent joints of
various refractory and dissimilar materials, such as
graphite, tungsten, molybdenum, hard alloy, etc. The
welded joint strength for these materials is approximately equal to that of materials to be joined [2, 3].
A drawback of electric thermal SHS welding is the
necessity of preheating of articles to be joined to a
temperature of reaction beginning, which inevitably
leads to emergence of residual deformations of the
entire structure after its cooling.
The method of SHS laser welding considered is
based on local dynamic laser heating and on initiating
SHS reactions directly in the gap between the sheets.
The reactions are initiated on the joint surface in the
region where the laser beam is incident. Fusion stability in the joint zone and high quality of welding
are achieved by an appropriate thermal balance including the radiative heat flux (before the moment
of reaction initiation), heat release directly in the
reacting mixture, and heat output due to thermal conductivity of the material joined. The heat balance is
achieved by conformity between the velocity of propagation of the SHS reaction and the welding speed.
Practical implementation of SHS welding is complicated by the absence of stable initiation and propagation of SHS chemical reactions in a powder mixture
in a narrow gap between heat-conducting sheets. Mathematical modeling of the combination of the aboveindicated processes allows one to calculate optimal
conditions of fusion and welding of the sheets. The
problem of dynamic laser heating and initiation of
SHS reactions in a powder mixture located between
aluminum sheets is discussed below in accordance
with Merzhanov’s thermal theory [4, 5].
Problem formulation. The problem of laser-radiation interaction with metals is complicated by a variety of physical processes whose detailed description
is currently impossible. This problem formulation is
based on the following assumptions:

© O.B. KOVALEV and K.A. MANAJCHEV, 2006

179

1. The energy of radiation absorbed is used only
for material heating and fusion. Evaporation and interaction of radiation with metal vapors are neglected.
2. The convective motion of the fused metal induced by laser radiation is not considered.
3. Heat losses due to radiation and heat exchange
with the ambient medium are neglected.
4. The material of the joined sheets and the powder
mixture are isotropic media with homogeneous thermophysical properties in solid and liquid states.
Figure 1 shows the fusion welding scheme where
a mixture of reacting powders is placed between the
sheets to be joined. The arrows show the direction of
radiation that locally heats the material and initiates
the SHS reactions. By virtue of symmetry of the problem, we consider only one half of the domain shown
in Figure 1 and denote the area of the domain occupied
by the powder mixture by Ω1 and the area occupied
by the metal by Ω2:
⎧
⎨
⎩

y, z) is the degree of conversion of the material in
Ω1; ρ1, λ1, c1 are the density, thermal conductivity,
and specific heat of the powder mixture; vw is the
velocity of beam motion (or the welding speed); Qc
is the thermal effect of the SHS reactions; kp is the
pre-exponent; p is the order of the reaction; Ea is the
activation energy; and R is the gas constant.
Heat propagation in the metal and metal heating
and melting in the domain Ω2 are described by the
two-phase Stefan problem:
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where Lx and Ly are the sheet lengths in the x and y
directions, respectively; δ is the half-width of the gap
filled by the combustible mixture; d is the thickness
of the metal sheet (it is assumed that δ << d).
The mathematical formulation reduces to considering a conjugate problem that involves ignition and
combustion of the powder mixture in the gap with
simultaneous heating and fusion of the metal of the
sheet. Let us consider a moving coordinate system
fitted to the laser beam moving along the axis OX
with a velocity vw (see Figure 1).
To describe the combustion of the reacting mixture
in the domain Ω1, we use the SHS thermal theory
based on a formally kinetic approach [4]:
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where T2(t, x, y, z) is the temperature in Ω2; z =
→
= fm(t, x, y) is the phase-transition surface; n is the
normal to this surface; ρ2, λ2, c2 are the density, thermal conductivity, and specific heat of the metal; and
Hm is the latent heat of the phase transition.
Initial conditions at t = 0. The powder mixture
and the metal sheet are assumed to have a constant
temperature before the beginning of irradiation, i.e.
the conditions at the initial time are
T1(0, x, y, z) = T2(0, x, y, z) = T0,

(6)

η1(0, x, y, z) = 0.

Boundary conditions at t > 0. The following conditions are satisfied at the domain boundaries at an
arbitrary time:
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⎠
⎝ ∂t
∂x
∂n

⎫
⎬
⎭

⎧

∂

+ Qc

∂η1

∂z
∂t
⎛ Ea ⎞
∂η1
∂η1
⎟,
— vw
= kp(1 — η1)p exp ⎜⎜—
⎟
⎜ RT1 ⎟
∂t
∂x
⎠
⎝

(1)
,

∂T1

x = ±Lx, 0 ≤ y ≤ δ, 0 ≤ z ≤ d:
(2)

∂x

x = ±Lx, δ ≤ y ≤ Ly, 0 ≤ z ≤ d:

where t is the time; x, y, z are the coordinates; T1(t,
x, y, z) is the temperature in the domain Ω1; η1(t, x,

y = 0, —Lx ≤ x ≤ Lx, 0 ≤ z ≤ d:
y = δ, —Lx ≤ x ≤ Lx, 0 ≤ z ≤ d: λ1

∂T1
∂y

z = 0, —Lx ≤ x ≤ Lx, 0 ≤ y ≤ δ,
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(7)

= 0,

(8)

= 0,

(9)

∂T2
∂x
∂T1
∂y

= 0 = λ2

y = Ly, —Lx ≤ x ≤ Lx, 0 ≤ z ≤ d:

Figure 1. Scheme of using the powder mixture reacting in the SHS
mode in laser welding of metal

= 0,

z = 0, —Lx ≤ x ≤ Lx, δ ≤ y ≤ Ly,

∂T2
∂y
∂T1
∂z
∂T2
∂z

∂T2
∂y

= 0,

, (10)

(11)

= 0,

(12)

= 0,

(13)

⎧
⎪T (t, x, y, z), x, y, z ∈ Ω1
T(t, x, y, z) = ⎨⎪ 1
,
⎩T2(t, x, y, z), x, y, z ∈ Ω2

z = d, —Lx ≤ x ≤ Lx, 0 ≤ y ≤ δ,
λ1

∂T1
∂z

= A(γ)I(x, y) cos γ,

(14)

z = d, —Lx ≤ x ≤ Lx, δ ≤ y ≤ Ly,
λ2

∂T2
∂z

= A(γ)I(x, y) cos γ,

c(t, x,

(15)

ρ(t, x,

where I(x, y) is the radiation intensity; A(γ) is the
absorption coefficient; and γ is the angle of incidence.
The boundary conditions take into account radiation absorption by the combustible mixture (14) and
by the metal (15). Correlations (7)—(9) and (11)—
(13) describe the absence of the heat exchange with
the ambient medium. The conjugation condition (10)
describes the heat-exchange between the powder and
the metal at their contact boundary; the validity of
this condition is based on the assumption that the
physical properties of the contacting media are homogeneous.
We consider continuous radiation of a СО2 laser,
whose intensity is described by the Gaussian distribution:
⎧
2
2 ⎫
2W
⎪ 2(x + y ) ⎪
⎨
⎬,
I(x, y) =
exp
—
⎪
⎪
πω20
ω20
⎩
⎭

λ(t, x,

x = ±Lx, 0 ≤ y ≤ Ly, 0 ≤ z ≤ d:

∂x

λ

∂T
∂x

+

∂

∂y

λ

∂T
∂y

+

∂T
∂z

λ

∂T

∂z

+ Qc

⎛ E ⎞
⎟.
= kp(1 — η)p exp ⎜—
⎝ RT ⎠
∂t

∂η

∂η
∂t

y = Ly, —Lx ≤ x ≤ Lx, 0 ≤ z ≤ d:
z = 0, —Lx ≤ x ≤ Lx, 0 ≤ y ≤ Lx:

,

∂x
∂T
∂y

= 0,

(19)

= 0,

(20)

= 0,

(21)

= 0,

(22)

∂T
∂y
∂T
∂z

z = d, —Lx ≤ x ≤ Lx, 0 ≤ y ≤ Lx,
λ

∂T
∂z

= A(γ)I(x, y) cos γ.

(23)

Equations (17) and (18) with the initial (6) and
boundary conditions (19)—(23) were solved numerically with the use of an integro-interpolation explicit
difference scheme of the second order on a uniform
grid. The coefficients were smoothed in accordance
with the method described in [7]:
n
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⎛
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⎜
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⎛
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1 ⎜ n
i, j, k + 1
i, j, k
i, j, k
i, j , k — 1 ⎟
n
⎟+
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⎛
(24)
E
a
n
p
⎟,
+ Qckp (1 — hi, j, k ) exp ⎜⎜—
⎟
n
⎜ Rθ i,
j, k ⎟⎠
⎝
n
hni + 1, j, k — hni, j, k
hni, +j,1k — hi,
j, k
— vw
=
Δt
Δx
⎛
Ea ⎞⎟
n
p
⎜
= kp(1 — hi,
j, k) exp ⎜—
⎟,
⎜ Rθni, j, k ⎟
⎝
⎠
ai + 0.5, j k = 0.5(λi + 1, j, k + λi, j, k),
⎧λ2s, θi, j, k < Tm — Δ
⎪
λi, j, k = ⎨0.5(λ2s + λ2m), |θi, j, k — Tm| < 2Δ,
⎪
⎩λ2m, θi, j, k ≥ Tm + Δ

(17)
,

(25)

⎧c2sρ2s, θi, j, k < Tm — Δ
⎪
bi, j, k = ⎨0.25(ρ2s + ρ2m)(Hm/Δ + c2s + c2m), |θi, j, k — Tm| < 2Δ.
⎪
⎩c2mρ2m, θi, j, k ≥ Tm + Δ

(18)

Here the unknown functions and transport coefficients are defined in the entire domain Ω1∪Ω2:

∂T

y = 0, —Lx ≤ x ≤ Lx, 0 ≤ z ≤ d:

⎛ ∂T
∂T ⎞
⎟=
cρ ⎜
— vw
⎝ ∂t
∂x ⎠
∂

Ω1

The boundary conditions are

(16)

where W is the radiation power; and ω0 is the beam
radius in the focal plane.
The temperature-dependent behavior of heat capacity, density and thermal conductivity is taken into
account in the phase-transition region. It is assumed
that the density and thermal conductivity experience
a jump at the phase-transition boundary at T2(t, x,
y, z) = Tm, and the heat capacity is described by the
Dirac δ-function [6].
Method of solution. The existing effective algorithms of the numerical solution of the two-phase
Stefan problem are based on the method of smoothing
of the enthalpy jump [6] or transport coefficients [7]
in the heat-conduction equation at the fusion point.
This smoothing technique allows computations in the
entire domain, i.e. computations without explicit
identification of the fusion front. Taking into account
the differences in thermophysical properties of the
contacting media (powder and metal), let us consider
an additional problem in the domain Ω1∪Ω2 with
variable coefficients in the heat-conduction equation:

=

⎧
⎪η1(t, x, y, z), x, y, z ∈
⎨
⎪1, x, y, z ∈ Ω2
⎩
⎧
⎪c , x, y, z ∈ Ω1
y, z) = ⎨⎪ 1
,
⎩c2, x, y, z ∈ Ω2
⎧
⎪ρ , x, y, z ∈ Ω1
y, z) = ⎨⎪ 1
,
⎩ρ2, x, y, z ∈ Ω2
⎧
⎪λ , x, y, z ∈ Ω1
y, z) = ⎨⎪ 1
.
⎩λ2, x, y, z ∈ Ω2

η(t, x, y, z) =

In Eqs. (24) and (25), the grid analogs θi, j, k and
hi, j, k are assigned to the functions T(t, xi, yj, zk) and
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η(t, xi, yj, zk). The problem is solved by a time-dependent method in which the numerical solution should converge to the precise one (θ → T, h → η) as
the time increases unlimitedly (t → ∞).
Numerical results and their discussion. The mathematical model described above and the method of
the solution are aimed at conducting numerical experiments and optimizing the physical parameters of the
problem. For a given thickness of the metal sheet and
beam velocity, it is necessary to obtain stable combustion modes of the reacting mixture and, thus, provide a fusion zone of a sufficient size, which forms
the weld after cooling down.
The laws of SHS initiation and combustion-front
propagation were considered in some papers [4]. SHS
is assumed to refer to combustion processes difficult
to initiate. For a given power of the heat flux supplied
locally to the end surface of a cylindrical specimen,
there is a certain delay and an ignition temperature
above which gasless combustion begins. A certain condition of combustion is established after initiation.
This combustion mode is characterized by the linear
velocity of combustion-front motion, maximum burning temperature, and degree of conversion of matter.
For cylindrical specimens, a steady mode with a constant burning rate is observed in most cases. The burning rate, however, it known to depend on a number
of physical parameters (initial temperature of the specimen, its diameter, porosity, and composition, and
fineness of the powder mixture); hence, unsteady unstable modes can arise at the combustion limit as long
as the combustion lasts [4, 5]. Mathematical modeling
of SHS initiation and propagation in a one-dimensional formulation was performed in [8].
The objective of the present computations is to
obtain steady stable combustion modes of the reacting
mixture in the gap under the condition of complete
fusion of the welded aluminum sheets at the interface
with the combustible mixture. The following initial
reference data were used:
1. Linear sizes of the region: Lx = 2 cm, Ly = 3 cm,
d = 1 cm, and δ = 1 mm.
2. The thermophysical properties of the powder
mixture in the solid state and in the liquid phase are

Figure 2. Distribution of intensity of absorbed power in a radiation
spot

assumed to be constant and independent of temperature: ρ1s = ρ1m = 1.25 g/cm3, c1s = c1m = 454 J/(kg⋅K),
λ1s = λ1m = 16 J/(m⋅s⋅K).
3. Thermophysical properties of aluminum:
• in the solid state: ρ2s = 2.7 g/сm3, c2s =
= 910 J/(kg⋅K), and λ2s = 233 J/(m⋅s⋅K);
• in the liquid phase: ρ2m = 2.6 g/сm3, c2m =
= 960 J/(kg⋅K), λ2m = 62 J/(m⋅s⋅K), Tm = 933 K,
and Hm = 167 kJ/kg.
4. Constants of the kinetics of SHS chemical reactions of the powder mixture: Qc = 5.25⋅109 J/m3,
kp = 1.51⋅106 kg/(s⋅m3), and p = 0.8, Ea = 34 kJ/mol.
5. Other parameters: W = 600 W, ω0 = 850 μm,
A(γ) = 0.14, T0 = 300 K, and vw = 0.12 m/s.
The kinetics of chemical reactions of high-temperature synthesis of the powder mixture is chosen by
analyzing the experimental results reviewed in [4, 5].
Numerical investigations were performed with the
physical parameters of the problem varied within wide
ranges, e.g. the width δ of the gap where the reacting
mixture is located, the thermophysical properties of the
mixture, the beam velocity, the beam diameter, etc.
Figure 2 shows the distribution of the intensity of
radiation absorbed by the material. As the primary
role of radiation is the initiation of SHS reactions,
the laser beam parameters were chosen so that that
the maximum part of the energy entered the domain
Ω1 between the sheets. Radiation whose power is
lower approximately by an order of magnitude is incident onto the metal, domain Ω2.
Figures 3—5 show the computed results demonstrating steady combustion of the mixture in a coordinate system fitted to the laser beam, as well as heating
and fusion of the metal. The radiation power of 600 W
affecting the joint surface is only sufficient to initiate
chemical reactions in its upper part. The emerging
combustion wave penetrates throughout the entire
depth of the joint already in a self-propagating mode.
The isolines in Figure 3 show the degree of conversion
of the material in the combustion wave; the width of the
zone of chemical reactions is 2—3 mm. The combustionwave velocity practically coincides with the beam velocity
vw = 0.12 m/s. The slope of the combustion front in the
xz plane characterizes a certain delay of the combustion
wave at the lower part of the joint.
The isolines of the temperature field in a chemically active zone and in the metal are plotted in Figures 4 and 5 in two mutually perpendicular planes.
The combustion-wave structure has a typical «plateau» with a high gradient of temperature in the front.
Intense heat removal into the metal sheet occurs.
Owing to high thermal conductivity of aluminum,
the thermal wave in the metal propagates faster and
is able to heat the lower part of the joint. The maximum temperature in the combustion wave is 4643 K.
Such a high temperature is obtained because the problem is solved without allowance for heat exchange
with the ambient medium. Note that the experimental
SHS reactions described in the literature define the
range of combustion temperature reached (1500—
4000 K) [4, 5, 9].
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Figure 3. Conversion depth isolines at the axis of symmetry y = 0

Figure 4. Temperature isolines at the axis of symmetry y = 0

Figure 5. Temperature isolines in the zy plane, x = 0

Figure 6 shows that the combustion wave propagating in the powder heats the contact surfaces of the
aluminum sheets throughout their thickness to a temperature above the melting point (933 K), which leads
to formation of a welded joint after cooling. The maximum temperature (1256 K) in the aluminum melt is
significantly lower than its boiling point (2723 K).
This indicates that welding occurs in the deep fusion
mode without formation of a vapor—gas zone.

Figure 6. Temperature isolines at the contact boundary between
the metal and combustible mixture

CONCLUSION
A mathematical model for in-depth fusion of metal sheets
joined by laser welding is described in the paper. The
model is based on a physical-chemical mechanism of
fusion of the welded joints with the use of the energy
of chemical interaction of SHS powder systems. The
reacting mixture placed in a narrow gap between two
heat-conducting sheets is initiated by a focused laser
beam moving continuously along the boundary between
the sheets. The power of the laser radiation and physical-chemical properties of the reacting powder necessary
to ensure a sufficient magnitude of welding speed and
fusion depth are determined. The computational experiments performed made it possible to theoretically justify the possibility of SHS laser welding of aluminum
sheets in a stable mode with the velocity of the gasless
combustion front in the powder mixture not exceeding
the welding speed.
It was calculated a SHS laser welding of aluminum
applied in aircraft industry and other fields of mechanics. A fine mixture of powders was used as a SHS
reacting material. The calculations have been made

for determining the temperature fields in the welding
zone, a position of an inner melting boundary, and a
form of the molten pool. In accordance with the calculation results one can determine a necessary laser
power, quantity and composition of the chemically
reacted powder and to make a prediction. These actions are necessary for obtaining a sufficient in size
fusion zone and providing a stable welding of sheet
materials without formation of a vapor channel.
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MODEL OF EVAPORATION-CONDENSATION
PROCESSES IN WELDING AND MATERIAL TREATMENT
I.V. KRIVTSUN, V.F. DEMCHENKO and A.B. LESNOJ
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
A simplified model of the physical phenomena occuring in the Knudsen layer of vapor, which is formed near the metal
surface during its convective evaporation or condensation of the vapor phase on this surface is proposed. The model
allows one to calculate the rate of condensation/evaporation, as well as mass, momentum and energy fluxes to/from
the condensed phase surface, depending on the temperature and concentration of ambient vapor/gas, temperature of
the surface and value of the condensation coefficient. With the help of the proposed model the numerical analysis of
evaporation and condensation processes on the plane metal surface having uniform temperature has been made.

In various technologies of joining and treatment of metallic materials (laser and electron beam welding, vacuum arc and electron beam remelting, PVD processes
etc.) the technological process course, operating characteristics and quality of a finished product are substantially affected by heat and mass transfer caused by
metal evaporation and its condensation from the vapor
phase. The most in-depth analysis of the evaporationcondensation processes is based on a kinetic description
of the vapor phase within the frames of either Boltzmann
equation [1], or kinetic equation with the model integral
of collisions [2, 3], which solution requires using complex numerical methods and powerful computers.
An example of a simpler description of these processes is the approach based on consideration of the Knudsen layer (forming in the vapor phase near the condensed
matter boundary) as a gas dynamic discontinuity, taking
certain assumptions concerning the explicit form of distribution functions of vapor particles at the boundaries
of this layer and using balance conditions expressing
conservation of mass, momentum and energy of the evaporated material particles. Earlier, a similar approach
was realized to describe the convective mode of surface
evaporation of metals both into vacuum [4], and into a
medium with back pressure [5], provided the condensation coefficient α equals one.
In this paper, such an approach is generalized to
describe the process of vapor condensation on a flat
uniformly heated surface. The latter means that the
curvature of the condensed phase surface and the scale
of the temperature change along this surface are essentially larger than the Knudsen layer thickness LK
equal to a few mean free paths of the vapor particles.
Moreover, this generalization provides for taking into
account the influence of the condensation coefficient
α (defined as ratio of the number of particles absorbed
by the surface of condensed matter to the total number
of particles incident on this surface) on the rates of
vaporization and condensation.
Further we restrict our consideration to the stationary processes of evaporation of a single-component

material and condensation of vapor on the surface of
this material. It should be noted here that such a
consideration still stands for the vapor condensation
on the surface of another material, provided this surface has already been covered with a thick enough
layer of the condensing material.
For mathematical description of the evaporationcondensation processes, a system of coordinates with
axis OZ directed along the outer normal to the surface
of the condensed phase was chosen, and this surface was
taken as plane z = 0. The vapor is assumed to be a
monatomic perfect gas which in the gas dynamic region
(outside the Knudsen layer) is in local thermodynamic
equilibrium at temperature T and has concentration n.
Let normal to the surface directional velocity of the
vapor be denoted as u (u > 0 in case of evaporation, u
< 0 in case of vapor condensation). Then the distribution
function of the vapor particles at the Knudsen layer
outer boundary may be represented as
⎛ m ⎞3/2
⎧ m
⎫
⎟ exp ⎨—
f(v)⎪⎪z = L = n ⎜
[v2|| + (vz — u)2]⎬, (1)
K
⎩ 2kT
⎭
⎝ 2πkT ⎠

where m is the vapor atom mass; k is the Boltzmann
constant; v2|| = v2x + v2y.
The distribution function of the particles emitted
by the surface can be written assuming that at z = 0
these particles are in thermal equilibrium with the
condensed phase surface:
⎧
⎫
⎛ m ⎞3/2
m
2
2 ⎪
⎟ exp ⎪⎨—
⎬,
[v
+
v
]
||
z
⎪ 2kTs
⎪
⎝ 2πkTs ⎠
⎩
⎭
(2)
vz > 0,

f(v)⎪⎪z = 0 = αns ⎜

where Ts is the surface temperature; ns is the correspondent concentration of saturated vapor which can
be defined by means of the well-known relation [4]
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⎛ 2πm v∗2 ⎞3/2
⎛ λ
⎞
⎜
0 ⎟
⎟ exp ⎜—
ns = ⎜
— 1⎟.
⎜ kTs ⎟
kT
s
⎝
⎠
⎠
⎝

(3)

Here v0 is the Debay frequency of atomic oscillation
in the condensed matter; λ is the work function of an
atom.
It was assumed in the evaporation process description [5] that as a result of collisions of the particles
emitted by the surface, back-scattered particles appeared in the vapor flow, the distribution function of
which at the phase interface was chosen proportional
to f(v)⎪⎪z = L :
K
f(v)⎪⎪z = 0 = βf(v)⎪⎪z = L ,
K

vz < 0,

Here
_

⎛ m ⎞1/2
⎟ ;
u=u⎜
⎝ 2kT ⎠

__
T=

(4)

where β is the proportional coefficient determining,
in fact, the concentration of the vapor particles returning to the surface.
It is assumed when considering the condensation
process that within the Knudsen layer due to collisions
of the condensing vapor particles with evaporating
particles changes take place not only in concentration,
but also in mean velocity of the particles moving
towards the surface. This fact may be taken into account by writing the distribution function of the particles approaching the phase interface as follows [6]:
⎧ m
⎫
⎛ m ⎞3/2
⎟ exp ⎨—
f(v)⎪⎪z = 0 = βn ⎜
[v2|| + (vz — u0)2]⎬,
⎩ 2kT
⎭ (5)
⎝ 2πkT ⎠
vz < 0,

where u0 is the mean velocity of condensing particles
at z = 0.
Having set the explicit form of the distribution
functions, one can calculate:
mass flux
qm = ∫vzmf(v)dv,

(6)

qp = ∫vzmvzf(v)dv,

(7)

momentum flux

and translational energy flux
qe = ∫vz

m(v2x + v2y + v2z)
f(v)dv.
2

(8)

Comparing the corresponding fluxes at the Knudsen
layer boundaries and taking into consideration the
fact that not all the particles incoming the condensed
phase surface are absorbed by it, one can obtain:
_
_
_
_ ⎫
α
⎧
2u√
⎯⎯π + αβ⎨⎩exp (—u20) — u0√
⎯⎯π erfc (u0)⎬⎭ = _ __ ;
nT1/2
_
2—α
2(2u + 1) + π β ×
⎯⎯
√
_
_
_
_ ⎫ α
⎧
× ⎨⎩2u0 exp (—u20) — (2u20 + 1)√
⎯⎯π erfc (u0)⎬⎭ = _ __ ;
(9)
nT
_
_ ⎛
5⎞
⎯⎯π ⎜u2 + ⎟ + αβ ×
u√
2⎠
⎝
_
_
⎧⎛ 2
⎞
_
_
_ ⎫⎪
⎪⎜ u0
u0 ⎛ 2 5 ⎞
α
⎟
⎜u0 + ⎟ √
⎯⎯π erfc (u0)⎬⎪ = _ __ .
× ⎨⎪⎜⎜ + 1⎟⎟ exp (u20) +
2 ⎝
2⎠
⎩⎝ 2
⎭
⎠
nT3/2

T
Ts

;

_

⎛ m ⎞1/2 _ n
⎟ ; n= ;
ns
⎝ 2kT ⎠

u0 = u0 ⎜

2
erfc (x) = π
⎯⎯
√

∞

∫ exp (—ξ )dξ.

(10)

2

x

The balance relations (9) describing the condensation process represent a system of three algebraic
equations as regards the unknown u, u0 and β, which
allows having the set values of the temperature T and
the vapor phase concentration n, the surface temperature Ts (and the corresponding saturated vapor concentration ns), as well as of the condensation coefficient α, to define the velocity u of condensing vapor
at the Knudsen layer outer boundary. It should be
noted here that the values n and T included into these
relations may not be interrelated by the saturated
vapor adiabatic equation, i.e. this vapor may be both
superheated, and supercooled (supersaturated). Possible in the latter case, volumetric condensation of
the vapor phase in gas dynamic region and formation
of microdrops will be neglected.
When u substitutes for u0 in (9), this system of
equations may be used to analyze the evaporation
process, as well. In this case, the unknown values are
n, T and β, and the velocity u is an external parameter
which is defined by the state of vapor flow in the gas
dynamic region [5]. Thus, the system of equations
(9) generalizes the known results [5] obtained to describe the rapid surface evaporation process for the
case of an arbitrary value of α.
Since the system of balance relations under consideration describes both the condensation process and
convective evaporation process, its solution allows
analyzing all the states of vapor near the condensed
phase surface. In particular, the solid curve in Figure 1 shows the edge of the region of vapor phase
states at which condensation of this phase on the
surface with a set temperature (α = 1) is possible.
The dashed curve represents the saturated vapor adi_
_
⎡ _ ⎛1
⎞⎤
λ
1
exp ⎢—λ ⎜ __ — 1⎟⎥ at λ ≡
=
abatic curve n = __
kT
3/2
⎣ ⎝T
⎠⎦
s
T
= 20 dividing these states into the regions of superheated and supercooled vapor. The vapor phase states
near the condensed medium
surface
that are charac_
__
terized by the values n and T under the boundary
curve cannot be stationary, since this vapor will be
driven back from the surface by the expanding vapor
flow, for which according to [5] concentration and
temperature values lying on the evaporation curve
will be found (dotted curve in Figure 1).
Let us consider in detail the process of convective
metal evaporation into the surrounding gas having
the temperature T0 and pressure p0. Such process characteristics, important from the point of view of technological applications, as the mass flux qm, the total
energy flux qE (taking into account the latent heat
of evaporation) from the evaporating surface, as well

185

= u/s, where s =

Figure 1. Vapor state diagram

as the total vapor pressure p (including the reactive
component) on this surface may be defined by means
of the expressions (6)—(8), which give
qm = mnu;

⎛
μ2 ⎞⎟ qm
⎜5
qE = nu ⎜⎜ kT + ⎟⎟ +
λ;
2⎠ m
⎝2
p = n(kT + mu2),

(11)

where the vapor concentration n and temperature T
are calculated by solving the system (9), and the
vapor velocity u at the Knudsen layer outer boundary
is found by the flow pattern in the gas dynamic region.
In case when the vapor flow just outside the Knudsen
layer is subsonic, to find this value one can use a
known relation [5]:
⎛ nkT
⎞
u = s0 ⎜
— 1⎟/γ0
p
⎝ 0
⎠

⎞

⎛

γ + 1 nkT
⎜
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
√
1+
— 1⎟ .
2γ ⎝ p
⎠
0

0

(12)

0

Here, s0 is the speed of sound in the ambient gas; γ0
is its specific heat ratio. It should be noted here that
expression (12) is right provided the ambient gas is
at rest, and the Knudsen layer is stationary and adjoins the evaporating metal surface z = 0 moving (due
to mass losses) with the velocity v = qm/ρ << u,
where ρ is the metal density.
Calculated in this way, the vapor expansion relative velocity dependencies (the Mach number M =

Figure 2. Mach number of vapor flow at the Knudsen layer outer
boundary versus dimensionless temperature of evaporating metal
surface (α = 1)

⎯√⎯5kT
⎯
3m

is the local speed of sound)

at the Knudsen layer outer boundary for various metals on the dimensionless temperature of the metal
surface Ts/Tb, where Tb is the boiling temperature
(temperature at which the saturated vapor pressure
is equal to the atmospheric one), are presented in
Figure 2. Figure 3 shows the calculation dependencies
of the mass and energy fluxes, as well as of the vapor
pressure on the liquid aluminum surface on the temperature of this surface at convective evaporation into
the argon medium of atmospheric pressure having the
temperature 300 K.
The results of calculation of the vapor condensation process on a flat uniformly heated surface are
presented in Figures 4 and 5. In particular, Figure 4
shows the influence of the concentration and temperature of the vapor phase on its condensation rate at
α = 1. It follows from the curves presented in this
Figure that the condensing vapor flow velocity at the
Knudsen layer outer boundary essentially depends on
the degree of the vapor superheating or supersaturation with respect to the saturated vapor corresponding
to the given value of Ts. Besides, since the vapor is
assumed to be a monatomic perfect gas, based on (10)
_
_
5
one has |u| = √
⎯
M. Thus, at some values of n and
__
6
T the condensing vapor flow velocity may significantly exceed the local speed of sound.
In Figure 5 illustrated is the influence of the condensation coefficient α on the vapor phase condensation rate. The calculation data presented are evidence
of the fact that at low values of α a smooth enough
variation of u(α) is observed, whereas at α > 0.5 the
condensing vapor flow velocity essentially depends
on the condensation coefficient value. This circumstance should be taken into account when analyzing
the metal vapor condensation process, since for most
metals the condensation coefficient value is within
0.8 < α < 0.9 [6], and the use of approximation α =
= 1 may produce nearly twice as high condensation
rate (see Figure 5).
Knowing the condensing vapor velocity in the gas
dynamic region, by means of expressions (11) one can
calculate the mass and total energy fluxes, as well as
the vapor pressure on the condensed phase surface. For
instance, in case of condensation of saturated aluminum
vapor having the temperature T = 2720 K, on the liquid
aluminum surface at Ts = 2620 K the condensing vapor
velocity is 248.2 m/s, qm = 34.2 kg/(m2⋅s), qE =
= 4.68⋅108 W/m2 and p = 0.11 МPа. These calculation
data are evidence of the necessity of taking into account
the heat and mass tranfer processes caused by metal
evaporation, expansion and condensation of the metal
vapor, e.g. in the keyhole which is formed in the melt
in laser and electron beam welding.
In conclusion, it should be noted that the simplified model considered allows one to calculate the evaporation and condensation process characteristics without involving powerful computers and with accu-
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Figure 3. Mass (a) and energy (b) fluxes from evaporating
aluminun surface, and pressure (c) on this surface versus
its temperature (α = 1)

Figure 4. Dimensionless velocity of condensing vapor flow at the Knudsen layer outer boundary versus dimensionless vapor concentration:
1 – T/Ts = 1; 2 – 2; 3 – 4; 4 – 8

uniformly heated surfaces, as well as for analysis of
evaporation and condensation of multicomponent substances. Similar conditions are realized in many technological processes of welding and material treatment based on using high concentration heat sources.

Figure 5. Influence of condensation
_
__coefficient on dimensionless
velocity of condensing vapor (n = 2; T = 2)

racy sufficient for practical applications. It makes this
model promising for investigation of heat and mass
exchange phenomena due to the vapor phase for non187
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NUMERICAL MODELLING OF THERMAL CYCLES
IN STEEL DURING SURFACING AND WELDING
WITHOUT PREHEATING AND THEIR COMPARISON
WITH EXPERIMENTAL DATA
M. LOMOZIK
Instytut Spawalnictwa, Gliwice, Poland
By means of the ANSYS 5.6 programme thermal fields in the HAZ of overlay-welded and welded steel without preheating
have been modelled and multiple thermal cycles numerically calculated. The designed geometric models are of the 2D
type with 3D characteristics. The number of overlay-welded and welded layers was varied from 1 to 6. After numerical
calculations for the individual overlay-welded and welded layers, the course of thermal cycles was analyzed for the 1st,
3rd and 6th layer. Such a procedure followed from practical utilization of the computation results. ASME regulations
recommend welding of minimum 6 layers to get the desired tempering effect of hardened microstructures in the HAZ,
which are characterized by unfavourable toughness. Parameters of thermal cycles in the HAZ of overlay-welded and
welded steel, calculated numerically and measured experimentally, were compared. Moreover the effect of temperature
field asymmetry was raised, which is caused by the heat flow from successive layers of the overlay weld.

The postweld heat treatment (PWHT) is an important
problem, as is the case in welding of components in
the power industry. The objective of PWHT is the
maximum reduction of welding residual stresses and
the improvement of heat-affected zone (HAZ) and
weld metal toughness. However, in the case of repair
welding of big objects PWHT may cause serious difficulties. In those situations an effective means of
ensuring proper high HAZ toughness is the application of so-called temper bead welding (TBW). The
method consists in such a means and sequence of laying
individual weld beads, to temper the martensitic microstructure in the HAZ of previously welded beads,
by the controlled welding thermal cycle. The TBW
technique enables lowering of hardness of martensitic
and upper bainitic microstructures, which occur in
the coarse grain region of the HAZ, and in consequence, toughness improvement of these welded joint
zones.
To replace effectively the traditional PWHT by
the TBW technique it is essential to gain knowledge
on the temperature distribution at individual weld
beads (layers) and on the influence of welding thermal
cycles on structure transformations in the coarse grain
HAZ regions.
Mathematical modelling of temperature fields at
various HAZ regions by means of the ANSYS program. Results of numerical computations, performed
by the application of the ANSYS program with a
partition ability of the identified area into 32 ths
nodes and elements, are presented in this paper. Modelling of thermal fields in the HAZ region of steel
has been performed under the influence of multiple
welding thermal cycles with different parameters
(maximum temperatures Tmax and cooling times t8/5).
© M. LOMOZIK, 2006

The designed 2D models with 3D attributes have mapped multilayer welding und surfacing without preheating. The number of weld layers has been changed
from 1 to 6. The technological input data (welding
method; welding current I, A; arc voltage U, V; welding speed, cm/s; time passed between welding of
successive layersl initial and interpass temperature,
°C; and the joint thickness, mm) have been taken
from the results of research projects [1, 2]. The physical properties of modeled steels, such as mass density
DENS (γ), kg/mm3; thermal conductivity KXX (λ),
cal/(mm⋅s⋅°C); and specific heat c, cal/(kg⋅°C),
were taken from the literature (DENS, KXX are the
designations used in the ANSYS program) [3—5].
Thermal cycles measured during overlay TIG
welding under argon shielding are presented in the
research report [1]. The course of the experiment was
as follows: on the SM400A steel plate 6 layers have
been successively overlay-welded, one after another.
The first layer consisted of 6 runs, and every next
layer of 1 run less. The scheme of the overlay process
is shown in Figure 1.
For numerical calculations a geometrical model
has been used (Figures 2 and 3). The model has represented the experimental conditions.
The following general input data were used for
numerical computations:
• base metal: unalloyed steel;
• welding filler metal: alloyed;
• overlay welding method: TIG without preheating, 6 layers;
• plate thickness: δ = 20 mm.
For technological data and physical properties see
Tables 1—3.
Numerical computations have been performed for
the overlay-welded layers 1—6 (see Figure 3), general

188

Table 1. Experimental conditions for TIG surfacing and welding
at average welding speed vav = 15 cm/min and initial temperature Tin = 20 °C [1]
Heat input Q, kJ/cm

I, A

U, V

5.5

100

9.2

9.4

150

10.5

14.8

200

12.3

Table 2. Data at room temperature of 20 °C [4, 5, 7]
Material 1
(base unalloyed
steel)

Material 2
(alloyed steel
melted weld
metal)

Material 3
(alloyed steel
solidified weld
metal)

DENS (γ),
kg/mm3

0.79⋅10—5

0.7⋅10—5

0.7⋅10—5

KXX (λ),
cal/(mm⋅s⋅°C)

0.96⋅10—2

0.2⋅10—3

0.4⋅10—2

c, cal/(kg⋅°C)

174

160

160

Physical value

Figure 1. Scheme of overlay welding [1]

Table 3. Thermal conductivity at various temperatures for the
base and weld metals [4, 5, 7]
Welded joint zone

KXX (λ), cal/(mm⋅s⋅°C), at T, °C
20

600

1200

1500

Material 1

0.0096

0.0075

0.0054

0.0005

Material 3 (layers 1—
5 acc. to Figure 1)

0.0040

0.0032

0.0024

0.0002

Figure 2. General view of the model of 3D version [6]

view of the models and calculated thermal fields for
the individual weld layers contains Table 4.
Numerical modelling results for overlay welding.
After numerical computations have been performed
for the individual overlay-welded layers, the course
of thermal cycles has been analysed for the first, third
and sixth layer. The reason was the necessity of practical utilization of the calculated results. The ASME
regulations [8] recommend a minimum of 6 welded
(overlay-welded) layers to get the desired tempering
effect of hardened microstructures, which occur in
the HAZ and are characterized by unfavourable toughness.
Results of numerical calculations for the overlaywelded layers 1, 3 and 6 are presented in Figures 4—6,
7 and 8, and 9 and 10, respectively.
Development of geometrical model concept and
generation of computation mesh for welding process
modelling. One of the most important stages of the
modelling process was the adoption of an optimal,
from the practical point of view, geometrical model
of the welded joint. The final shape of the geometrical
model was decided by the welding practice and repair
regulations of welded joints by means of the TBW
technique. The following course of reasoning was approved. In a hypothetical structure part under service
(e.g. power plant structure) a crack has been detected,
which causes a risk for the farther save operation. The
defect has to be repaired by welding (Figure 11).

Figure 3. Model for overlay-welded zone numerical calculations
with a finite element mesh [6]: 1 – base metal; 2 – melted weld
metal; 3 – solidified weld metal

For numerical calculations the geometrical model
shown in Figures 12 and 13 was applied.
Modelling of thermal fields in the HAZ for welding conditions. The following general input data
have been taken for numerical calculations.
• base metal: unalloyed steel;
• filler metal: alloyed steel;
• welding method: TIG, without preheating, 6
welded layers;
• plate thickness: δ = 40 mm.
For technological data see Table 1, physical properties at room and elevated temperatures were the
same as in Tables 2 and 3.
Results of numerical calculations for the welded
layers 1, 3, 6 are presented in Figures 14—16, 17 and
18, and 19—22, respectively.
Discussion of results. In Table 5 thermal cycle
parameters (Tmax and t8/5) in the HAZ region, obta-
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Table 4. General view of models and calculated thermal fields for the individual weld layers [6]
Overlaywelded layer
No.

Model general view

Numerically calculated thermal field

1

2

3

4

5

6
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Figure 4. Welded layer 1: temperature distribution in nodes and
fragment of temperature field

Figure 7. Welded layer 3: thermal cycles in nodes with Tmax = 875,
804 and 740 °C

Figure 5. Welded layer 1: thermal cycles in nodes acc. to Figure 4
with Tmax = 1310, 1190 and 1095 °C

Figure 8. Welded layer 3: determination of t8/5 for thermal cycles
acc. to Figure 7

Figure 9. Welded layer 6: heat flux propagation [9] after welding
termination

Figure 6. Welded layer 1: example of determination of t8/5 for
thermal cycles acc. to Figure 5

Figure 10. Welded layer 6: thermal field numerically calculated
after 120 s of cooling stage
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Figure 11. Example of crack in hypothetical structure part and its
removal by machining [6]

Figure 15. Welded layer 1: thermal cycle in node at distance of
2.8 mm from groove bottom with temperature of 1318 °C

Figure 12. General view of geometrical model with finite element
mesh divided into base (1), melted (2) and solidified (3) weld
metals

Figure 13. 3D model as in Figure 12 with finite element mesh
Figure 16. Welded layer 1: determination of t8/5 for thermal cycle
acc. to Figure 15

Figure 14. Welded layer 1: temperature distribution in nodes and
temperature field

Figure 17. Welded layer 3: depth of penetration into base metal
determined by the 1500 °C isotherm
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Figure 18. Welded layer 3: heat flux propagation after 30 s of
welding termination

ined by numerical calculations for overlay welding
and welding, are compared with those determined
experimentally.
The data obtained by numerical modelling and
presented in Table 5, enable anticipation of thermal
process development in welded joints. From these
data it is evident that beginning from the 4th layer
up to the 6th layer, in the HAZ under the weld the
maximum temperatures of the thermal cycles are
lower than 800 °C, and the analysis of the increasing
cooling time is not justified from the point of view
of metals science.
In real welding conditions the thermal field shows
asymmetry, which is caused by heat transfer during
welding of consecutive beads in the layer. An attempt
was made in numerical calculations to find how does
the thermal field asymmetry influence the thermal
conditions, which accompany the heating and cooling
process of an overlay-welded specimen. An example
of thermal field asymmetry in overlay-welded layer
is shown in Figures 23 and 24.
Figure 23 shows that just after finishing the overlay-welding of 6 beads in the first layer a differentiation of temperatures occurs, the highest temperature
is recorded in the last bead (on the right), and the
lowest – in the first one (on the left). After 120 s
of the cooling process the temperature level out in
the hot specimen, and the asymmetry in the temperature field distribution decays (see Figure 24). It
results that the analysis of thermal processes in the
central part of the overlay-welded specimen can be

Figure 20. Welded layer 6: thermal cycles in nodes with Tmax =
= 573, 500 and 449 °C

Figure 21. Welded layer 6: temperature field after 30 s from start
of welding

Figure 22. Welded layer 6: sector of the 3D model, calculated
thermal field after 125 s of cooling phase

Figure 23. Numerically calculated temperature distribution illustrated the thermal field asymmetry as result of heating in welding
of consecutive beads in layer 1 after 40 s

Figure 19. Welded layer 6: temperature distribution in nodes

Figure 24. Numerically calculated temperature distribution in layer
1 after 120 s of cooling phase

193

Table 5. Overlay welding and welding thermal cycle parameters for HAZ
Welding thermal cycle parameters
Overlay
welded
layer No.

Numerical

Tmax, °C

1

2

3

4

Experimental for overlay welding

Overlay welding
t8/5/CT, s

Welding
d, mm

Tmax, °C

t8/5/CT, s

d, mm

Tmax, °C

t8/5/CT, s

d1, mm

1318

22

2.8

1336

20

1.2

1031

26

1.4

1008

30

1.9

808

48

2.1

783

60

2.8

0.7

684

66

3.5

1310

30

0.5

1190

31

1.5

1095

32

2.5

1052

37

1.0

1009

37

1.5

968

38

2.0

875

39

1.0

804

46

2.0

740

58

3.0

685

61

1.0

674/728*

91

*

5

522

117

1.0

649/810

72

0.7

628

69

4.2

6

440

—

2.0

449/880*

—

2.1

442

73

5.0

Notes. d – distance from weld groove bottom to HAZ: d1 – distance from thermocouple tip to fusion line; CT – cooling time for
thermal cycles with Tmax lower than 800 °C determined for temperature range of Tmax – 500 °C; * – Tmax of thermal cycle after taking
into consideration the thermal inertia.

Figure 25. Welded layer 5: thermal cycle in node with Tmax = 649 °C
and effect of thermal inertia

done without taking into consideration the influence
of the temperature field asymmetry (the reading of
temperature values and thermal cycles is done along
the vertical symmetry axis of the overlay-welded specimen).
Beginning with the layer 4, the effect of thermal
inertia was observed. For example, at the thermal
cycle selected in a node with Tmax = 649 °C (Figure 25)
the temperature still rises and reaches the maximum
value of 815 °C. The effect of thermal inertia can be
explained by changes of the thermal conductivity
KXX (λ) with temperature, as shown in Figure 26.
It follows from Figure 26, a that for materials
characterized by great thermal conductivity values
(λ >> 1) the effect of thermal inertia does not occur.
But the effect can be observed for materials with
thermal conductivity values λ much lower than 1 at
20 °C (Figure 26, b) and its further decrease with
increasing temperature [10].
From comparison of numerically calculated overlay welding data with those determined experimen-

Figure 26. Occurrence of effect of thermal inertia in dependence on the λ value of material [10]
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tally for the individual layers (see Table 5) it is apparent that the thermal cycle parameters (Tmax and
t8/5/CT) show nearly similar values.
From the results of numerical calculations performed
for the welding process it can be seen that the cooling
time increases for the consecutive welded layers.
CONCLUSIONS
1. The upper part of the HAZ cooling curve is characterized by the highest heat abstraction, that is the
greatest temperature gradient, which slows down
with time and has an effect on the temporary conditions of allotropic structure transformations and precipitations which occur at high, medium and lower
temperatures.
2. When welding low-carbon steel, the available
γ → α transformation time is shorter than that available for the bainite transformation, which occurs at
lower temperatures. That is why the fraction of hardening microstructures, especially bainite, can increase, which may deteriorate the HAZ metal toughness.
3. By numerical modelling, values of thermal cycle
parameters (maximum temperatures and cooling
times) comparable with the experimental ones have
been obtained. It can be concluded therefore that on
the basis of numerical modelling results, the develop-

ment and course of thermal processes in real welded
joints can be anticipated.
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NUMERICAL SUBSTANTIATION
OF MAXIMUM PRESSURE IN PNEUMATIC-AQUARIUM
METHOD OF TESTING THE TIGHTNESS
OF HEAT EXCHANGE TUBES AND THEIR WELDED
JOINTS OF THE PGV-1000M STEAM GENERATOR
O.V. MAKHNENKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
State-of-the-art detection of air-tightness failure (leakages) in heat-exchange tubes and welded joints, by which they
are welded to the tube plate (a header body) of steam generators of big power plants, is urgent task of state-of-the-art
nuclear power engineering, in which high-power steam generators are used with respectively high number of heat-exchange
tubes. For example, PGV-1000M generator contains 11 ths tubes and, respectively, 22 ths welded joints. Pneumaticaquarium method for detecting leakages by means of air pressure in the steam generator body and registration of air
bubbles in the header filled with water up to a respective level is sufficiently efficient method, whereby by means of
the test air pressure increase, efficiency of the method significantly increases. However, risk of failure of welded joints,
by which welded tubes are attached to the header body, also increases. These are slit-type connections with a weld
located in the apex of a slit. Test pressure in contrast to the working pressure opens such slits thus, naturally, enabling
efficient detection of defects (leakages) in a welded joint. However, this causes risk of integrity violation of, in general,
rather serviceable joints. Numerical study carried out on order of NAEC of Ukraine allowed establishing upper limit
of the test pressure on the basis of state-of-the-art approaches of destruction mechanics allowing for residual weld stresses
and variation of geometric sizes of welds because of operation wear.

Pneumatic-hydraulic aquarium method of testing of
the OF PGV-1000M steam generator tightness [1] is
presently the most efficient method of detecting leaks
in heat exchange tubes (HET) and welded joints between HET butt ends and the collector. In such a
method of testing of second loop tightness of PGV1000M (Figure 1, a), an overpressure is formed in
the steam generator body (second loop) while the
collector is filled with water to a certain level (first
loop).
In the presence of tightness defects «leaks» in
tubes or welded joints (Figure 1, b), air bubbles are
escaping into the water of the first loop in the area
of the respective tubes of the «hot» or «cold» collector, which is registered by respective observation
means. The frequency of air bubbles escaping in the
area of the given tube, depending on the air pressure
during the tests, enables to determine the leakage
extent Q100, l/h (Figure 2), where Q100 is the extent
of the heat exchanger (feed water) leakage, in the
area of the given tube at overpressure between loops
I and II of 100 kgf/cm2 ≈ 10 MPa. The quantity of
[Q100] = 2 l/h is acceptable.
The diagram of Figure 2 clearly shows that increase
of the test pressure significantly decreases testing
time, since the time τ between successive bubbles shortens. Thus at Q100 = 2 l/h, τ decreases from 500 s at
air pressure P = 1 kgf/cm2 down to 7 s at P =
= 20 kgf/cm2. Taking into account that about 11000
© O.V. MAKHNENKO, 2006

tubes in each PGV-1000M generator are subject to
examination, such a reduction is of great benefit.
Increase of the overpressure on the loop II side in
the steam generator leads to the growth of the gap
between the HET and the collector wall (see Figure 1,
b), which produces at the tip of such a gap (weld
root) additional stresses, which under certain conditions (residual stresses in the weld, embrittlement of
the weld material, insufficient penetration c as in
Figure 1, b), may contribute to loss of integrity by
crack-like structural defect incipience mechanism.
Evaluation of the risk of such incipience at growing overpressure P is the subject of this study.
Task setting. With a certain degree of conservatism it can be accepted for the diagram of Figure 1,
b, that the gap is a circumferential crack, where a
uniform overpressure P is created, while at the butt
end there is an annular connecting strip c thick. In
the connecting strip there exist non-relaxed radial
residual stresses σres
rr , contributing to the integrity
loss (if σres
rr > 0).
To obtain a sufficient quantitative evidence on
the potential of integrity loss, depending on P value
and non-relaxed residual welding stresses σres
rr , the
criterion of brittle-viscous failure [2] is assumed (procedure R6), whose applicability for welded joint materials (austenitic steels) is shown in Figure 3 [2],
where curve D corresponds to experimental data for
austenitic steels, curve E is a generalized dependence
Kr = f(Lr):
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Figure 1. Diagram of mounting HET in PGV-1000M collector body (a): 1 – 04Kh20N10 steel deposited layer; 2 – 07Kh25N10 steel
first deposit; 3 – 10GN2MFA base steel, and diagram of welded joints on HET with collector and in HET end piece (b): 1 – HET;
2 – collector wall; 3 – austenitic deposit; 4 – weld; 5 – gap between HET and collector

are respectively the yield point and tensile strength
of the c material.
To calculate KI in the connecting strip (weld),
having c value, the model of semi-restricted crack in
an elastic semi-space ([3], p. 133) was used, where
the connecting strip is loaded with a bending moment
M and force Q:

Kr = (1 — 0.14L2r )[0.3 + 0.75 exp (—0.65L6r )]
at Lr < Lmax
=
r

σy + σt
;
2σy

(1)

Kr(Lr) = 0 at Lr > Lmax
r ,

where Kr = KI/KIc; Lr = σref/σy; KI is the stress
intensity factor for the normal tear-off crack considered, determining with regard for critical value for the
given material KIc, the risk of brittle fracture; σref is
the stress caused by the action of pressure P in the
gap, capable to cause plastic instability in connecting
strip c, determines purely ductile fracture of the connecting strip from the action of pressure P; σy and σt

KI = 3.975

M
c√
⎯⎯c

⎛ ZQ

+ 7.044 ⎜

⎝ c

⎞ Q
— 0.368⎟
,
⎠√
⎯⎯πc
⎯

(2)

where ZQ is the distance from the connecting strip
edge to the line of force Q action.
Values Q and M can be represented as
M = Mp + Mres,

Q = Qp + Qres,

(3)

where subscript p relates the value to the load from
excessive pressure P in the space between the tube
wall and the collector wall, whereas subscript res
denotes such values dependent on the unrelaxed residual stresses.
Values of Mp and Qp can be defined as reactions
in a fixed edge of a long cylindrical shell having

Figure 2. Working diagram showing duration τ of steam generator
holding under air test pressure depending on leakage magnitude
Q100, l/h [1]: test air overpressure P = 20 (1), 10 (2), 6 (3), 4
(4), 2 (5) and 1 (6) kgf/cm2

Figure 3. Diagram of limiting state Kr = f(Lr) for different types
of structural steels [2]: A – high-strength steel EN408; B –
pressure vessel steel A553B; C – low-carbon steel with manganese;
D – austenitic steel; E – calculated curve by [2]
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Figure 4. Diagram of in-service decreasing in c size from c0 to ct:
1 – tube; 2 – collector wall; 3 – weld; 4 – corrosion-erosion
damage zone; 5 – zone of stress intercrystalline crack propagation

diameter 2R and wall thickness h under external pressure P [4].
In this case at Z/c = 1.0, by [4]
Qp =

(2 — ν)P
2√
⎯⎯⎯⎯⎯⎯⎯
3(1 — ν⎯ )
2

⎯⎯⎯
√
Rh , Mp =

(2 — ν)P
4

Rh

(4)

2√
⎯⎯⎯⎯⎯⎯⎯
3(1 — ⎯ν2)

or at ν = 0.3
Qp = 0.52√
⎯⎯⎯
Rh ,

Mp = 0.26PRh.

(5)

For stresses σref the following dependence can be
used:
σref =

Qp 4(Mp + Qp c/2) 0.52p ⎛
2Rh ⎞
⎜3√
⎟.(6)
⎯⎯⎯
Rh +
+
=
c ⎠
c2
c ⎝
c

Residual stresses in are not accounted for σref,
since in ductile fracture they have time to get fully
relaxed.
The size of connecting strip c according to technical specifications of welding HET for the case considered, should be of the order of 1.5—1.0 mm. However after a certain period of service life its thinning,
due to corrosion, is possible. Thus at least two mechanisms of corrosion-related reduction of the c size
can be stated (Figure 4), namely due to corrosiveerosive damage on the side of the first loop, or due
to development of transcrystalline (intercrystalline)
corrosion on the side of the second loop.
Objective conditions for the former type damage
are present along the whole length of tubes, including
the butt ends, which is especially true for horizontaltype steam generators [5]. Damage of the latter type
is possible, if KI values by (2) with regard that in
operational conditions the pressure differential between loops II and I is ΔP < 0 ≈ —10 MPa, will be
significantly above zero value, which is possible only
at a certain magnitude of unrelaxed residual stresses.
Thus, knowledge of the magnitudes of residual
stresses in the zone of tube welded joints is very important for the solution of this problem.
Residual stresses. Small welding zone dimensions
in the case of welding tubes to the collector wall (see
Figure 1, b), makes experimental determination of
residual stresses difficult. This circumstance explains
a rather limited scope of available published information on this subject [6, et al.]. Among sector-specific

Figure 5. Experimental measured data [7] on residual stresses in
HET wall due to butt end welding and flaring: a – tangential
(circumferential) stresses; b – radial stresses in as-weld (index w)
and post-flaring (f) conditions; index Σ – total stresses

official documents should be mentioned the report [7]
containing experimental evaluation of residual stresses in HET wall, depending on the method of welding
and flaring of the butt end. Figure 5 shows respective
results from [7], whose plausibility on the above reason is low.
In 2000, the E.O. Paton Electric Welding Institute, on the order of the Infacor GmbH, has worked
out a calculation procedure for stressed state determination, involved with welding HETs to tube plates.
This procedure has been adapted to different HET
and tube plate materials, welded joint configurations,
etc. [6]. The method is based on mathematical simulation of the kinetics of thermomechanical processes taking
place in zones of welding tubes to tube plates. This
study uses the above method of obtaining data on residual stresses for the case shown in Figure 1, b.
Figure 6 shows distribution of residual stresses
σres
rr in the welded joint zone at various welding conditions, providing c value within 0.45 to 1.50 mm
range. Under such conditions post-welding distribution of residual stresses has a rather complicate pattern, since availability of free surfaces (inner tube
surfaces, gap between tube and collector, butt end
surface), markedly affects the distribution of residual
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Figure 7. Distribution of residual welding stresses σres
rr through tube
wall thickness of 6.5 ≤ r ≤ 8 mm and tube plate of r > 8 mm for
welding condition providing connecting strip size of c = 1.05 mm:
solid lines – calculated results in different sections z = const, i.e.
in planes at different distances from tube butt end; dashed line –
experimental data [7]; z/c = 0 (1), 0.5 (2), 1.0 (3), 1.5 (4)

With increasing z the stressed state diminishes
quite abruptly, and at z = 4—5 mm the residual stresses
level in collector walls becomes insignificant.
Figure 7 shows for variant at c = 1.05 mm, calculated data on distribution of residual stresses σres
rr in
planes z = const in the tube wall and the collector
wall, depending on r coordinate. There too are shown
data of Figure 5, reported in [7]. Such a comparison
shows experimental data are close to calculated in the
middle part of the tube at z/c ≈ 0.5 and 7.0 < r <
< 8.0 mm. Data of Figure show that welding conditions produce a certain effect on the residual stresses
in the weld.
Figure 8 shows in more detail (compared to Figure 6) such data for surface r = 8.0 mm (HET diameter was 16 mm) at different welding conditions,
clearly demonstrating influence of the latter.
These data were approximated by linear distribution within 0 < z < c (see dashed line in Figure 8),
and respectively Mres and Qres were calculated for
ZQ/c = 0.5 (Table 1).
Data of Table 1 show that increase of c from 0.45
Figure 6. Calculated distribution of radial residual stresses σ in
the welded joint zone at different welding conditions providing
penetration depth c of 0.45—1.50 mm
res
rr

stresses. In sections z = const (i.e. in planes at different
distances from butt end) distribution of σres
rr along the
radius r has two extreme zones: one at r = 8 mm (tube
surface) and another at r = 12—13 mm (approximately
midway between neighboring tubes).

to 1.50 mm, contributes to increasing of Kres
I by (2)
from 224 to 409 MPa⋅mm1/2.
Table 2 shows calculated by (2) and (6) loading
characteristics for various excessive pressures P.
These data show that contribution of residual
stresses produced during welding, increases in the
KPI + Kres
I amount with increasing size of c and reduction of pressure P. At P < 4 MPa, proportion of
residual stresses in said amount makes over 66 % at
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Table 1. Results of processing data of Figure 8 at ZQ/c = 0.5
Variant Heat input
No.
qh, J/mm

Figure 8. Distribution of residual stresses σres
rr through connecting
strip thickness in section r > 8 mm for different welding conditions
providing connecting strip size of c = 0.45 (1), 1.05 (2) and 1.50
(3) mm: solid lines – results of visco-plastic stress analysis; dashed – approximations

c = 0.45 mm, 85 % at c = 1.05 mm and 91 % at c =
= 1.50 mm.
Material properties governing the welded joint
integrity. To obtain quantitative evidence on the integrity of welded joints by the dependence (1), data
on calculated resistance of the weld material to brittle

c, mm

Qres,
MPa⋅mm

Mres,
MPa⋅mm2

Kres
I ,
MPa⋅mm1/2

9.4

224

1

65

0.45

129

2

100

1.05

191

65.1

338

3

130

1.50

268

144.7

409

fracture KIc and plastic instability σy and σt, are necessary. Since the welding is performed using a nonconsumable electrode, so the weld metal has intermediate properties, including those of the tube and the
upper deposited layer in the collector, at testing temperature, i.e. at T = 15—30 °C.
Tensile strength values σt for tube material (HET)
and the deposited layer are in the range 640—700 MPa
[5]. Yield point σy depends on deformational hardening (cold deformation) and, according to calculated
data for the weld metal, it is close to σy = 350—
380 MPa. We assume as normative values σt =
= 640 MPa, σy = 350 MPa . Respectively, calculated
values σy and σt should be diminished n times, where
n is the safety factor. For hydrotesting conditions as
in [8] n = 2.0 is assumed, i.e. calculated values are
σt = 320 MPa, σy = 175 MPa.
For Kc, data on critical value of J-integral of steel
type 08Kh18N10T can be used. Respective tests have
been run many times. For one, reported in [9], test
values are Kc = 65 MPa⋅mm1/2 = 2050 MPa⋅mm1/2,
which are quite conservative. Should this value be
assumed as a normative one, so the calculations will
give Kc = 2050/n = 1025 MPa⋅mm1/2.
res

Table 2. Characteristics of loading of welded joints as a function of overpressure P and residual stresses σrr
res

c, mm

P, MPa

σref, MPa

KPI , MPa⋅mm1/2

KPI + KPI ,
MPa⋅mm1/2

Lr

Kr

0.45

0.2

15.2

9.6

233.6

0.087

0.228

1.0

75.6

47.83

271.8

0.43

0.265

2.0

151.2

95.7

319.7

0.86

0.312

3.0

226.8

143.5

367.5

1.296

0.358

4.0

302.4

191.4

415.4

1.73

0.405

1.05

1.50

0.2

3.3

3.2

337.2

0.029

0.329

1.0

16.5

15.94

349.9

0.094

0.341

2.0

33.0

31.9

365.9

0.188

0.357

4.0

66.0

63.8

397.8

0.377

0.388

10.0

165.0

159.4

493.4

0.94

0.481

15.0

247.5

239.1

573.1

1. 41

0.559

0.2

1.83

2.1

411.1

0.01

0.401

1.0

9.15

10.44

419.4

0.052

0.409

2.0

18.3

20.9

429.9

0.104

0.119

4.0

36.6

41.8

450.8

0.203

0.440

10.0

91.5

104.4

513.4

0.523

0.500

15.0

137.2

156.6

565.6

0.784

0.552

20.0

183.0

208.8

617.8

1.045

0.603

25.0

228.7

261.0

670.0

1.30

0.653
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Figure 9. Results of overlaying onto the limiting state diagram
Kr = f(Lr) by (1) of calculated points Kr(P) and L(P) for different
c values, mm: 1 – 0.45; 2 – 1.05; 3 – 1.50

Allowable values of test air overpressure. With a
view of the above, i.e. at n = 2.0, calculated values of
σy, σt and Kc are: σy = σnor
y /n = 175 MPa and σt =
1/2
nor
= σt /n = 320 MPa, Kc = Knor
,
c /n = 1025 MPa⋅mm
σ
+
σ
y
t
Lmax
=
= 1.41, and, using dependences (1)
r
2σy
and data of Table 2, we obtain for different overpressures P, coordinates Kr and Lr (see Table 2) on
the diagram controlled by the dependence (1), as
shown in Figure 9. Values of these coordinates for a
fixed c value are proportionate to P value, i.e. these
points can be connected with a straight line. Intersections of these direct lines with curve by (1), control
critical test overpressure Pcr. Thus we obtain that at
c = 0.45, 1.05 and 1.50 mm, Pcr = 2.7, 11.2 and
19.0 MPa, respectively.
From the data presented it follows that with dimensions c > 0.5 mm, test overpressure up till
2.7 MPa ≈ 27 kgf/cm2 provides integrity of welded
joints between the tubes and the collector.
Unfortunately, c size is difficult to control by nondestructive methods. The initial size provided by the
welding technique used, is usually not below 1.0 mm.
However after a lengthy service period it can get
reduced, due to corrosion. This process can proceed
can be very intense at quite high KI = KPI + Kres
I ,
where Kres
is
the
K
value
at
working
pressure
of
about
I
I
—10 MPa. For original c and Kres
I values, from Table 1,
at Pp = —10 MPa and c = 0.45, 1.05 and 1.50 mm we
obtain, respectively, KI = KPI + Kres
I = —254 and —8.03,
+179 and +5.66, +305 and +9.6 MPa⋅mm1/2.
Using the data of Figure 10 [10], we see that at
the KI values above mentioned, corrosion crack
growth rate under stress is not exceeding 5⋅10—5 mm/h
for c = 1.5 mm, 10—5 mm/h for c = 1.0 mm and is
distinctly below 10—6 mm/h = 0.00876 mm per year
at c = 0.45 mm. With a certain degree of conservatism
it can be assumed that this law of reduction of corrosion crack growth rate remains in force in the process
of c thinning, due to corrosion from c = 1.50 to c =

Figure 10. Kinetics of stress intercrystalline corrosion crack growth
at long-term static loading in Cr—Ni steels: 1 – upper sensibilization
level; 2 – mean sensibilization; 3 – insignificant sensibilization;
W – sensibilization at 650 °C for 2 h, O2 ≈ 0.2 mg/l; V –
sensibilization at 650 °C for 2 h, O2 ≈ 0.2 mg/l (another melt);
X – different sensibilization, O2 ≈ 0.2 mg/l; P – sensibilization
at 650 °C for 24 h, O2 ≈ 8 mg/l; Q – sensibilization for 24 h,
O2 ≈ 0.2 mg/l

= 0.45 mm. At c ≈ 0.5—0.6 mm the «crack» is closed
due to negative pressure Pp, and corrosive damage is
insignificant.
CONCLUSION
For a 15—20 year service life of the steam generator,
there is no ground to consider that calculated dimensions of c for tube welded joints will diminish to
below 0.45 mm, therefore it is quite possible to apply
2
the test overpressure of up to 2.7 MPa ≈ 27 kgf/cm ,
in the context of preserving the integrity of welded
joints considered.
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FORECASTING OF DURABILITY OF WELDED ARCH
PYLON OF BRIDGE OVER THE RIVER MOSKVA
O.V. MAKHNENKO and V.I. MAKHNENKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
This work is dedicated to the study of durability of welded joints of the weldment AUv0-06 of arch pylon on the basis
of the information presented on the loading spectrum and nominal stresses due to such loading in the zone of welded
joints to be calculated.

Figure 1 shows a schematic illustration of a weldment
of arch pylon made from low-alloyed steel 10KhSND
(GOST 6713—75) 32 mm thick, having a configuration
of a shaped box-type beam. To the wall of that beam
along the lines (axes) 1 and 2, with tee joints 3
(Table 1) (GOST 14771—76) through their entire
lengths, excluding sections between nodal points 82213 and 597-433, are welded longitudinal brackets of
plates 20 mm thick. Between nodal points 82-213 and
597-433 are welded joints 2 and 22. Along the axes
3 and 4 are welded transverse brackets with joints 21
and 20. Inert-gas shielded welding was used throughout.
It was necessary to evaluate durability of welded
joints at postulated initiation of fatigue failure in hot
spots A and B of Table 1, on the basis of the knowledge
of respective normal nominal membrane stresses.
Tables 2 and 3 contain selective results of numerical analysis of nominal stressed state in the most
representative points along axes 1—4 in the direction
promoting formation of longitudinal fatigue cracks in
points A and B of Table 1. Values of σdc correspond
to the distribution of stresses from constant design
loads, stresses σtI and σtII are the same from additional
temporary design loads. Based on such data, three

typical cycles of alternating loading with terminal
points of the cycle by the stresses can be singled out:
d

d

d

d

d
σc

d
σtI

d

1: σc + σtI — σc ,
d

2: σc + σtII — σc ,
3:

+

—

d
σc

+

d

Δσ1 = |σtI|;
d

Δσ2 = |σtII|;
d
σtII,

© O.V. MAKHNENKO and V.I. MAKHNENKO, 2006

—

d
σtII|,

where maximum and minimum values σjmax and σjmin
are determined by said terminal points depending on
σdc , σtI and σtII (Figure 2). Longitudinal normal nominal stresses along the axes 1 and 2 according to
data of numerical analysis are characterized by values
σdc = —134.9 MPa and Δσ = 20.8 MPa, varying little
along the axes 1 and 2 of welded joints. It was intended to evaluate durability of the welded joints
considered, first proceeding from the most conservative variant 1 of cyclical loading of Tables 2 and 3,
and then calculate durability based on the loading
spectrum (1) at various proportions of αj of the j-th
spectrum constituent (1).
Calculation method. To carry out the above work
involving determination of durability of the welded
joints (see Table 1), for which crack-like defects due
to lack of fusion are unacceptable, method of [1] was
used to evaluate durability of such a welded joint
type on the basis of the fatigue crack formation in
the transition zone from the weld metal to the base
one (see Table 1, «hot spots» A or B).
This IIW-developed method generalizes a multitude of experimental studies for standard welded joints, which enabled to formulate for each of them
recommendations with regard to allowable amplitude
of nominal stresses at recurrent loading as
[Δσ] =

Figure 1. Schematic illustration of weldment of arch pylon with
indication of axes 1—4 along which is to be evaluated durability of
the welded joints Nos. 2, 3, 20, 21 and 22, and control points
(weldments)

Δσ3 =

(1)
d
|σtI

FATf1(R)f2(N)f3(∂)f4(T)
,
γm

(2)

where FAT is the joint class or allowable amplitude
for the joint on the basis of 2⋅106 cycles of recurrent
loading (constant loading cycle parameters) at f1 =
= f2 = f3 = f4 = γm = 1; γm is the safety factor.
In [1] is found a Table of FAT values for different
standard welded joints. The joints considered (see
Table 1) in the absence of lacks of fusion and down202

Table 1. Welded joints to be calculated for their strength
Weld
No.

Standard designation

Designation of welded joint

Data required for calculation

Location on the weldment
sketch

Standard
2

GOST 23518—79

T4 – IP(UP)

Two-sided tee welded joint
with single bevel

Along axis 2 between
weldments 597 and 433

Full penetration

3

GOST 23518—79

T7 – IP(UP)

Two-sided tee welded joint
with double bevel

Along axis 1 between
weldments 61 and 82, 213
and 233

Full penetration
Along axis 2 between
weldments 658 and 597,
433 and 447

Non-standard
20

Inert gas shielded arc
welding

Full penetration

Along axis 4 between
weldments 1377 and 1557

Welding method acc.
to GOST 14771—76*

21

Same

Same

Along axis 3 between
weldments 1574 and 1684

22

Same

Same

Along axis 1 between
weldments 82 and 213

*

Base material – structural steel 10KhSND, GOST 6713—75.
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Table 2. Initial data on nominal stress values across the weld for different points along axes 1—4
Axis 1
Weldment No.

σdc ,

MPa

Axis 2

σtI, MPa

σtII, MPa

Weldment No.

σdc ,

σtI, MPa

MPa

σtII, MPa

61

3.4

1.5

1.0

658

3.0

1.2

1.0

82

8.4

—12.7

0.5

5220

—53.7

—26.6

—2.5

76

—40.0

—25.1

—1.6

672

—53.5

—29.2

—2.8

7130

—35.6

—29.4

—1.9

5217

—52.9

—32.2

—3.1

77

—39.9

—32.2

—2.9

673

—51.7

—39.3

—3.3

7126

—30.5

—34.5

—2.2

5214

—49.8

—35.1

—3.4

78

—24.6

33.4

—1.9

674

—47.2

—34.0

—3.3

7124

—13.7

—28.1

—1.3

5211

—43.0

—30.7

—3.0

79

—6.4

—2.34

—0.7

597

21.4

0.4

0.2

213

24.9

4.5

2.7

433

—25.5

—2.6

—1.0

233

1.6

0

0

447

5.5

0.5

1.0

σtI, MPa

σtII, MPa

Table 2 (cont.)
Axis 3
Weldment No.

σdc ,

MPa

Axis 4

σtI, MPa

σtII, MPa

Weldment No.

σdc ,

MPa

1574

1.0

0

0

1377

0.7

0.1

0.1

1578

11.2

3.5

1.7

1404

43.7

5.3

2.7

1657

41.6

1.6

1.5

6773

34.4

4.7

2.7

2549

43.6

1.4

1.1

3214

48.2

6.6

2.7

2552

43.2

1.6

0.9

3207

49.8

6.7

2.5

2555

41.3

1.9

0.7

1403

49.4

6.4

2.6

1656

43.3

1.4

1.3

1402

49.7

6.9

2.5

1654

42.4

1.7

0.8

1401

48.1

7.1

2.3

1653

39.6

2.1

0.8

1399

40.2

7.2

1.6

1652

33.3

2.7

5.5

433

—25.5

2.6

—1.0

1684

1.8

0

0

1557

1.7

0.3

0.1

as well as the level of residual stresses in the joint
zone. In the case when residual stresses do not exceed
0.2σy, where σy is the yield point of the material (for
steel 10KhSND σy ≈ 400 MPa ), then after [1]

hand welding correspond to No.411 and have FAT =
= 80 MPa. If the welding is other than downhand,
then the welded joints are of No.412 type and have
FAT = 71 MPa. It can be with a certain degree of
conservatism assumed for the welded joints from
Table 1 that FAT = 71 MPa.
In (3) multiplier f1(R) takes account of the asymmetry of the loading cycle:
Δσ
R=1—σ ,
max

f1(R) = 1.6 for R < —1.0,
f1(R) = 0.4R + 1.2 for —1.0 ≤ R ≤ 0.5,

(4)

f1(R) = 1.0 for R > 0.5.

In the case when residual stresses either exceed
0.2σy (approximately 80 MPa for the case considered), or joining of 2D or 3D elements, then f1(R) =
= 1.0, i.e. minimum value of multiplier f1(R) for dependence (3). For the case considered f1(R) = 1.0 can
be assumed.
Multiplier f2(N) takes account of limited fatigue.
Within the range of 104 < N < 5⋅106 cycles, according
to [1] (Figures 3 and 4) it is determined by the dependence:

(3)

Figure 2. Graphic interpretation of variants 1—3 of loading cycles
(1) with the same (solid line) and different (dashed) signs of σdt
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⎛ C ⎞1/m
f2(N) = ⎜ ⎟ ,
⎝N⎠

(5)

Table 3. Calculated durability for different points along axes 1 and 2 acc. to Table 2
Axis 1
N1, cycle

> 10

8

> 108
9.1⋅10

7

4.1⋅10

7

N2, cycle

> 10

8

> 108
> 10

8
7

Axis 2
N3, cycle

> 10

N1, cycle

8

> 10

> 108

N2, cycle

8

> 10

6.8⋅107

7

> 108

7

9.7⋅10

4.3⋅10

7

8

> 108
7.4⋅107

7

4.6⋅107

7

8.4⋅10

7

N3, cycle

7.3⋅10

4.4⋅10

2.6⋅10

5.0⋅10

2.8⋅107

2.6⋅107

4.7⋅107

2.8⋅107

1.9⋅107

3.6⋅107

2.1⋅107

7

7

7

7

7

1.9⋅10

3.3⋅10

2.0⋅10

1.7⋅10

3.2⋅10

1.8⋅107

2.2⋅107

3.8⋅107

2.3⋅107

2.0⋅107

3.8⋅107

2.2⋅107

7

7

7

7

7

5.2⋅10

8.8⋅10

5.6⋅10

3.3⋅10

6.3⋅10

3.6⋅107

> 108

> 108

> 108

> 108

> 108

> 108

8

8

8

8

8

> 108

> 108

> 108

> 10

> 108

> 10

> 108

> 10

> 10

> 108

> 10

> 108
8

8

8

Notes. 1. Calculated durability along axes 3 and 4 are N1 > 10 , N2 > 10 and N3 > 10 cycles. 2. N1 – minimal durability for 3-cycle
loading (1); N2 – durability for variant 2; N3 – same for variant 3.

In adopting safety factor γm, it has to be remembered that FAT in [1] is recommend based on 0.95 of
non-failure probability according experimental data.
That is why in [1] it is recommended to select γm from
within 1.0—1.4. Here safety factor value γm = 1.4 is
for the case of imminent danger to human life.
Respectively, assuming γm = 1.4 and FAT =
= 71 MPa = 724 kgf/cm2, we obtain from (8):

where N is the durability of the welded joint; C =
= 2⋅106, m = 3 at 104 < N < 5⋅106 cycles, and C =
= 2.54⋅106, m = 5 at 5⋅106 < N < 108 cycles.
Correction for the thickness of the adjoining element, where a fatigue crack is originated, f3(δ) = 1.0,
if thickness is δ < 25 mm. At greater thicknesses
⎛ 25 ⎞0.3
f3(δ) = ⎜ ⎟ .
⎝δ⎠

(6)

⎛ 514 ⎞m
Nj = C ⎜ Δσ ⎟ ,
⎝ j⎠

For joints considered f3(δ) = 1.0.
Multiplier f4(T) takes account of operating temperature T of the joint. According to [1] at T < 100 °C,
f4(T) = 1.0 can be assumed.
With account of the above, for the welded joints
considered, dependence (2) can be presented as
FAT
[Δσ] = γ
m

⎛ C ⎞1/m
⎜ ⎟ .
⎝N ⎠

where C = 2⋅106, m = 3 at 104 < Nj < 5⋅106 cycles,
and C = 2.54⋅106, m = 5 at 5⋅106 < Nj < 108 cycles.
Dependence (9) can be used to evaluate durability
after the most conservative variant of recurrent cyclical loading (2) using data of Table 2.
In the case of account taking of the loading spectrum consisting of three recurrent cycles, determined
by dependences (1), durability Nsp by [1] is determined by linear summation of the damage instances (Palmgren—Mainer method):

(7)

Respectively, limiting durability Nj at recurrent loading with amplitude Δσj from (7) is expressed as
⎛ FAT ⎞m
Nj = C ⎜ Δσ γ ⎟ .
⎝ j m⎠

(9)

m

(8)

∑ Nj

j=1

Figure 3. Generalized Woehler curves [1] for different FAT (steel)
at m = 3 under normal nominal stresses at N < 5⋅106 cycles

n

= 1,

(10)

j

Figure 4. Woehler curves [1] for some FAT at N < 108 cycles
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where nj is the number of j-cycles with amplitude
Δσj; and Nj is the same as in (9).
If nj = αjNsp, where αj is the fraction of the j-th
loading in total loading on the basis of Nsp cycles,
then from (10) it follows that
Nsp =

1
m

∑

j=1

.

αj

(11)

⎛ 514 ⎞
Cj ⎜ Δσ ⎟
⎝ j⎠

mj

What concerns the methodological issues of evaluation of cyclical strength of the joints considered
along axes 1 and 2 (see Figure 1), so in accordance
with the initial data, in the wall of the pylon 32 mm
thick, to which with welds 2, 3 and 22 the adjoining
elements are welded, act the following nominal stresses along said axes.
These are design constant stresses σdzz = —134.9 MPa
at amplitude Δσd =20.8 MPa. Under the action of
such a loading, transverse fatigue cracks may appear.
In [1] the potential of such cracks is also evaluated
on the basis of FAT for such type of joints. Away
from the ends of the weldment, the joints considered
correspond to No.323 and have the value FAT =
= 90 MPa. At the end of the welded adjoining element
having a smooth transition with radius r > 150 mm
(Figure 5), welded joints correspond to No.522 and
also have a value FAT = 90 MPa. Here it is worth
noting that high negative stresses σdzz are no hindrance
Weldment No.

for fatigue damage initiation, since in that zone act
high tensile residual longitudinal stresses (similar to
σy of the base material, i.e. of about 350—400 MPa),
therefore real loading cycle will be within a tensile
zone at R > 0.5. Therefore in dependence (3) for the
assumed [Δσ], f1(R) = 1.0.
Similar situation is also observed at transverse loading of considered welded joints, where after
Table 2, design constant stresses in the negative zone
are as high as —53 MPa. Although transverse residual
stresses during welding rarely exceed 0.5σy, i.e. of
about 170 MPa, nevertheless at said σdc , cyclic loading
occurs in the tensile zone.
Results of calculation of durability of welded
joints of AUv0-06 weldment. Table 3 shows the results of calculation of minimal durability N by dependence (9) for variants (1), initial data on which
are also entered in Table 2. It is the most conservative
variant of recurrent cyclic loading giving durability
N exceeding 107 (1.7⋅107) cycles in all considered
points of the welded joints 2, 3, 20, 21 and 22 along
the axes 1—4 (see Figure 1).
For comparison, there also is presented durability
Nsp by dependence (10) for cyclic loading spectrum
(1) in each weldment. Values αj (proportion of the
j-th loading in the total loading on the basis of Nsp
cycles) was assumed within the following limits:
• variant 2: αj = 0.9 for Δσmax, for the rest αj =
= 0.05;
• variant 3: αj = 1/3 for all j = 1, 2, 3.

Structural detail (structural steel)

Description

FAT

411

Cruciform joint or T-joint, K-butt welds, full penetration, no
lamellar tearing, misalignment e < 0.15δ, weld toe ground, toe
crack

80

412

Cruciform joint or T-joint, K-butt welds, full penetration, no
lamellar tearing, misalignment e < 0.15δ, toe crack

71

323

Continuous manual longitudinal fillet or butt weld (based on
stress range in flange)

90

522

Longitudinal fillet welded gusset with radius transition, end of
fillet weld reinforced and ground, c < 2δ, max 25 mm,
r > 150 mm

90

Figure 5. Types of welded joints and FAT values [1] corresponding to considered welded joints of arch pylon weldment
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CONCLUSION

It is seen that loading spectrum schemes used give
less conservative results on calculated durability compared with the extreme variant of recurrent cyclic
loading (1).
For welded joints 2, 3 and 22 along axes 1 and 2
(see Figure 1), durability, by the condition of formation of transverse fatigue cracks, is determined following (8) as
⎛ FATf3(δ) ⎞m
N = C ⎜ Δσγ ⎟ ,
m ⎠
⎝

(12)

where C = 2⋅106, m = 3 at 104 < N <5⋅106 cycles, or C =
= 2.54⋅106, m = 5 at 5⋅106 < N < 108 cycles; FAT =
= 90 MPa = 918 kgf/cm2; f3(δ) is determined by (6),
i.e. f3(δ) = (25/32)0.3 = 0.93; Δσ =208 kgf/cm2; γm = 1.4.
Respectively, by (12), we obtain durability
⎛ 918⋅0.93 ⎞m
⎟ = 5.5⋅108 cycles.
N=C⎜
⎝ 208⋅1.4 ⎠

Results of calculation of durability of the welded joints Nos. 2, 3, 20, 21, 22 along the axes 1—4 of weldment AUv0-06 of arch pylon on the basis of preset
loading and recommendations of IIW [1], based on
rather conservative generalization of the experimental
data, obtained for standard welded joints, show that
• fatigue strength of said welded joints under the
action of transverse nominal stresses is not below
1.7⋅107 cycles;
• durability of the welded joints along the axes 1
and 2 under the action of longitudinal nominal stresses
is not below 108 cycles.
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1. (2002) Recommendations for fatigue design of welded joints
and components. IIW Doc. XII-1539—96, XV-845—96.

MATHEMATICAL SIMULATION
OF THERMAL STRAIGHTENING OF CYLINDRICAL
SHELLS AND SHAFTS WITH GENERAL DISTORTION
OF LONGITUDINAL AXIS
O.V. MAKHNENKO and A.F. MUZHICHENKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
As a result of welding during manufacturing or under various actions in the course of operation, long cylindrical shells
may acquire inadmissible general longitudinal axis distortion. These distortions may be caused either by local action,
for example, bending of the shell axis as a result of welding of a circumferential weld, or by distributed over the length
of the shell action, which causes its uniform bending over the length. One of the ways of reducing these distortions
down to acceptable level may be thermal straightening, which is poorly studied and not used in practice in relation to
the cylindrical shell structures. Numerical study of a distorted state (residual plastic deformations and general change
of the form) of cylindrical shells in case of local heating was carried out using thermo-elastic-plastic analysis and FEM
for the purpose of studying possibility of using straightening for cylindrical structures and determining optimum
parameters of heating. The results obtained made it possible to successfully perform a real thermal straightening of long
cylindrical shells with general distortion of longitudinal axis caused by butt welding of circumferential welds, and
straightening of long auger shafts with longitudinal deflection deformations.

As a result of welding process in manufacturing or
under the action of different effects in operation, long
cylindrical shells can assume unacceptable general distortions due to longitudinal axis bending. Such deformations can be caused either by a local effect, for
instance bending of shell axis due to application of
the girth weld, or by a distributed along the shell
action, which leads to uniform bend along the entire
length. One of the ways of reducing such distortions
to an acceptable level can be thermal straightening,
which, in the context of cylindrical shell-like structures, is poorly studied and is not used in practice.
In order to study the possibility of applying thermal straightening for cylindrical structures, as well
as determine optimal parameters of heating, numerical
investigation of distorted state (residual plastic strains and general shape change) of cylindrical shells by
local heating, using thermo-elastic-plastic and FEM
analyses, were conducted. The results obtained enabled to successfully perform real thermal straightening
of long cylindrical shells having general distortions
like bending of the longitudinal axis caused by applying butt girth welds, as well as straightening of
long auger shafts with longitudinal deflections.
Forecasting general bending distortions of a long
cylindrical thin-wall shell in welding non-closed girth
welds on the basis of the general approach of thermo-elastic-plastic theory and FEM analysis is at present a rather complicated task, requiring elaboration
of a 3D mathematical model and considerable computational resources in looking for the solution. Inasmuch as during thermal straightening decision on the
selection of thermal effect parameters must be obta-

ined promptly, in real time, it was decided to work
out a calculation algorithm of determining parameters
of thermal straightening on the basis of the approximated method of shrinkage function (inherent strain
method).
Objective of the study was development of thermal
straightening techniques of general bending distortions of the cylindrical shell axis.
Tasks of the study were as follows:
• carry out numerical investigation of the distorted
state of cylindrical shells at local heating using thermo-elastic-plastic and FEM analyses;
• perform theoretical substantiation and work out
a calculation algorithm to control the straightening
process on the basis of the approximated method of
shrinkage function;
• approbate the developed straightening method
by experimental straightening of a long cylindrical
shell and auger shaft;
• make a conclusion on the workability of the
developed straightening method.
Theoretical substantiation. Figure 1 shows a schematic of a non-closed girth heating of a long cylindrical thin-wall shell. Heat of AB strip provides transverse shrinkage from heating the strip in a free state,
dashed line encircles a zone D wide, where transverse
shrinkage tensile forces are active:
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δ/2

Nxx =

∫ σxxdz ,

—δ/2

Nxx

E
=
[ε + νεββ — εPxx],
1 + ν xx

(1)

where εxx and εββ are the distortions along X axis and
circumference on the median surface z = 0;
εPxx ≈ —

Δtr
b

(2)

is the free shrinkage distortion on the basis of plastic
deformation zone b wide.
Neglecting the νεββ value and using the plane sections hypothesis, i.e.
εxx = ε0xx + χR cos α,

where χ = —

(3)

∂2W

is the shell axis curvature, then the
∂x2
equilibrium equation for section x = const is
2π

∫ Nxxdα = 1 E+ ν [2πε0xx — 2αεPxx] = 0;
0

2π

∫ NxxR cos αdα = 2 1 E+ ν ⎡⎢⎣χR2 π2 — εPxxR sin α⎤⎥⎦ = 0.
0

Figure 1. Schematic of circumferential heating of long cylindrical
thin-wall shell (for designations see the text)

Wherefrom we obtain
ε0xx

=

εPxx

α
π;

χ=

2εPxx sin α
πR

.

(4)

Curvature value χ of the shell axis is the function
of x coordinate. Respectively,
χ = χ(x) = —

∂2W
∂x2

.

is
∂W
∂x

D

= —∫ χ(x)dx =
—D

—2εPxx sin α
2D.
πR

(6)

εPxx

Using for
dependence (2) and assuming that
b = δK1 and D = δK2, we obtain
β=

2Δtr sin α
δK1πR

2δK2 =

4Δtr sin α
K3.
πR

sin α =

(5)

Searched for angle β of curvature of the shell axis

β=

the heating median point is equal to the coordinate
of maximum shaft outward bend of the axis (—Wmax).
In so doing the length of the heating strip is determined through the α angle by the following dependence:

(9)

Algorithm of heating parameters selection. If the
cylindrical shell has a longitudinal bend caused by
some local action (Figure 2), for instance non-linearity of the shell axis from application of a girth weld,
so straightening must be performed by heating of strip
in the site of axis non-linearity. Location of such a
heating is chosen such that the angle coordinate of

πR
β,
4ΔtrK3

where R is the shell radius; Δtr is the transverse shrinkage from heating strip; K3 ≈ (1—2) is the calculatiWmax
on-experimental factor; β =
is the angle of deL
viation of the shell axis.
If the cylindrical shell has a uniform along-the-axis
curvature (Figure 3), then straightening should be
performed by a series of N heating strips, uniformly
distributed along the shell. In so doing the length of
the heating strips is determined through angle α by
the following dependence:
sin α =

4Wmax
πR
.
4ΔtrK3 L(1 + (N — 1)N)

Straightening of cylindrical shells. On the basis
of EBW and the developed calculation algorithm,
were conducted experiments of thermal straightening
of axis curving distortions of the long cylindrical shell
from titanium alloy VT-1, consisting of three 2 m

Figure 2. Straightening calculation algorithm for cylindrical shell with longitudinal bend
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Figure 3. Straightening calculation algorithm for cylindrical shell with uniform along-the-axis curvature

long sections, having diameter 350 mm and wall thickness 6 mm (Figure 4). As curving distortions can
develop during applying of butt girth welds, it was
therefore decided to straighten the shell by applying
non-closed beads over the existing girth welds. First,
it does not introduce into the shell any new fusion
zones nor HAZ, due to the use of the existing girth
weld zones. Second, as was shown in experimental
measurement of distortions in EBW of plates, repeated beads have close values of transverse shrinkage
compared to the first bead, i.e. repeated heating does
not practically reduce efficiency of thermal straightening.
The objective of the experiment was to carry out
approbation of the new method of thermal straightening of general curving distortions of the long cylindrical shell, as well as to experimentally precise the
value of factor K3 in the worked out calculation algorithm, as applied to said cylindrical shell and EBW
conditions.
Therefore, in the sites of the butt girth welds,
were applied non-closed welds of different lengths.
Half of the length of the weld in straightening was
performed at α angle. Location of such welds was
chosen on the basis of the results of measurement of
curving distortions of the shell axis: angular coordinate of the median part of the bead was equal to the
coordinate of maximum shell deviation, but with a
minus sign. EBW conditions for these welds were
preset a bit less powerful than for standard conditions
of applying a butt girth weld, so that dimensions of
the HAZ would not exceed the already existing HAZ
of the butt girth weld. The selected EBW conditions
of thermal straightening based on the results of measurements on plane specimens, produce a transverse
shrinkage at a level of Δtr = 0.15 mm.

To control the accuracy of straightening of the
welded cylindrical shell, a system, enabling to measure the axis bending distortions right in a vacuum
chamber was worked out. Visualization of the distortion measurements as well as of the thermal straightening can be monitored on the operator display. Deviation of the shell shape from straightness W, was
measured at L = 1800 mm from the girth weld. Measurements were conducted both before applying the
straightening weld and after the shell was fully cooled. The results are presented in Table 1.
Experimental results have demonstrated high efficiency of the new method of thermal straightening
of curvature of the axis of the long cylindrical shell,
as well as confirmed validity of the assumption that
magnitude of factor K3 is within K3 ≈ (1—2) range,
as it was used in the developed calculation algorithm.
Table 1 shows experimental data on K3 value obtained
at different weld lengths in straightening. It is seen
that for such a shell and welding conditions chosen
for straightening, value of the factor can be quite
accurately assumed at K3 = 1.5. Thus, to determine
the required weld length for straightening of the shell
axis distortion, the developed calculation algorithm
can be efficiently used.
Experimental results are characterized by repetitiveness with quite a satisfactory accuracy. The new
method of thermal straightening enables to reduce to
the acceptable value significant axis bending distortions, and in so doing in just one attempt. However,
if after the first attempt bending distortions were not
reduced to the required value, and then with subsequent beads, whose length must take into account
variation of the distortion value, the straightening
process can be successfully accomplished.
Numerical study of the distorted state of cylindrical shells at local heating. In order to study the
possibility of application of thermal straightening to
cylindrical structures and determine optimum heating
Table 1. Results of measurements

Figure 4. Thermal straightening of the VT-1 titanium alloy shell
6 m length, 350 mm diameter and 6 mm wall thickness having
longitudinal axis bend distortions
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α, deg

Wbefore, mm

Wafter, mm

W, mm

15

1.26

0.50

0.76

1.49

15

2.04

1.16

0.88

1.72

30

3.16

1.90

1.26

1.28

30

2.36

0.79

1.57

1.60

60

3.21

0.55

2.66

1.56

60

0.75

—2.20

2.95

1.72

75

4.14

1.0

3.14

1.65

85

4.85

2.04

2.81

1.45

K3

Figure 5. Model of cylindrical shell with finite element grid marked (a) and temperature distribution on the outer shell surface by the
end of strip heating (b)
Table 2. Results of calculation
α, deg

L, mm

Pq, W

Tq, s

Tmax, °C

fmax, mm

25

40

3.2⋅400

30

650

0.00016

38

62

3.9⋅600

10

649

0.00015 (0.00021)

38

62

2.5⋅600

30

667

0.00045

38

62

2.5⋅600

60

642

0.00067

56

90

2.8⋅900

30

640

0.00035?

parameters, numerical study of the distorted state
(residual plastic strains and general shape change) of
cylindrical shells at local heating using a thermo-elastic-plastic and FEM analyses, was conducted.
Investigation was conducted as applied to thermal
straightening of long auger shafts having longitudinal
deflection distortions. Since the shafts considered are
hollow, so for the mathematical model (Figure 5) was
chosen a cylindrical shell having the internal diameter
Din = 50 mm corresponding to the shaft internal diameter, while the external shell diameter Dex = 92 mm
was assumed to be equal to the mean diameter of the
auger profile. Length of the cylindrical shell was limited to 100 mm. The material assumed was stainless
steel 20Kh13. Heating of the heating strip was imi-

β, deg

tated by the heat flux distributed along the strip.
Maximum heating temperature was limited to 650 °C.
A series of calculation experiments was run, aimed at
determining residual value of angle β (see Figure 1)
of the cylindrical shell bend, depending on the length
of the heating strip and heating time to maximum
temperature or heating power. Results of the calculations are shown in Table 2.
The results obtained enabled to successfully carry
out thermal straightening of long auger shafts having
bend longitudinal distortions.
Straightening of long shafts. General deflection
distortions of long (2000 mm) auger shafts (Figure 6), caused by non-uniform heating as a result of
emergency interruption of a technological process, can
be reduced to an acceptable value (1 mm) by thermal
straightening. Thermal straightening is implemented
by applying a certain number of non-closed circumferential heatings (600—650 °C) having a certain
length, uniformly distributed along the shaft (Figure 7). Locations of such heatings is chosen on the
basis of measurement of deflection distortions of the
auger axis, such that angular coordinate of the median
part of the heating is equal to the coordinate of maximum shaft outward bend (—fmax). Heating length can
be rather efficient at Lh ≈ (0.1—0.2)2πR, but not

Figure 6. General view of the stainless steel auger shafts 2000 mm
length
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Figure 7. Heating sketch

Figure 8. Measuring shaft deflections

Figure 10. Results of measurements of deflections along shaft before
(a) and after (b) thermal straightening: 1 – before straightening;
2 – after 1st run of heating (5 h); 3 – after 2nd run of heating
(10 h); 4 – after 3rd run of heating (8 h); 5 – after 4th run of
heating (5 h)

Thermal straightening (Figure 9) of two auger
shafts (2000 mm long), with maximum deflection
values of 4 and 2.8 mm, respectively, was carried out.
Results of the measurements of deflections along the
axis before and after the straightening are entered in
Figure 10. After thermal straightening, deflection values were reduced to 0.5 and 0.7 mm, respectively,
which satisfies the requirement to tolerance value
(1 mm) for auger shaft deflection.
CONCLUSIONS

Figure 9. Performing circumferential non-closed heating

exceeding half of the length of the shaft circumference
(Lh < πR).
After a series of heatings, shaft deflection measurement (Figure 8) must be performed only after its
full cooling. If as a result of the first attempt of
thermal straightening, shaft axis deflections were not
reduced to the required value, then by progressive
approximation method, with subsequent heatings the
process can be successfully accomplished.

1. Calculation algorithm for determining optimal parameters of thermal straightening on the basis of the
approximate method of shrinkage function (inherent
strain method) is worked out, which enables in thermal straightening of bending distortions of cylindrical
shell axis, to obtain a solution on the choice of parameters of thermal effect promptly in real time.
2. Experimental approbation in thermal straightening of general bending distortions of a long cylindrical shell axis and long auger shafts has demonstrated a high efficiency of the developed method of
thermal straightening.
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NUMERICAL STUDY OF FORMATION
OF LAMELLAR CRACKS IN WELDING OF SHELLS
OF MANHOLES INTO BODY OF RESERVOIR
RVS 75,000 m3 IN TOWN OF BRODY
O.V. MAKHNENKO, E.A. VELIKOIVANENKO and N.I. PIVTORAK
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
Lamellar failures in state-of-the-art welded structures is rather rare phenomenon, although as far back as 40—50 years
ago such defects in thick-wall structures in the area of tee, and especially cruciform joints occurred rather frequently.
Substantial studies carried out in 1970—1980s of the previous century enabled establishment of more strict requirements
to thick-wall steel rolled stock in regard to the content of impurities (in particular sulfur) and ductility of the material
in z-direction, which enabled successful overcoming of the problem of lamellar failures in structures made of these
materials. Nevertheless, it is difficult to completely exclude occurrence of lamellar defects, that’s why it is necessary
to take this threat into account. It should be mentioned that in a number of cases an attempt is made to place responsibility
for technological or design miscalculations on insufficiently high resistance of the material to formation of mentioned
defects. From this viewpoint the considered case of welding of shells of manholes from steel 09G2S 16 mm thick into
body of the reservoir RVS 75,000 m3 in town of Brody is rather indicative. This steel, the content of sulfur in which
is ~0.045 %, has reduced resistance to lamellar failure (KCV = 28 J/cm2 and δс = 0.02 cm in Z-direction at KCV =
= 134 J/cm2 and δс = 0.024 cm in plain of the sheet), that’s why observed during hydrostatic tests of the reservoir
leakiness of welded joints, by which the shells of the manholes were welded to the reservoir wall using cover plates,
was connected with lamellar defects in the shell. Carried out numerical study of stressed state (residual welding stresses,
and total stresses allowing for stresses from the test pressure) showed that at considered thicknesses and radii of curvature
in structures of protection manholes risk of occurrence of lamellar failures is very low. Change of the welded joint
design made it possible to avoid leakiness in welded joints during hydraulic tests and confirmed results of numerical
estimations, which showed rather low risk of lamellar failure occurrence in the considered welded assembly.

Lamellar failures in modern welded steel structures
are quite a rare phenomenon, although yet 40—50 years
ago such defects in thick-walled structures in the area
of tee and especially cruciform joints were encountered quite often. Studies conducted in the 1970—1980s
of the last century stimulated tightening of the requirements to heavy gage steel rolled stock in respect
of impurities content (particularly sulfur) and material viscosity in z-direction, which promoted successful prevention of lamellar failures in structures made
of such materials. Nevertheless, to fully exclude ap-

pearance of lamellar defects is evidently difficult, therefore such a danger must be taken account of. In a
number of cases purely technological or design errors
are attributed to insufficiently high stability of the
material to the formation of said defects.
In this connection quite illustrative is the considered below a quite typical case with welding of shells
of manholes into body of reservoir RVS 75,000 m3 in
town of Brody.
Figure 1, a shows a schematic diagram of crosssection of the welded joint across the weld, connecting

Figure 1. Schematic diagram of welded joint cross-section of branch pipe 1 with wall 2 and overlay sheet 3 of cleaning manhole of
reservoir of the Brody LVDS, made using variant 1 (a) and 2 (b)
© O.V. MAKHNENKO, E.A. VELIKOIVANENKO and N.I. PIVTORAK, 2006
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Figure 2. Scheme of lamellar crack in the welded joint zone

the branch pipe 1 with the reservoir wall 2 and the
overlay sheet 3. This diagram corresponds to the conservative conditions of welding the branch pipe by
one-sided welds to the wall and the overlay sheet.
Along the manhole contour the curvature radius varies. In hydraulic tests variant of Figure 1, a provided
poor tightness of the joint, which was attributed to
appearance of lamellar cracks, as shown in Figure 2.
Figure 1, b shows a variant of a later developed
welding technology of the branch pipe 1, where the
shell wall 2 is first welded to the branch pipe 1 with
a two-sided multipass weld, and then the overlay sheet
3 is mounted in place and welded to the branch pipe
1 with a one-sided multilayer weld. Before mounting
of the overlay sheet, the weld between the branch
pipe and the wall is checked for tightness. Such a
variant of joint has successfully passed hydrostatic
testing.
Below is considered the zone of minimal radius R,
as this zone has the highest normal stresses σrr, responsible for eventual occurrence of lamellar cracks
(see Figure 2).
The material of branch pipes of Figure 1 is lowalloyed steel 09G2S in compliance with GOST 19281—
89, and low-alloyed steel 06G2B according to TU
14-16-150—99. Some branch pipes (approximately 25)
were made from steel 09G2S, while others (approximately 70) were made, as well as the reservoir wall,
from steel 06G2B. Chemical composition of the ma-

terial revealed by the spectral analysis, is shown in
Table 1.
Here not shown is an important, in the context of
resistance to formation of lamellar cracks, material
characteristic – sulfur content. Steel 06G2B has a
good isotropy of mechanical properties in all directions, therefore for branch pipes from that steel, there
are no problems with lamellar failure. Steel 09G2S
in compliance with GOST, may contain sulfur up to
0.045 % and possesses a quite noticeable anisotropy
of mechanical properties. Below are shown respective
data on mechanical properties of steel 09G2S [1] obtained during a number of works conducted by the
E.O. Paton Electric Welding Institute, Kiev, Ukraine
(Table 2).
From Table 2 it is seen that for steel 09G2S anisotropy of properties is quite noticeable, which requires a definite caution in its application in structures
involving heavy gages and loads across the rolling
direction (in r-direction by Figure 1). Thickness of
branch pipes of 16 mm are not considered great, but
this is the limit, at and beyond which lamellar cracks
at higher loads may occur (see Figure 2).
Lamellar cracks, as it follows from [2], belong to
the type of defects in the welded joint zone, which
can occur when during welding the HAZ experiences
action of loading force aimed towards sheet thickness
(r-direction). Such a loading can occur during the
welding process itself (welding stresses), or due external loading during testing or operation of the
welded joint.
The principal factor affecting plastic properties of
the steel sheet throughout its thickness is the concentration of non-metallic inclusions. There inclusions of
sulfide or oxide type, during sheet manufacture (rolling) get elongated, whereby films or aggregates
(strips) parallel to the rolling direction are formed.
Under the action of high normal stresses in the plane
of such a film, depending on the properties of the
base material, brittle or viscous-brittle lamellar fractures (lamellar cracks) may occur.

Table 1. Chemical composition of the material of branch pipes 600 × 900 and 900 × 1500 mm
Element content, %

Steel
C

Si

Mn

Cr

Ni

Cu

09G2S

0.08—0.12

0.50—0.74

1.25—1.70

06G2B

0.04—0.08

0.27—0.32

1.28—1.36

Nb

Mo

Al

Ti

0.002—0.092

0.05—0.12

0.011—0.310

0.001—0.012

—

—

—

0.004—0.110

0.04—0.07

0.21—0.23

0.028—0.031

0.062—0.078

0.027—0.037

0.011—0.017

Table 2. Mechanical properties of steel 09G2S 35 mm thick containing, %: 0.05C, 0.67Si, 1.3Mn, 0.1Cr, 0.02Ni, 0.02V, 0.05Cu,
0.017P, 0.045S
Sample
positioning

Impact bending KCV, J/cm2, at T, °C

Tensile test at T = 20 °C
σy, MPa

σt, MPa

δ, %

ψ, %

—70

—40

0

+20

δc, mm

Standard position

405

493.6

31.75

76.3

54.5

72.5

174.0

134

0.24

r-position (across rolling direction
acc. to GOST 28870—90)

349

476.3

27.45

32.0

8.5

12.0

27.5

28

0.02

Note. Here σy – yield point, σt – tensile strength, δ – relative elongation, ψ – reduction in area, δc – critical opening.
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Thus, resistance to lamellar failure of steel sheets
is controlled by the quantity of sulfide or oxide inclusions, i.e. by the sulfur content in steel, as well
as by the properties of the matrix to resist both origination and propagation of lamellar cracks. It is natural that with the same quantity of sulfide films,
resistance to origination of lamellar cracks is higher
with a more plastic matrix, therefore the value of
reduction in area in testing the samples cut-out across
the sample thickness, is to a certain degree a characteristic of said resistance.
Based on the results of multiple tests of structural
steels by the Japanese researchers [2], it is suggested
to refer them, by their resistance to lamellar cracks,
to one of the 3 classes.
1. Class A: high-resistant steels with S < 0.007 %
and ψr ≥ 25 %.
2. Class B: resistant steels with S < 0.01 % and
ψr ≥ 15 %.
3. Class C: low-resistant steels with S ≥ 0.02 %
and ψr ≥ 8 %.
Said classification provides for the quite stringent
conditions in respect of stressed state, i.e. corresponds
to welding of rather highly loaded weldments of very
thick elements.
Steel 09G2S under conditions of Table 1, is difficult to refer to a concrete class (A, B or C). It can
however be stated that with regard for sulfur content,
it is susceptible to lamellar cracks formation, in the
presence of significant enough stresses applied in rdirection (see Figure 2).
Stressed state in branch pipes in welded joint
zone. Stressed state in branch pipes in welded joint
zone is controlled by the effect of the welding thermal
deformation cycle, as well as by external load (for
instance, by hydrostatic pressure). To determine welding stresses, a method of consecutive monitoring of
temperature fields, stress and deformation development in performing welding joints, was used. A computer FEM-based software package WELDPREDIC-

Table 3. Calculated values of qh for variant 2 in Figure 1, b
Pass No.

qh, J/cm

1

15937.5

2

15937.5

3

23906.25

4

23906.25

5

15937.5

6

15937.5

7

23906.25

8

23906.25

9

15937.5

10

15937.5

11

23906.25

12

23906.25

13

23906.25

14

23906.25

15

23906.25

16

23906.25

17

23906.25

TIONS, developed by the E.O. Paton Electric Welding Institute, was used.
Manual arc welding was simulated in filling the
groove by 10—12 passes, both in welding to the wall
and welding to the overlay sheet (see Figure 1). Accordingly were chosen welding modes and arc heat
input, i.e. Iw = 170—300 A, Ua = 25—26 V, vw ≈ 0.15—
0.20 cm/s for variant 1 in Figure 1, a, and Iw = 170 A,
Ua = 25 V at various vw values corresponding to qh
values of Table 3 for the variant 2 of Figure 1, b.
Necessary for the calculation thermophysical properties, viscosity characteristics depending on the
temperature for low-alloyed steels of the type considered are available in the database of the package

Table 4. Mechanical and thermophysical properties of steel 09G2S used in the calculations
T, °C

E, MPa

σy, MPa

α, 1/ °C

λ, J/(cm⋅s⋅°C)

cγ, J/(cm3⋅°C)

20

208000

400

0.0000120

0.520

3.76

100

203000

367

0.0000120

0.508

3.80

200

199000

347

0.0000130

0.479

3.88

300

195000

335

0.0000137

0.442

4.01

400

188000

310

0.0000142

0.425

4.15

500

172000

282

0.0000147

0.400

4.33

600

153000

220

0.0000150

0.360

4.55

700

143000

114

0.0000152

0.325

4.96

800

130000

53

0.0000153

0.280

5.48

900

108000

37

0.0000190

0.260

5.48

1000

82000

25

0.0000194

0.270

5.42

1100

32000

16

0.0000194

0.290

5.38

1200

7000

8

0.0000195

0.300

5.36

215

Figure 3. Distribution of residual stresses σrr (a), σββ (b), σzz (c) and σrz (d) across weld axis in cross-section at R = 362.5 mm

used. The printout of these data for steel 09G2S, used
in our calculations, is shown in Table 4.
Below are presented the results of calculation for
cross-sections with respect to weld axis (z = 0) of
Figure 1 for normal stresses σββ along the axis of the
weld, acting in the plane of branch pipe generatrix
transverse stresses σzz, through-thickness stresses σrr
and tangential stresses σrz.
Data of Figure 3, a—d demonstrate the general
picture of distribution of residual welding stresses
over the cross-section, after completing the welding
procedure by variant 1 of Figure 1, a for R =
= 362.5 mm. It is seen that the largest area of high
tensile residual stresses is connected with the longitudinal stresses σββ, while the smallest – with
through-thickness stresses σrr.
As for our further considerations are important
numerical values of stresses σrr, so in Figures 4 and
5 are shown in more detail distributions of such
stresses in the branch pipe weld zone of —38 < z <
< 38 mm for variant 1, where the solid line marks
penetration and re-crystallization zone (T > 1300 °C),
where lamellar cracks are not formed because typical
lamellar structure produced in rolling steel 09G2S, is
not present there. Higher residual stresses σrr below the
mentioned line are observed at R = 362.5 mm, however

these values do not exceed 203 MPa (see Figure 4, a),
and for R = 503.5 mm – 192 MPa (see Figure 5, a).
Application of the method of continued monitoring
of stressed state development, enables to take account
of loading of the considered zone with hydrostatic
pressure in testing the reservoir by water filling, as
one of the stages of monitoring, after obtaining data
on residual stresses. Figures 4, b and 5, b show such
results for stresses σrr. It is seen that such a loading
partially changes the distribution pattern and magnitudes of σrr. Characteristically, that maximum values
of σrr markedly grow only in the concentrator zone,
between the wall and the overlay leaf (zone z = 0),
where their magnitudes reach about 216 (see Figure 4,
b) and 206 MPa (see Figure 5, b).
Similar picture is observed for other R too; thus
the above regularity remains in force, i.e. increasing
R reduces σrr.
Considered also was a variant 2 of a welded joint
of Figure 1, b. Respective calculations data have
shown that at lower welding heat inputs, for this case
stresses σrr somewhat increase in the near-weld zone
below fusion line, however such stresses do not exceed
250 MPa.
Risk of lamellar cracks formation in the steel
09G2S branch pipes. Since the steel in question features a reduction in area of beyond 25 % (ψ = 32 %
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Figure 4. Residual stresses σrr across weld axis (a) and total stresses σrr in hydrostatic pressure testing the reservoir (b) for R = 362.5 mm
(solid line shows dividing the weld zone and the base metal by fusion line)

by Table 2) at r-direction tensile, the process of origination of lamellar type cracks involves tensile normal stresses σrr at the level exceeding the yield point
of the material at respective testing. Judging from
the data of Table 1, this level is > 350 MPa. This is
an average level corresponding to specimen section in

such testing. True local stresses of incipience will
evidently be higher, nearing the value of
σt
= 726 MPa.
1 — ψ/100
Hence, the condition of non-incipience of lamellar
cracks, if normal stresses σrr are below 350 MPa, can

Figure 5. Residual stresses σrr across weld axis (a) and total stresses σrr in hydrostatic pressure testing the reservoir (b) for R = 503.5 mm
(solid line shows dividing the weld zone and the base metal by fusion line)

217

__
Table 5. Calculation of acr depending on σrr
__
σrr, MPa
300
250
2acr, mm
2areal, mm, acc. to Figure 4

200

150

10.0

14.4

22.6

40.2

0

0

~ 3.0

~ 10.0

Kc ≈ √
⎯⎯⎯⎯⎯⎯
2δcEσ
⎯y = √
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
2⋅0.02⋅2⋅105⋅350 = 1673 MPa⋅mm1/2.

Accordingly we find
__ that critical dimension 2acr
depending on stresses σrr, is determined as
⎛ 1673 ⎞2 1
⎛ 1673 ⎞2
⎜ _ ⎟.
2acr = 2 ⎜ _ ⎟
=
0.324
⎝ σrr ⎠ πf2r
⎝ σrr ⎠

Figure 6. Section of infinite body with double-periodic system of
disc-like cracks in plane r = 0.

be easily considered as a quite conservative condition,
which fully matches the stressed state in Figures 3—5.
However this is not sufficient, since crack nuclei
on one or other reason can already exist in the branch
pipe material of the considered joint zone, irrespective
of residual and total stresses σrr. It is necessary to
evaluate the potential of such defects growth in the
σrr stress fields, discussed before.
As a pre-condition of such a growth, it is possible
with a certain degree of conservatism, to apply the
condition of brittle initiation of a plane crack with a
normal r and dimensions 2a × 2b (see __Figure 2).
⎯⎯πa
⎯ fr = Kc,
The__condition can be written as σrr√
where σrr is the mean stress in the area z ± a of
Figures 4 and 5, and fr is the factor depending on
a/b relation and distance between neighboring
cracks.
In a specific case, for a system of disc-like cracks,
having a period of 2h (Figure 6), under tensile stresses
σ normal to x, y plane, fr in point A is determined
after [3] by the dependence
2
fr = π [1 + 0.2393ε3 + 0.0810ε5 + 0.0574ε6 + ε7 ×
× (0.0035 + 0.0537(cos4 θ + sin4 θ) +
+ 0.0147 cos2 θ sin2 θ)];
ε = a/h.

Table __5 shows the results of such a calculation for
different σrr. There too are entered values of areal after
4, within which range the level is not below
_Figure
_
σrr. It is seen that areal is significantly lower then
value of acr, i.e. the possibility for growth of hardly
possible hypothetical discontinuities having acr dimensions in the stress field σrr obtained, shown in
Figure 4, is rather limited. Similar phenomenon is
observed for the data of Figure 5, as well as for other
manhole sizes of R > 362.5 mm.
CONCLUSIONS
1. On the basis of the conducted analysis of stressed
state in the welded joint zones of oval-shaped manholes of reservoir RVS 75,000 m3 and resistivity of
the material of the steel 09G2S branch pipe to origination and propagation of lamellar cracks, it follows
that the possibility of through defects of lamellar
crack type in branch pipes is very small. It can be
explained by relatively small thickness of branch pipe
walls (16 mm) and rather high (over 25 %) values of
reduction in area of material in the direction normal
to the rolling plane.
2. It can be considered that application of steel
09G2S for branch pipes of oval-shaped manholes of
reservoir RVS 75,000 m3, is quite acceptable.
3. Observed in hydrostatic tests of the reservoir
leakiness of welded joints in Figure 1, a, is involved
with poor design and technological solution of the
welded joint.

At a/h = 0.8 and 0.9, fr = 0.744 and is about
1.162, respectively. With a certain degree of conservatism, it can be accepted that in reality fr < 1.4.
Fracture toughness of material in r-direction, Kc,
can be determined through values of δc, σy and modulus of elasticity E = 2⋅105 MPa:

1. Bernadsky, A.V. (2000) Influence of anisotropy of the rolled stock mechanical properties on initiation and development of tough and lamellar-tough fractures. The Paton
Welding J., 7, p. 31—37.
2. Hrivnyak, I. (1984) Weldability of steels. Moscow: Mashinostroenie.
3. (1988) Fracture mechanics and strength of materials: Handbook. Vol. 2: Stress intensity factors for bodies with cracks.
Ed by V.V. Panasyuk. Kiev: Naukova Dumka.
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ASPECTS OF PREDICTING SAFE OPERATION PERIOD
OF WELDED JOINTS WITH THE ESTABLISHED DEFECTS
V.I. MAKHNENKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
In approximately 70 % of fixed infringements of conditions of safe operation (refusals) of modern welded structures it
is connected with welded joints and the defects arising at various stages of operation in their zone. In this connection
perfection of methods of forecasting of a resource of safe operation of welded joints of responsible long period of operation
structures is enough an actual problem to which a lot of works in the different countries is devoted. At the E.O. Paton
Electric Welding Institute also closely concern to the decision of various questions of this problem, thus importance of
the system approach based on corresponding monitoring loading of welded joints (units), their conditions given to
technical diagnostics during the moment of an estimation of a resource of safe operation, use of authoritative settlement
codes for the forecast, objective decision-making (for example, on the basis of risk-analysis) is emphasized. Four sections
of this system approach are considered in the report on separate concrete examples of an estimation of a resource of safe
operation of welded joints of various structures.

Safe operation of the critical welded structures involves recurrent technical diagnostics of the condition
of such structures, on whose basis different shape
defects, discontinuities, degree of degradation of the
«hot spots» material to resist different types of failure,
and then prediction of safe operation period until the
next examination is made.
As the welded joints, in the overwhelming number
of cases, are «hot spots» of modern critical welded structures, so the methodological aspects of predicting safe
operation period of the welded joints with the established defects are quite urgent. Much attention is paid
to these aspects, by IIW [1, 2] and other organizations,
for instance API [3, 4], PWI [5, 6], etc.
In a general case the approaches developed require
knowledge of the loading of the joint zone; diagnostics
of the state (geometry of the defects, degradation of
the properties, residual stress); estimation codes (mathematical models of the behavior of the defects in
the given conditions and the risk of integrity loss).
Detected during the diagnostics geometric defects,
depending on the estimation codes applied, are subdivided into the shape defects (Figure 1) and discontinuity defects. Discontinuity defects, in their turn,
are subdivided into the volumetric defects and fissure
defects (Figures 2 and 3, d) and crack-like defects
(Figures 4, a and 5, b). By origin the shape defects
and discontinuities can be both technological (Figures 1, 2, 5) and operational ones (Figures 3, 4).
There are certain rules of defects schematization,
used for their mathematical description [1, 3, 7 etc.].
Such a schematization to a certain degree is necessitated by the approach applied for evaluation of acceptability of the defect considered. The size of this
work does not allow us to discuss in detail all representative variants of such an approach. Below are
discussed two concrete typical examples, connected
with practice.
© V.I. MAKHNENKO, 2006

Example 1 involves the estimation of the defect
acceptability in the place of local thinning of the pipe
(see Figure 3, b). As a result of technical diagnostics,
by changing real thickness in the zone of the thinning,
the contour record of the thinning site in the longitudinal
and lateral directions is plotted (Figure 6), on its basis
the minimal measured thickness δmin
meas in the defect zone
is determined. The basis of rather popular method of
calculation of acceptability of the defects of such type
[3, 8 etc.], is grounded on comparing of the value of
min
for the given section in the
δmin
meas with permissible δ
min
absence of thinning. The δ values are usually known
as they can be determined through strength calculations
for the pipeline of specific designation.
Usually
δmin = δ — c,

(1)

Figure 1. Geometric parameters, determining in butt joint concentration of stresses conditioned by weld shape (a), displacement of
edges (b) and angular distortions (c)
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Figure 2. Pores in weld metal: emerging (a), not emerging (b) at weld surface, group location (c) and location of pores in electroslag
welding (d)

where δ is the nominal wall thickness, с is the total
added thickness.
c = c11 + c12 + c2,

(2)

where c11 is the addition to the wall thickness equal
to the negative tolerance; c12 is the addition to the
wall thickness, which compensates possible thinning
of the semi-finished product in manufacturing; c2 is
the addition to the wall thickness, which accounts
the wall thinning, resulting from all types of corrosion
during item service life.
Estimated thinning defect dimensions by Figure 3,
b along the pipe s and circumferentially c, are determined as shown in Figure 6, b and c, in terms of their
acceptability according to [3], from dependence
R(j)
δ ≤

δmin
meas — vcortexp
(j = s, c),
δmin

(3)

where texp is the expected time of safe operation (time
to next examination); vcor is the corrosion thinning
speed; R(j)
δ are the geometric characteristics, relating
defect dimensions s and to pipe dimensions c:
R(c)
δ =

—0.736 + 10.51(c/D)2
at c/D > 0.348,
1.0 + 13.84(c/D)2
at c/D ≤ 0.348

R(c)
δ = 0.2;

R(s)
δ = 0.9(Mt — 1)/(Mt — 0.9),

(4)

(5)

Mt = (1 + 0.48λ2)0.5 from [3] at λ > 0.3475.

Such quite simple dependences based on knowledge of δmin obtained by other researchers, for instance
[8], imply that in the thinning zone too, the mechanism of limiting state onset remains the same as in
the absence of thinning.
In the case of detection of discontinuities in the
form of cracks, such an approach is unfortunately
unacceptable. Here the most accepted are approaches

based on the premises of mechanics of failure of bodies
with cracks.
Within the framework of such an approach, a
crack-like defect is schematized by a crack of canonic
shape of appropriate size [1, 2, 7] (Figure 7). Acceptability of a respective crack is evaluated, in the first
turn, in the context of the risk of spontaneous development of such a crack in specific loading conditions.
Of special attention is application for this purpose of
a well-known approach R6, i.e. of the diagram of the
type shown in Figure 8, a, where crack equilibrium
is determined by parameters Kr = KI/KIC and Lr =
σref/σy, where KI is the stress intensity factor along
the contour of the considered crack, depending upon
external load and residual stresses; KIC is the KI critical value from conditions of brittle and ductile failure of the material along the crack contour; σref are
the stresses in the crack zone proceeding from the
given external load, capable at proportional growth
of loading, to cause plastic collapse in the crack zone;
σy is the material yield point.
It is clear that in predicting safe operation period t of
welded joints, it is necessary to take into account that
detected cracks may grow, i.e. KI and σref are determined
for crack dimensions with account of such growth.
Several crack growth mechanisms are distinguished,
of which the main are fatigue, corrosion and creep, also
combinations of these three mechanisms are possible.
Experimental diagrams of eventual crack growth
are used, those being of the type schematically shown
in Figure 8, b for corrosion crack growth at static
⎞
⎛ dv
, KI⎟ are plotloading. In the same coordinates ⎜lg
⎠
⎝ dt
ted graphs for crack growth in conditions of static
creep. At repeated loading the graph is constructed
Δl
in coordinates lg
, ΔKI, where Δl/ΔN is the rate
ΔN
of growth during one cycle of varying loading; ΔKI
is the KI change range during one cycle.
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Figure 3. Bulk discontinuity defects of material in form of
separate pittings (a), local thinning of pipe (b), elongated
bulk defects in form of groove-like flow (c) and intercrystalline
corrosion in pipe of stainless steel type 304 (d): s – longitudinal size of defect; c – transverse one (for the rest designations see the text)

Such diagrams have three quite typical sections
(see Figure 8, b), namely section I accounts for quite
small growth rates, section II – for intense crack
growth, and section III is the zone of imminent spontaneous failure.
Conditional border between I and II sections for
purely corrosive cracks is KICSS, where the principal

electrochemical growth mechanism changes to hydrogen embrittlement.
For creep cracks, as well as for fatigue cracks,
section I is separated from section II by threshold
values, respectively Kth and ΔKth.
Sections II and III are separated in approximately
all cases by KIC value, depending on temperature,
221

Figure 4. Corrosion of austenitic stainless steel showing its intergrain nature (a), transcrystalline stress corrosion initializing in
fillet weld zone (b), and stress corrosion cracking (с), initiated in
fuzion line near the weld root

microstructure, etc. of the structural material of the
given chemical composition.
Consider a concrete example.
Example 2.
During
planned
maintenance
works’2005, conducted in January 2006, on steam
generator 3 of power unit 4 of the Zaporozhie NPP
in the zone of weld 111, a discontinuity was detected
by ultrasonic control method, which in accordance
with the existing Rules has features of surface cracklike defect of a = 40 mm deep and 2c = 90 mm long
(Figure 9, b). Stresses in the zone of that defect (residual post-weld and high annealing, and caused by

pressure in steam generator P = 6.4 MPa) are shown
in Tables 1 and 2 for section β = const, that is in r,
z system of coordinates. The crack considered is oriented in plane z = const and emerges on the free
surface of the «pocket», from where it initiates now
by stress corrosion mechanism. The crack is schematized by semi-elliptic crack with semi-axes a × c in
the near-weld zone (at the root of weld 111).
Wall thickness in crack zone is δ = 72.5 mm. Sumnorm
res
mary normal stresses σzz = σres
zz + σzz , equal to σzz
residual ones plus σnom
zz nominal ones due to pressure
P, in the branch pipe wall in crack plane by data of
Table 1, are shown in Figure 10. Along the circumference of the branch pipe (coordinate β), stressed
state is not changing. Data of Table 1 were obtained
by calculations using the WELDPREDICTIONS software package developed at the PWI. It was assumed
that with crack corrosion growth, distribution of
stresses σzz in Figure 10 is not changing.
Values of KIG and KID in representative contour
points (see Figure 9, b) were calculated based on σzz
curve in Figure 10, using dependences of [7], i.e.
KI(j) = sjJj√
⎯⎯⎯⎯⎯⎯⎯
a/1000 , MPa⋅m1/2,
(6)

j = G, D
at a/c ≤ 1.0;

a/δ ≤ 0.7,

where
J(j) =

⎯⎯π⎯γ (j)
√
1.5 3.25
⎡
a 3 ⎛ a ⎞ ⎤⎥
⎢
⎞ ⎜ ⎟ ⎥
⎢1 — ⎛⎜0.89 — 0.57
⎟
c ⎠ ⎝δ⎠ ⎥
⎢
⎝
⎦
⎣
2
⎡
⎤⎡
⎞
⎛
⎢
a ⎥
J j = γ(D) = ⎢⎢1 + 0.32 ⎜ ⎟ ⎥⎥ ⎢1.23
⎝δ⎠ ⎦ ⎣
⎣

⎯
√

γ(G) = 1.12 — 0.08

;
1.656 0.5
⎡
⎤
⎛ ⎞
⎢
⎥
⎢1 + 1.464 ⎜ a ⎟
⎥
⎢
⎥
c
⎝ ⎠
⎣
⎦

— 0.09

a⎤
⎥
c⎦

√ ac ;
⎯

a
;
c

Figure 5. Lacks of fusion in heel (I, II) and along the edge (III) (a), overlap in welding of butt (I) and fillet (II) welds (b)
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(7)

Figure 6. Surface defects of «local thinning» type in pipelines: a – inspection planes and critical thichness profile; b – critical
thickness profile – longitudinal plane (projection of line M); c – critical thickness profile – circumferential plane (projection of
line C)

sj is the equivalent stresses, defined by the formulae
[7] as
20

sG =

∑
i=0

⎡
⎤
a
⎢Ci + Di + λEi⎥ σzz(i),
c
⎣
⎦
20

sD =

∑ Fiσzz(i).
i=0

Here, σzz(i) are the summary σzz stresses based on
curve in Figure 10 at depth (a/20)i (i = 0, 1, 2, ...,
20) from the surface; Ci, Di, Ei, Fi are the tabulated
weight functions of [7];
a
λ=
δ

(8)

⎡
⎢
⎢1.0 — 1.9
⎢
⎣

1.75

⎛a⎞
⎜ ⎟
⎝c⎠

1.5

⎛ a⎞
+ 0.9 ⎜ ⎟
⎝ c⎠

⎤
⎥
⎥.
⎥
⎦

(9)

For deep cracks, where a/δ > 0.7 and 0.2 ≤ a/c ≤
≤ 1.0 according to [7], dependence (6) was used:

Figure 7. Schematization of crack-like defects: subsurface (a), surface (b) and through defects (c)
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Figure 8. Criteria of acceptability of crack-like defects (static
loads): DOR-diagram (a) and diagram of corrosion crack growth
at static loading (b)

Figure 9. Diagram of weld 111 location (a) and schematization of
considered discontinuity A in section z = const (b): 1 – steam
generator body; 2 – collector; 3 – branch pipe; 4 – pipeline;
5 – pocket; A – discontinuity-like defect; G and D – representative points of semi-elliptic crack

Table 1. Residual stresses in zone of welded joint 111
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Table 2. Stresses σzz in defect zone versus working pressure of 6.4 MPa

⎤
⎥
⎯⎯π
gj√
⎥
,
⎥
1.65 0.5
⎦⎡
⎛ a ⎞ ⎤⎥
⎢
⎢1 + 1.464 ⎜ ⎟ ⎥
⎢
⎝ c ⎠ ⎥⎦
⎣
a
j = G, D at A1 = 1.13 — 0.09 ;
c

2
4
⎡
⎛a⎞
⎛ a⎞
⎢
⎢
⎜
⎟
⎟
⎜
J(j) = ⎢A1 + A2
+ A3
⎝δ ⎠
⎝δ⎠
⎣

A2 = —0.54 +

A3 = 0.5 —

0.89
a
0.2 +
c

σref

⎤
⎥ a
⎥√
⎥⎯ c .
⎦

∫

N=
Rav +

M=

∫
Rav —

δ

σzz(r)

6M(P)
δ2

; σm =

N(P)
;
δ

r
dr;
Rav
(11)

2

σzz(r)

δ
2

r
(r — Rav)dr,
Rav

where Rav = 631.25 mm.
Respectively, N = 2447 MPa⋅mm and M =
= 2447 MPa⋅mm2 for σzz stresses of Figure 10.
Without regard for residual stresses, i.e. by the
data of Table 2 N(P) = 1775 MPa⋅mm and M(P) =
= 15174 MPa⋅mm2.
sj = σm + Hjσb

where

(j = G, D),

⎛ a⎞2
⎜ ⎟.
⎝ δ⎠

_ ⎡ 2α χθ ⎛ 2 — 2τ + χτ ⎞⎤
⎟⎥; α = arccos (B sin θ);
z=⎢π — π ⎜
⎣
⎝ 2 — τ ⎠⎦
(14)
πc
δ
a
;χ= ; τ=
;
θ=
⎛
δ⎞
δ
δ
4 ⎜Rav — ⎟
Rav +
2⎠
c
⎝
⎡ (1 — π)(2 — 2τ + χτ) + (1 — τ + χτ) ⎤
⎥.
B=χ⎢
2[1 + (2 — τ)(1 — τ)]
⎦
⎣

2

δ
Rav —
2
δ

⎤
⎥
⎥
⎥
⎦

(13)

_
σb + [σ2b + 9(zσm)2]0.5
=
;
3

σb =

Values of sj in this case were considered as membrane force N and bending moment M, corresponding
to σzz stress curve, i.e.
Rav +

6M

Stresses σref of [3] were calculated by dependence
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⎛
a⎞
+ 14 ⎜1 — ⎟ ;
c⎠
a
⎝
0.65 +
c
2

σb =

0.75
1.5
⎡
⎛a⎞
⎛a⎞
⎢
+ ⎢⎢0.55 — 1.05 ⎜ ⎟
+ 0.47 ⎜ ⎟
⎝ c⎠
⎝c⎠
⎣

(10)

⎛a⎞
⎜ ⎟
⎝δ⎠

N
;
δ

;
δ2
⎛ a⎞ ⎛ a ⎞
a
HD = 1 — 0.34 — 0.11 ⎜ ⎟ ⎜ ⎟;
δ
⎝ c⎠ ⎝δ ⎠
⎛
a⎞ a
HG = 1 — ⎜1.22 + 0.12 ⎟ +
c⎠ δ
⎝

1

⎡
⎢
gD = ⎢⎢1.1 + 0.35
⎣

gG = 1.0;

;

σm =

(12)
Figure 10. Summary stresses σzz in crack plane
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Figure 11. Schematic diagram of static corrosion crack resistance
of structural material: 1 – lg v — KI diagram based on experimental
data; 2 – idealized diagram

Figure 12. Prediction of growth kinetics in time t of original crack
of a0 = 40 mm, c0 = 45 mm for 4th steam generator of the Zaporozhie
NPP at KISCC = 10 MPa⋅m0.5 and vm = 44 mm/year

Figure 13. Prediction of variation in time t of SIF KI(D) and KI(G)
for original crack of a0 = 40 mm, c0 = 45 mm in welded joint zone
111 of 4th steam generator of the Zaporozhie NPP

Figure 14. Kinetics of reduction of reserve factor against spontaneous crack growth of a0 = 40 mm, c0 = 45 mm in time at KISCC =
= 10 MPa⋅m0.5

For steel 10G2NMFA, from which branch pipe of
the steam generator was manufactured, on the basis
of experimental data of [2], were obtained parameters
KISCC and vm (Figure 11) of simplified diagram of
corrosion crack growth in the feeding water medium
of the Yuzhno-Ukrainskaya NPP, which can quite
conservatively be applied for the considered case of
the Zaporozhie NPP.
Figure 12 shows estimated growth kinetics of a(t)
and c(t) at KISCC = 10 MPa⋅m1/2, vm = 44 mm/year
and KIC = 138 MPa⋅m1/2, corresponding to such
growth, KI(D) and KI(G) values are shown in Figure 13, while n values – in Figure 14.
It seen from these data that until the next planned
maintenance works’2006, that is in one year of operation, the crack depth a will increase from 40 to
62 mm, when wall thickness is 72.5 mm. In doing so
the crack length will almost double, i.e. from 2c =
= 90 to 2c = 180 mm. Reserve factor n will decrease
from 5.4 to 3.6. These data appeared quite sufficient
for substantiation of the acceptability of the detected
defect, at least for one-year service.
On insistence of the Administration of Nuclear
Regulation of Ukraine, in about 5 months of service
control measurement of the defect in question, was
conducted. These measurements confirmed rather
high conservatism of the estimation of Figure 12.
1. (1990) IIW Guidance on assessment of the fitness for purpose of weld structures. IIW/IIS-SST-1157—90.
2. (2002) Recommendations for fatigue design of welded joints
and components. IIW Doc. XIII-1539—96, XV-845—96.
3. (2000) Fitness-for-service: Recom. practice 579. 1st ed. API.
4. (1999) API Standard 1104: Welding of pipelines and related facilities. Appx. 13: Service welding. API.
5. Makhnenko, V.I., Makhnenko, O.V. (2000) Development
of calculation procedures for assessment of allowable defects
in welded joints of critical structures. The Paton Welding
J., 9/10, p. 79—87.
6. Makhnenko, V.I. (2003) Improvement of methods for estimation of residual life of welded joints in durable structures. Ibid., 10/11, p. 107—116.
7. (1990) MR-125-01—90: Calculation of stress intensity factors
and section weakening for defects in welded joints. Kiev.
8. Garf, E.T., Netrebsky, M.A. (2000) Assessment of the
strength and residual life of pipelines with erosion-corrosion
damage. The Paton Welding J., 9/10, p. 13—18.

Knowing magnitudes of K and σref, it is possible to
evaluate the reserve factor n to spontaneous failure
at any moment of crack growth t, if a(t) and c(t) are
also known. For that purpose we use analytical description (DOR) in Figure 8 of [3], i.e.
Krn = [1 — 0.14(Lrn)2][0.3 + 0.7 exp (—0.65L6r n6)];
Kr = 0 at Lr = Lmax
=
r

σy + σt
.
2σy

Substituting Kr(t) and Lr = σref(t)/σ, it is possible
to find n(t) from this equation. Clear, that to do this,
knowledge of variation of a(t) and c(t) is necessary.
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CURRENT PROBLEMS OF MATHEMATICAL MODELLING
IN WELDING AND RELATED TECHNOLOGIES
V.I. MAKHNENKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Conferences, whose main focus are problems of mathematical modelling of welding processes (related
technologies), are regularly held all over the world.
Here, in the first place, are to be noted those well
known to the welding community:
• Computer Technology in Welding and Manufacturing (principal organizer is The Welding Institute, by now the 16-th conference, started in 1986);
• Numerical Analysis of Weldability (principal
organizer is Austrian university in Graz-Seggau, the
8-th conference in 2006, held once in two years);
• Mathematical Modelling and Computer Simulation of Metal Technologies (organizer is Israeli College of Judea, Samaria, the 4-th conference in 2006,
held once in two years);
• Mathematical Modelling and Information Technologies in Welding and Related Processes (organizer
is the E.O. Paton Electric Welding Institute, NASU,
Kiev, Ukraine, in 2006 held the 3-rd conference, started in 2000).
Despite the above coincidence in time, these conferences gather quite many participants and reports,
involved with mathematical modelling in welding and
related technologies, which is indicative of great interest to this field among the experts busy with studying and developing respective technologies, as well
as in predicting the behavior of a product of such
technologies in operational conditions. Such an interest conditions, on the one hand, ever growing requirements to efficiency and quality of products of welding technologies, and, on the other hand, promising
applications evolving from the progress of computer
engineering, mathematics and PC.
It is natural that main current problems of mathematical modelling in welding and related technologies are the problems of growth (expansion) of efficient application of such approaches in studying new
(poorly studied) phenomena accompanying welding
and related processes (deposition, coating, special
electrometallurgy, etc.).
It is self-evident, that the author of this report
does not endeavor to make an exhausting review of
all the problems, especially with regard for quite recently published reviews [1—3]. Below are considered
only some of problem issues, being, in the opinion of
the author, quite topical.
In the field of mathematical modelling of typical
for welding and related technologies phenomena, in
© V.I. MAKHNENKO, 2006

recent years of special interest are the phenomena,
occurring in liquid metal as a weld pool, as well as
of some other adjacent technologies.
Evaporation and condensation. These substantially well studied in physics and well-known in practice phenomena, attract experts in connection with
description of conditions of deep penetration in electron beam welding methods [4—6 etc.], as well as in
the production of materials and deposition of coatings
in vacuum using electron-beam physical vapor deposition (EB-PVD) [7]. A number of reports at this
conference are dedicated to this topic. Here it is worth
noting that the process of liquid evaporation (especially in the form of bubble- or film boiling) refers to
the 1st kind phase transitions, and is accompanied by
considerable energy absorption at a given boiling temperature Tb, whose magnitude is determined by chemical composition of the liquid being heated and pressure in the vapor phase over the liquid.
In accordance with Clapeyron—Klausius equation,
variation of pressure P in the forming vapor phase
with variation in its temperature, is defined as
L
dP
=
,
dT T(V2 — V1)

(1)

where L is the latent evaporation (condensation) energy; T is the evaporation (boiling) temperature; V2 —
— V1 is the variation of vapor volume in transition of
the substance from liquid to the vaporous state.
Although the equation (1) holds strictly true only
for equilibrium conditions, however it follows from
that equation that temperature higher than boiling
temperature Tb, promotes increase of pressure P in
the given zone of the liquid surface. Shown in Figure 1
[6] temperature and pressure distribution diagram in
EBW with deep penetration shows that in the presence of metal evaporation from the weld pool walls,
a pressure drop takes place, promoting expelling the
liquid metal and deeper penetration of the electron
beam.
To initiate evaporation, quite a high density q of
heat energy input into the given area of the liquid
surface is required, i.e.
q ≥ Wh.f + L

dW1
,
dt

(2)

where Wh.f is the heat flux density, W/cm2, to satisfy
the condition T ≥ Tev; dV1/dt is the liquid metal
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Values of Tb and q — Wh.f for some metals at dV1/dt =
3
2
= 1 cm /(cm ⋅s)
Material

Fe

Al

Ti

Cu

0.477⋅105

0.2475⋅105

0.44⋅105

0.39⋅105

3023

2658

3535

2813

Parameter

q — Wh.f, W/cm2
Tb, K

Figure 1. Diagram of pressure distribution in evaporating material
from keyhole walls in EBW with deep penetration [6]

volumetric evaporation rate of the liquid metal from
a unit of area, cm3/(s⋅cm3).
The Table shows data on values q – Wh.f at
dV1/dt = 1 cm3/(s⋅cm2) and Tb for some representative metals, from which it is seen that density
of energy inputted into a unit of area of the evaporated
liquid, in boiling conditions (at dV1/dt >
> 0.2 cm3/(s⋅cm3)) with regard for Wh.f should exceed 104 W/cm2, which is usually the case with beam
methods of deep penetration welding heating.
With arc methods of welding, heat flux values are
usually lower. Thus, for TIG welding, distinguished
for its highest concentration of heat energy, heat flux
density does not exceed (0.2—0.3)⋅104 W/cm2.
However even with A-TIG welding (Figure 2),
when due to shielding with flux of the weld zone,
dimensions of the effective heating spot are decreasing, one can obtain close to 104 W/cm2 heat flux
density, with 2—3 times decreasing effective spot diameter, which is quite feasible and, respectively, effective evaporation from the surface (in boiling con-

Figure 2. Diagram of inputted heat energy distribution for TIG
(a) and A-TIG (b) welding

ditions) can be assumed being one of the possible
factors of increasing penetration in A-TIG welding.
It is clear that all this requires more exhaustive
investigations, where methods of mathematical modelling based on solution of the equation of mass
conservation, pulse and energy for a respective vapor
flux [8], will promote finding an adequate solution
of the A-TIG welding problem.
Phenomenon of liquid metal vapor condensation,
efficiently used in EB-PVD technology, etc., 1st kind
phase transition, but only with heat emission according to equation (1), exerts some influence on heatand mass transfer in the keyhole at heat source movement, which has not yet found a respective reflection in existing models of beam welding with deep
penetration [6].
It has also to be noted that detailed mathematical
description of the above well-known EB-PVD technologies is yet unavailable, though it is certain that
with them many bottlenecks of those technologies
could be solved with lower material and time expenses.
Surface tension. Surface tension in a liquid material (metal of weld pool, etc.) objectively manifests
itself in almost all fusion welding technologies (Figure 3), as well as in related processes involved with
liquid metal.
On the basis of knowledge of surface tension, mathematical models of welded joint formation, heatand mass transfer in a liquid pool with regard for free
surface presence, Marangoni forces, etc. [5], are constructed. Models on the basis of surface tension forces
in molten metal are successfully applied in related
technologies too.
Let me elaborate on one of such technologies, involving obtaining tungsten carbide spherical particles
used as a component of filler material in surfacing of
drill bits, etc. Tungsten carbide melting temperature
is 2780 °C, which substantially complicates the pro-

Figure 3. Diagram of one-sided butt weld formation with full penetration with regard for surface tension forces
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cesses of producing tungsten carbide pellets of a given
particle-size distribution. The E.O. Paton Electric
Welding Institute of the NASU (Kiev, Ukraine) has
developed a unique technology for tungsten carbide
pellet production by melting of the tip of the rotating
stick of tungsten carbide (Figure 4).
The task of mathematical modelling was construction of mathematical dependences, linking main process parameters (geometric dimensions, thermal response of heating source, rotation speed) with the process output (speed of axial feeding of the melted stick
Vf as in Figure 4) and mean size of the produced
tungsten carbide particles. Solution of this problem
is described in detail in [9].
A closed model has been constructed, including
the process of heating the tip of the stick, formation,
growth and separation of the drop (Figure 5). Normal
law of particle size distribution (breaking off tungsten
carbide drops) was used, which parameters depend
on stick rotation speed at constant power of the plasma
heating source.
The process of drop formation (see Figure 5) is
conditioned by the developing excessive pressure P
in the melted layer on the stick tip under the influence
of centrifugal forces. The P(r) values distribution
depending on the stick rotation speed comes from
Navier—Stokes equation. At some specific temperature
of surface layer heating and respective pressure P(r),
liquid metal flat surface shape becomes less rational.
This condition is defined as
P > σ(T)

Fd
,
Vd

(3)

where σ(T) is the surface tension of the material at
T; Fd is the surface area of the forming drop; Vd is
its volume.
It was shown that the time for formation, growth
and detaching of the drop in a given point of the
liquid layer Δtd constitutes about 30 % of time Δti
spent on incubation period, connected with rehabilitation of the given area for the next formation, growth
and detaching of the drop. Thus obtained time characteristics enabled us to generalize in [9], based on
original parameters (Figure 6) and obtain fairly well
agreeing data on process productivity and size of tungsten carbide grains.
One of the fundamental issues concerning the liquid metal, is the issue of interaction of the metal with
gases and slag, involved in the welding (related) process.
In this field a number of publications on application of mathematical modelling for describing the processes of gas absorption by the liquid metal [8, 10]
have appeared, using quite effective approaches for
describing the process of evaporation and absorption,
based on Knudsen theory and Navier—Stokes equations for evaporation and movement of metallic vapor
molecules, as well as for diffusion equations for expansion of the absorbed element in the liquid metal.
Compared with classic approaches based on empirics

Figure 4. Diagram of tungsten carbide pellet production: 1 –
tungsten carbide stick; 2 – graphite bushing; 3 – graphite pusher;
4 – water-cooled spindle axle; 5 – plasma torch; 6 – spindle
support; 7 – tungsten carbide drops

of transition factors [11, etc.], mathematical models
of the types developed in [8, 10] are, undoubtedly,
more promising.

Figure 5. Diagram of drop formation in circumferential section r =
= const (a), and corresponding to it estimated implementation (b)
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Figure 6. Results of calculation of temperature fields and tip surface profile in stick and bushing for steady state at ηdi = 0.45 and ηl =
= 0.31 [9]

Processes in two-phase zone of TS < T < TL.
In that zone there takes place primary crystallization
of the liquid metal, determining primary microstructure, local chemical inhomogeneity etc., i.e. phenomena, in many cases substantially controlling quality
of the crystallized metal. Naturally, the interest to
that zone (including that of experts on mathematical
modelling) is rather keen [1, 2 etc.]. However complexity of real processes in the temperature range of
TS < T < TL, mechanisms of their realization depending on the rate of cooling, temperature gradients etc.
essentially restricts the capabilities of classical determinated approaches. More promising, in that respect
evidently are stochastic models, as that of [12 etc.].
However their construction and realization involves
considerable difficulties.
Formation of intermetallides. Intermetallides are
most often formed in the process of welding of dissimilar materials, which is now quite an issue in aviation-, ship-building and instrument-making, chemical
industries, etc. Intermetallides are unwanted formations, as they very adversely affect mechanical properties of welded joints [13]. To prevent formation
of intermetallides in welding-brazing of dissimilar alloys having essentially different melting temperatures
(for instance, Ti + Al, Fe + Al), it is necessary to
provide temperature conditions, at which the period
of contact of the solid metal with the liquid one is
below τcr(T), as is shown in Figure 7 for TiAl3 intermetallide [13].

Figure 7. Temperature dependence of duration of latent period of
TiAl3 formation at boundary of surface contact of solid titanium
with liquid aluminum

Under conditions of varying in time temperature,
the criterion of non-formation of an intermetallide
τcr(T), can be substituted by condition
τ

χ=

≤ 1.0.
∫ τ dt
(T)
0

(4)

cr

It is seen that at contact temperature below TL ≈
≈ 660 °C for aluminum, formation of TiAl3 is actually
impossible.
Hot (crystallization) cracks. These cracks are usually formed almost in a two-phase zone of the crystallizing metal (Figure 8), and are due to insufficient
capability of plastic deformation of metal because of
the presence in limited quantity of liquid interlayers
along the grain boundaries.
Hot cracks are brittle fractures (within brittleness
temperature range, BTR), therefore availability of
quite plausible diagrams of the type shown in Figure
8 [14], enables to formulate the criterion of emergence
of hot (crystallization) cracks in the form
TS > T > TS — BTR;
εii(T) ≥ δ(i)
cr (T) at σii(T) > 0,

(5)

where εii(T) is the normal strain accumulated in BTR
between TS and T.
Direction —i = x, y, z is quite logical to choose
along or across the weld, since most often the quantity
δ(i)
cr possesses a certain anisotropy, conditioned by liquation phenomena at crystallization.

Figure 8. Variation of relative elongation of low-alloyed improved
steel at heating to high temperature and cooling down from temperature 1430 °C
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Figure 9. Longitudinal cold cracks on surface (I) and in root of weld (II): a – fusion zone (FZ); b – sketch of zone of martensite
transformation (cross section I) and curves of temperature distribution T(x) and stresses σxx(x) and σzz(x, y) in transformation zone
—l/2 ≤ x < l/2 (II); c – sketch of longitudinal specimen with bead width B = 20 mm and distance between bead centers H = 18 mm
for variant 4, and B = 12 mm and H = 10 mm for other variants

Processes in solid phase. Most typical solid-phase
processes are those, defining microstructure and properties of the weld metal and the near-weld zone,
stress-strain state, cold (hydrogen) crack formation.
They are fairly well described, however here too, there
are some gaps.
Let us consider one typical phenomenon connected
with formation of underbead cold cracks at welding
heating (surfacing) of hardening-susceptible steels
(Figure 9).
In such steels, cold (hydrogen) cracks are usually
formed at temperatures below 150 °C under the following conditions:
• presence of at least 50 % of microstructure with
martensite or lower bainite component;
• presence of diffusive hydrogen in quantities of
at least 1 cm3/100 g;
• presence of rather high tensile normal stresses
in the respective direction.
The latter condition for underbead cracks of Figure 9, a, judging by the residual stresses, obtained
either by experimental measurements or by computational methods within the framework of the model of
plane stressed state, is evidently not observed, although presence of underbead cracks is an objective reality. A more detailed analysis of stress kinetics connected with martensite formation in the near-weld
zone, when longitudinal stresses σzz(T) and σyy(T)
having tensile and compression peaks of magnitudes
[15], revealed by 3D analysis. In [15] it is shown that
at about 90 % of martensite content, tensile peak of
110 MPa is quite sufficient for the formation of the
underbead crack for steel 65G, i.e. the third of the
above conditions, is fully implementable in the temperature zone of martensite transformation of
M
TM
e < T < Tst .
Creation of complex problem-oriented systems
for engineering applications (CPOSEA). This is the
field of developments, whose potential is underlined

in reviews [1, 2], as well as in [16—20 etc.], it is in
demand by the engineering practice of today, conditioned by the progress of information technologies
and increased computer literacy of present generation
of engineers. Such systems must be maximally problem-informative, convenient in their use, and available at an affordable price. The requirement to combine
these three features substantially complicates the development of such systems, however it is a stimulus
for many developments, involved with mathematical
description of physical-chemical processes accompanying welding (related technologies), since generation of respective knowledge on the basis of such mathematical models in specific engineering developments allows substantial funds and time saving.
It should also be noted here that development of
CPOSEA is not an alternative to available commercial
systems and software packages types SYSWELD and
WELDPREDICTIONS, designed for solving representative fundamental problems (modelling of temperature fields, thermal cycles, microstructure variations, stresses and strains at welding heating) for rather common geometric shapes and dimensions of objects, initial and boundary conditions, whose rendering concrete is by far not a simple work for the user.
When using CPOSEA an engineering users is freed
from extrinsic to them work of selecting mathematical
models, describing initial and boundary conditions,
selecting rational dimensions of finite elements, time
between monitoring procedures, etc. In conjunction
with information support, necessary for solving only
a specific representative problem, CPOSEA is very
convenient for engineering use.
Among those developed at the E.O. Paton Electric
Welding Institute CPOSEAs [16—19], quite popular
(used at a number of industrial enterprises of Ukraine), is the ArcWeldSys system [20] (Figure 10),
designed for reducing the scope of experiments on
specimens in selecting alternative welding consumab231

Figure 11. Example of information, provided by ArcWeldSys system for various joints, on multilayer weld formation, martensite
content, hardness HV and impact toughness KCV
Figure 10. ArcWeldSys system for selection of welding consumables
for arc welding of structural steels, based on computer modelling
of main properties of welded joints

les for specific welded joints in arc welding of structural steels [21].
ArcWeldSys system [21] enables to select for different methods of arc welding and different structural
steels (low-carbon, general purpose low-alloy, highstrength low-alloy carbonitride-strengthened, sparsely alloyed hardened-tempered, heat hardenable, heatresistant chromium-molybdenum, weather-resistant
low-alloy, cold-resistant low-alloy, cold-resistant nickel, martensitic stainless (high-temperature), stainless ferritic class, stainless austenitic class), alternative welding consumables of various companies all
over the world, rational welding modes, and subsequently obtain information on:
• weld formation (butt, corner, tee) (see Figure 10);

• chemical composition of fusion zone (in singleand multi-pass welding);
• microstructure and mechanical (functional)
properties;
• risk of hot and cold crack formation (Figure 11).
Production tooling and welded joints. Issues of
interaction of production tooling and welded joints
in different weldments of structures in recent years
attract much attention in connection with the development of new highly efficient technological manufacturing processes, requiring high accuracy of positioning welded members. Thus, in single-pass welding
without tacks of large steel plates (butt weld length
of about 16 m) in modern shipbuilding, it is very
important in the process of welding to preserve along
the whole butt the original gap width with preset
tolerance, which requires using appropriate production tooling.

Figure 12. Schematic of the JMG device
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Figure 13. Schematic diagram of edge fixing with clamp: 1 –
welded plate; 2 – base; 3 – clamp

Figure 14. Friction force value as a function of relative displacement
of friction bodies in shear, turning to sliding, at Qz = const

Figure 12 shows a schematic diagram of the device,
developed by German company JMG, for containment
the gap width at single pass butt welding of steel
plates 3—19 mm thick.
Containment is provided by clamps, pressing welded plate edges to the base of the production tooling
(Figure 13). Clamping force is provided by the hydraulic system and respective rigidity of the device
portal (see Figure 12). Friction forces F, preventing
edge dislocation, are proportional to normal clamping
force (Figure 14) up to a certain magnitude, above
which sliding occurs without increasing of friction
force F. Clearly, substantiation of the design of such
a device necessitated the knowledge of clamping forces
Q for large plates, different thicknesses and welding
modes. Results of successful solution of this iproblem,
using mathematical modeling, are described in the
work of Prof. P. Seyffarth, discussed at the Conference and included into the Proceedings Book.
CONCLUSION
All over the world interest to mathematical modelling
of complex phenomena, taking place in welding and
related technologies, is aimed at reducing the scope
of purely experimental investigations, funds and time
saving. Objective conditions of such growing interest
are permanently growing requirements to new technologies and high rates of computer technologies
growth. The role of mathematical modelling in solving problems, involving selection of rational technological solutions both with regard for parameters
and production tooling, is growing.
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MATHEMATICAL MODELING
OF THERMODEFORMATIONAL
AND PHYSICOCHEMICAL PROCESSES DURING
WELDING OF LAP AND BUTT DISSIMILAR
TITANIUM-ALUMINUM JOINTS
V.I. MAKHNENKO, A.S. MILENIN and A.P. SEMYONOV
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
The process of welding of the dissimilar joints is a complex of complicated and interrelated physical processes, those
to a certain extent have an influence on the quality of the welded joints. To calculate the thermodeformational processes,
those are taking place during the welding of the dissimilar joints of the type titanium-aluminum, the complex of computer
programs, which gives an opportunity to simulate the temperature fields, and also the fields of current and residual
stresses and strains, has been developed. Moreover these mathematical models make it possible to estimate the risk of
the formation of intermetallic compounds and the thickness of intermetallic layer in the region of the contact of the
dissimilar metals. An adequacy of the results, those have been obtained with the developed programs, was verified
during the working out of the technological cycle of the welding of the samples for Airbus project.

At present the use of welding to obtain permanent
links of metal components is widely adopted, including such conservative from point of view of application of welding technologies fields as aircraft construction [1]. In spite of the fact that the use of welded
assemblies and structures is limited to a sufficient
extent to noncritical parts, the high emphasis is placed
on the quality of welded joints.
The most commonly used structural materials in
aircraft building are titanium, aluminum and their
alloys [2], at that some constructional units imply
the presence of permanent joints of details made from
these materials. Therefore the dissimilar welded joints
of titanium with aluminum are of certain interest.
Welding of dissimilar joints is often the complex
of complicated interrelated physicochemical, thermal
and metallurgical processes, those finally determine

Figure 1. Equilibrium diagram of the binary Ti—Al system [1]

the quality of obtained welded joint. This fact, in
turn, makes difficult to optimize the corresponding
welding technology [3, 4]. Experimental researches
in this field are complicated and expensive enough,
so that the use of the mathematical modeling of the
kinetics of the processes, those take place during the
welding of dissimilar joints, on basis of corresponding
numerical methods, is appropriate [5].
Quality and working capacity of dissimilar titanium-aluminum welded joints is determined both with
processes of reaction diffusion (those can lead to the
formation of brittle intermetallic layers), and with
formation of the fields of strains (those cause the
change of the shape of sample) and stresses (those
can diminish the working capacity of the unit, lead
to hot cracking in the region of welded joint and also
stimulate the process of stress-corrosion).
To describe the processes of reaction diffusion and
thermodeformational processes during the welding of
dissimilar titanium-aluminum joints by the example
of lap and butt welded joints, corresponding mathematical model has been developed.
Characteristic features of processes during the
welding of titanium to aluminum. The processes mentioned above, those are typical for the welding of
dissimilar structures, in case of joining of titanium
with aluminum have some specific features.
As it can be seen from the equilibrium diagram of
the titanium-aluminum system (Figure 1), there are
four stable intermetallic compounds in this system:
Ti3Al, TiAl, TiAl2, and TiAl3 (stoichiometric phase).
However the experimental researches have shown that
in case of surface contact of aluminum and titanium
the processes of their interdiffusion lead to the for-
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mation of single intermetallic layer TiAl3, whereas
the amount of other intermetallic phases either vanishingly small or absolutely absent [6]. Intermetallic
compound TiAl3 has low processing characteristics
that make its presence in the region of welded joint
inadmissible.
However the fact that the melting points of titaAl
nium (TTi
liq = 1668 °C [7]) and aluminum (Tliq = 660 °C
[8]) are sufficiently different makes it possible to use
so called brazing-welding, to obtain the welded joints
of these metals. In this case technological parameters
of the welding process are selected in that way to
melt only aluminum part of the joint whereas the
titanium one remains in the solid state.
This approach is implemented for example for laser
beam welding of butt joints of titanium alloy Ti6Al4V
and aluminum alloy AA6056 [1], and also for the
argon-arc welding of aluminum and titanium plates
with the use of aluminum filler wire (Figure 2) [3].
But such approach doesn’t exclude the appearance
of the brittle TiAl3 layers in the region of the surface
contact of the liquid aluminum and solid titanium.
But in this case so called latent period of the intermetallic layer formation is present. In course of this
period of time from the physical contact of the liquid
aluminum and solid titanium the intermetallic layer
of sufficient thickness doesn’t form [3, 4, 9]. Experimental dependence of the latent period duration on
the temperature of the welded joint region during the
welding process is shown in Figure 3. Thus with the
use of certain optimization it is possible to obtain the
welding cycle when the kinetics of the temperature
fields exclude the long-duration staying of the contact
region under the high temperatures and consequently
to receive the titanium-aluminum welded joint practically without brittle intermetallic layer in the region
of the contact surface of parts being welded.
To estimate numerically the TiAl3 layer formation
risk under the variable temperature field the calculated value of the intermetallic compounds formation
risk coefficient can be used. This coefficient in turn
can be expressed as follows [3]:
t0

χ=

dt′

∫ τ(T) ,

Figure 2. Examples of scheme of welding of lap (a) and butt (b)
dissimilar aluminum-titanium joints: 1 – aluminum part; 2 –
titanium part; 3 – laser welding heat source; 4 – aluminum filler
wire

tatively divided into three successive steps, namely
relaxation of the energy peak at the phase boundary
«liquid aluminum—solid titanium»; formation of new
phase islets in the region of surface defects, growth
of these islets along the contact region and their joining in the continuous intermetallic layer; and normal growth of intermetallic layer in the direction from
contact region as a result of reaction diffusion of elements.
Processes, those take place within first and second
stages, are complicated and ambiguous, but the amount of appeared intermetallic phase is rather little
(the thickness of the layer doesn’t exceed 2—5 μm [1,
9]). Therefore from point of view of the working
capacity of welded joint the summarized duration of
these stages, that in turn depends on the temperature
conditions in the investigated area and can be estimated with the duration of the latent period, is important. Third stage corresponds to the diffusion
growth of the intermetallic phase layer. The kinetics
of this process can be estimated with the use of second
Fick’s law that in 2D case and taking into account
the chemical reaction of intermetallic compound formation takes on following form:

(1)

0

where t0 is the observable time of staying of the given
point of the contact of solid titanium with liquid
aluminum; T = T(t′) is the time dependence of the
temperature at the given point on the moment of time
t′; 0 ≤ t′ ≤ t0; τ(T) is the duration of latent period
according to Figure 3. In this case the fulfilling a
condition χ < 1 along the contact surface guaranties
the absence of the intermetallic layers of sufficient
thickness.
Mathematical modeling of diffusion processes
by the example of brazing-welding of lap aluminumtitanium joints. The process of the intermetallic TiAl3
layer formation and propagation at the border of the
surface contact of aluminum and titanium can be ten-

Figure 3. Temperature dependence of retardation period of TiAl3
formation in surface contact area of solid titanium and liquid aluminum
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Table 1. Technological parameters of lap joint welding process
Motion rate of surface arc heat source along welded
joint, mm/s

Figure 4. Scheme of lap dissimilar welded joint [1, 5]

∂ci
∂c ⎞
∂ ⎛
⎜Di(x, y, T, ci) i ⎟ +
=
∂t ∂x ⎝
∂x ⎠
∂c ⎞
∂ ⎛
⎜Di(x, y, T, ci) i ⎟ — Vi(ci, cTiAl ),
+
3
∂y ⎝
∂y ⎠

4

Heat source power, kW

4.4

Heat efficiency coefficient, %

50

Welding spot diameter, mm

3

Table 2. Properties of aluminum and titanium [3]
Property

(2)

where ci is the concentration of i-th element (i = Al,
Ti) at the moment of time t; Di is the diffusion coefficient of i-th element, mm2/s; T is the temperature
of the point of the welded joint under consideration
with the coordinates (x, y); Vi(ci, cTiAl3) is the function of volume source of i-th material, 1/с, i.e. if the
aluminum and titanium ratio in the solution is such
that the excess of one of them is present, the decrease
of the concentration of excess element with the simultaneous increase of the corresponding amount of
intermetallic takes place.
Diffusion coefficients Di in general case are the
functions both of the temperature and the composition
at the given point of material. As for the interdiffusion
of titanium and aluminum these dependencies are
given for example in [10]. As for the initial conditions
for solution of the equitation (2) the distribution of
concentrations of diffusing elements in the corresponding parts of the welded joint has been accepted.
With taking into account of the fact that diffusion
processes during the welding are local enough, the
boundary conditions of this problem are to be assumed

Figure 5. Coefficient of risk of TiAl3 formation as a function of the
contact surface point coordinates at the different positions of welding heat source: 1 – x0 = —2.7; 2 – x0 = 0; 3 – x0 = 1; 4 –
x0 = 2; 5 – x0 = 3 mm

Ti

Al

Atomic weight

47.90

26.98

Density, g/cm3

4.51

2.70

Melting point, °C

1668

660

Boiling point, °C

3260

2327

Latent melting heat, J/g

435.5

393.7

20

2.44

2.43

500

2.97

2.94

20

0.19

2.26

500

0.21

2.19

Heat capacity, J/(cm3⋅°C), at T, °C:

Heat conductivity, W/(cm⋅°C), at T, °C:

the zero value of concentration gradient at the boundary of sample.
The kinetics of the changing of temperature field
in course of welding process can be obtained with the
numerical solution of the heat conduction equation.
Such calculation has been carried out to describe the
diffusion processes from the point of view of the existent technology of the argon-arc welding of the lap
joint of titanium and aluminum plates with the use
of aluminum filler wire, the technological parameters
of which are shown in Table 1. The scheme of the
welded joint is shown in Figure 4. The sufficient
motion rate of the welding heat source and simple
geometry of the welded joint give an opportunity to
use corresponding 2D models of kinetic processes for
the calculation.
Some properties of titanium and aluminum are
given in Table 2.
To verify the adequacy of the developed mathematical model of diffusion processes the characteristic
features of the process of heat and mass transfer were
determined depending on the different positions of
welding heat source centre relatively to the edge of
titanium part of the welded assembly.
The results of the calculation of intermetallic compounds formation risk coefficient at the different positions of the welding heat source for the process (see
Table 1) are shown in Figure 5 (values χ aren’t
shown). As it can be seen in this Figure, from point
of view of the ensuring of the intermetallic formation
absence (with taking into account possible fluctuation
arc deflections) the position of the welding source
either near the titanium edge or towards the aluminum
part is acceptable, that is proved to be true with the
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Figure 6. Weight concentration of aluminum (a) and intermetallic compound TiAl3 (b) in the contact area at location of heat source
in distance x0 = 3 mm from the edge of welded joint titanium part
Table 3. Chemical composition of aluminum alloy AA6056, wt.% [11]
Si

Fe

Cu

Mn

Mg

Cr

Zn

0.7—1.3

0.5

0.5—1.1

0.4—1.0

0.6—1.2

0.25

0.1—0.7

Table 4. Chemical composition of titanium alloy Ti6Al4V, wt.% [3]
Al

V

N

C

H

Fe

O

5.3—6.8

3.5—5.3

0.05

0.1

0.0125

0.3

0.2

Table 5. Physical and mechanical properties of aluminum alloy AA6056 and titanium alloy Ti6Al4V
σt, МPa, at T, °C

Alloy

E⋅10—5, МPa, at T, °C

λ, W/(mm⋅°C), at T, °C

cρ⋅102, J/(mm3⋅°C), at T, °C

20

500

20

500

20

500

20

500

AA6056

220

100

0.98

0.60

0.110

0.200

0.250

0.295

Ti6Al4V

1060

460

1.19

0.91

0.0059

0.0128

0.248

0.301

recommended modes, those have been obtained with
the processing of experimental data [3].
At the position of the heat welding source at a
distance of 3 mm from the edge of titanium part of
the welded structure unit (see curve 5 in Figure 5)
the intermetallic layer of the length ~5 mm forms.
Mass concentration of intermetallic compound TiAl3
in the region of the welded joint as well as distribution
of the aluminum in the same region is shown in Figure 6. Maximum thickness of intermetallic layer is
evidently observed in the region of the welding heat
source location, that is accounted for the sufficient
heating of this region.
Mathematical modeling of thermodeformational
processes by the example of brazing-welding of butt

joints of details made from titanium alloy Ti6Al4V
and aluminum alloy AA6056. Form changing of the
sample in course of the welding processes can have
sufficient importance in case of the welding of stretched details. Particularly, the problem of estimation
of the welding distortions has been appeared during
the optimization of the process of commercial produc-

Table 6. Technological parameters of butt joint welding process
Motion rate of laser beam along welded joint, mm/s

4.33

Heat source power, kW

1.75

Heat efficiency coefficient, %, for:
aluminum surface

35

titanium surface

20

Welding spot diameter, mm

5
Figure 7. Scheme of weld on lap dissimilar joint
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Figure 8. Distribution of maximal current (1) and residual (2)
weld displacements Ux

tion of the dissimilar welded beams (seat tracks of the
airliner Airbus) developed in BIAS (Germany) [1].
The chemical composition and some properties of
this sample are given in Tables 3—5. Physical configuration of the welded structure and the technological
parameters of this process are shown in Table 6 and
Figure 7.
The welding is carried out from the both sides of
the sample by two laser beams with the synchronous
moving of them along the seam.
The technique of the numerical determination of
the stresses and strains during the welding process,
is based on the numerical solution of the corresponding problem of the nonstationary thermoplasticity
by means of the successive tracing of the development
of the elastic-plastic deformations starting with the primary state before the welding and finishing with the
final state after the absolute cooling of the sample [12].
To model the deformation of the axis of the beam
and correspondently the changing of the geometry of
the welded seam because of the nonuniform heating
2D model of the state of strain and stress kinetics
(i.e. actually of the plane y = 0) can be used. The
analysis of the kinetics of the temperature field from
the point of view of the intermetallic layers formation
risk, the method of which has been mentioned above,
showed that such geometry of welded joint practically
excludes the possibility of the intermetallic phases
formation in this region (maximum value of χ doesn’t
exceed 0.1). Highest values of the displacement of

Figure 9. Al + 0.5 % Cu alloy elongation at destruction in the
brittleness temperature range: 1 – columnar crystallization structure; 2 – equilibrium crystallization structure; 3 – 10 °C/min
cooling rate; 4 – 100 °C/min cooling rate [13]

the axial line within the scope of this calculation
don’t exceed 0.1 mm, and the residual state of the
welded joint corresponds to the maximum displacements along the x-axis those value aren’t exceed
0.02 mm (Figure 8).
One of the characteristic features of this technological scheme of the dissimilar joints welding is the
possibility of spalling over the temperature interval
of brittleness [13]. The risk of crack formation can
be estimated on the basis of experimental data according to the deformations under which the destruction of similar alloy takes place (Figure 9). However
in this case the distribution of stresses in the cross
section of the sample is of importance because in the
region of the dissimilar contact the values of the local
stresses and strains are highest.

Figure 10. Kinetics of the εxx (a), εy y (b), εzz (c) elastic deformation growth during cooling
p

p

p
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To estimate the risk of crack formation during the
welding of such welded joint the following conservative criterion: hot cracks will be undoubtedly absent
if the plastic deformation, those have been accumulated in the aluminum part of the welded sample in
temperature interval of brittleness during the cooling
of the sample, don’t exceed the values higher then
critical ones, shown in Figure 9. Another necessary
condition for the spalling of aluminum alloy is positiveness of the normal components of the stress tensor
on the region under study.
Figure 10 shows the growth kinetics of elastic
deformations εpxx, εpyy, εpzz during the cooling in some
characteristic points where the normal components of
corresponding normal components of the stress tensor
are positive. It can be seen that εpxx, εpyy are negative
and can’t cause the crack formation. As for the value
of εpzz it is positive and moreover this value is large
enough, so the risk of hot cracking in the region of
the dissimilar contact is rather high. Nevertheless the
region where this situation occurs is too small
(0.2÷0.4) to cause the hot crack formation.

has shown the low possibility of generation of such
defects as for technological cycle under study.
Acknowledgements. The authors of this research appreciate the contribution to the obtaining
of the calculation results made by the PWI Group
of Modeling of Physical-Mechanical Processes in
Welding (head of the Group – Dr. E.A. Velikoivanenko). The correct validation of some calculation
data was made due to the fruitful collaboration with
Dr. Thomas Pretorius and his colleagues from BIAS
(Germany).

CONCLUSIONS
1. The analysis of diffusion processes during the welding of dissimilar titanium-aluminum joints by the
example of the production of lap argon-arc welding
has been carried out; both the brittle intermetallic
layers formation risk and distribution of the elements
in the region of the welded contact were estimated.
2. The modeling of thermodeformational processes
by the examples of butt laser welding of the joints
from titanium alloy Ti6Al4V and AA6056 has shown
insufficient level of form changing of the sample.
3. The analysis of the plastic strains accumulated
during the cooling over the temperature interval of
brittleness, from point of view of hot cracking risk
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NUMERIACAL INVESTIGATION OF CAUSES OF FAILURE
OF WELDED PILLARS OF CASTING STAND CROSSHEAD
V.I. MAKHNENKO, E.A. VELIKOIVANENKO, G.F. ROZYNKA and N.I. PIVTORAK
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
This work presents analysis of photographic materials on failed pillars of crosshead of casting stand, provided by the
customer, a hypothesis of failure reasons has been chosen, and numerical calculations of load-carrying capacity of failed
fillet welds in static and cyclical loading with regard for detected lacks of fusion. The results are checked with
load-carrying capacity of the bolted joint at its different states. Expert opinion on prime cause of the failure has been
concluded.

One of the efficient ways of using described approaches for determining duration of safe operation of
welded joints (assemblies) is analysis of the causes
of different failures of welded structures by modelling
the situation preceding the failure, and finding the
weakest links which could potentially cause the failure observed.
The case of failed pillars of crosshead of casting
stand described below, is a quite typical object of
expert investigations, when serious consequences
(death of two workers of the bay and big material
losses), require finding true cause and those guilty of
the wrecking.
Casting stand MNLZ-2 at Nizhny Tagil Metallurgical Works (NTMK) was manufactured in 1996, assembled and put into operation at NTMK in March
1998.
Main technical features of the stand are listed in
Table 1.
Photograph of tilted stand crosshead after wrecking is shown in Figure 1.
Such a position of the crosshead is due to failure
of supporting pillars (Figure 2) in whose journals
horizontal shaft of the crosshead is located. Figure 3,
a and b shows photographs of failure of the right and
left pillar (made of steel 3sp), welded joints were
completed by CO2 arc welding with Sv08G2S wire.

Characteristically, they failed very differently. The
left pillar failed along the bolted joint (bolt material
is steel 40Kh), with which the pillar flange is fastened
to the base plate. The welds here, however, are almost
fully intact. The right pillar failed along the welds
connecting walls and pillar ribs with bearing flange.
The bolted joint is fully intact.
To find out the causes of said failure of pillars, a
number of experts from different organizations, including from the E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine, were engaged.

Figure 2. Pillar loading diagram
Table 1. Main technical features of the stand
Features

Mass of casting ladle with metal, t

230

Height of ladle lifting, mm

800

Rate of ladle lifting (lowering), mm/s

32

Speed (working/emergency) of stand rotation, rpm
Stand turning angle, deg
Figure 1. Tilted stand crosshead after wrecking
© V.I. MAKHNENKO, E.A. VELIKOIVANENKO, G.F. ROZYNKA and N.I. PIVTORAK, 2006

240

Value (rated)

1.0/0.5
290

Figure 3. Left (a) and right (b) pillar failure

The evidence gathered in respect of factors conducive
to failure of welded joints of the right pillar and the
bolted joint of the left pillar can be summarized in the
following form: each pillar experiences forces shown in
Figure 2. Magnitudes of these forces are conditioned by
the weight of the ladle with liquid metal, crosshead, as
well as inertial forces occurring while the crosshead
moves. With production capacity of the stand of 1.1.
mln t per year, the number of loading cycles for the
design life of stand operation of 15 years, will amount
to 51,563 cycles, with production capacity of the stand
of 1.5 mln t per year, i.e. 70,313 cycles.
Table 2 shows, based on the data of the examination, values of maximum loading F0, H0 and R0, depending on the ladle with metal mass m.
Said forces F0, H0 and R0, cause respective stresses
in the right pillar welds failure plane (see Figure 3,
b). Figure 4 shows schematic representation of the
estimated A—A section of the pillar base, in which
joints T3 and T6 (Figure 5) connect respectively ribs
(T3), longitudinal and cross walls (T6) with the base
flange (plate) of the pillar 80 mm thick.

Table 2. Highest loads on the crosshead depending on mass of
ladle with molten metal m
m, t

Normally loaded Maximum load Loaded at failure

Maximum load,
kN

215

230

245

F0

1321.5

1362.7

1403.6

H0

2026.2

2167.5

2308.9

R0

43.0

46.0

49.0

In A—A section, rated normal stresses σzz are determined by the action of force F0 — (σ(2)
zz ) and mo(3)
ments of forces H0 — (σ(1)
)
and
R
—
(σ
zz
0
zz ). Besides,
forces H0 and R0 cause tangent components of stress
tensor of a certain magnitude: σzz of force H0 and σzy
of force R0.
Table 3 shows for representative points Nos. 1—4
of Figure 4, estimated values of rated stresses at extremes of the loading cycle, but at ladle mass of 230 t
(including metal mass in it of 175 t, mass of slag of
5.5 t, empty ladle mass is 45 t).

Figure 4. Estimated A—A section of the pillar base
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Figure 5. T-joints with fillet welds condidered: a – T3; b – T6
Table 3. Estimated values of rated stresses in representative section points A—A (acc. to Figure 4) for extremes of loading cycle
Loaded state

Maximum loading

Minimum loading

Point No.

Rated stresses, MPa
(1)

(2)

σzz

σzz

σ(zz3)

σzz

σzx

σzy

1

70.0

—9.5

2.1

62.6

29.5

0.7

2

72.6

—9.5

2.4

65.5

0

0

3

72.6

—9.5

2.1

65.2

29.5

0.7

4

86.9

—9.5

2.1

79.5

0

0

1

—70.0

—9.5

—2.1

—81.6

29.5

0.7

2

—72.6

—9.5

—2.4

—84.5

0

0

3

—72.6

—9.5

—2.1

—84.2

29.5

0.7

4

—86.9

—9.5

—2.1

—88.5

0

0

It is evident from Table 3 that principal loading
of the zones considered in plane A—A is connected
with normal variable stresses σzz. Here for points 2
and 4 (of T3 joint) this is the only loading. For points
1 and 3 along with variable σzz, loading is caused also
by tangential permanent stresses σzx and σzy. Value
of σzy can obviously be neglected, since it is of the
order of 1 % of σmax
zz . As to σzx, their presence has to
be accounted for.
With a certain degree of conservatism it can be
assumed that welded joint T3 in Figure 5 works at
rated stresses of points 3 near the wall and 4 near the
rib end, namely variable stresses σzz are acting, MPa:
min
max
σmax
zz = 79.5, σzz = —88.5 near the rib end, and σzz =
= 65.5 and σmin
zz = —84.5 near the cross wall, i.e. ranges
of rated stresses are 168 and 150 MPa, respectively,

Figure 6. Condition of bolted joint of left pillar flange before
failure: 1—18 – bolt numbers

or based on the data of [1], and joint 414 has a limited
lifetime (FAT = 45 MPa).
For a welded joint T6, connecting the cross wall
with the plate, also with a certain degree of conservatism it can be assumed that along the whole weld
length there act rated stresses σzz, MPa: σmax
zz = 65.2,
σmin
=
—84.2,
Δσ
=
149.4
and
permanent
tangential
zz
rated stresses σzx = 29.5, i.e. as follows from [1], this
joint also belongs to the joints with limited lifetime
as their longevity is much below 2⋅106 cycles. However, by technical specification on stand operation,
its longevity, as indicated above, should be not less
than 51,560 cycles at productivity of 1.1 mln t a year,
or 70,310 cycles at productivity 1.5 mln t a year, and
with regard that failure occurred after about 2.3⋅104
cycles, so without additional investigations it is difficult to consider the prime cause of stand failure
being fatigue failure of welds of the right pillar, although aggravating factors discovered were lacks of
fusion a up to 10 mm deep in joint T6 (see Figure 5).
Analysis of bolted joint of the left pillar (Figure 6)
conducted in the process of the examination revealed
that in the presence of all 18 bolts and their uniform
tightening, distribution of loads on bolts at maximum
cycle loading for the left pillar, mass of the maximum
loaded ladle being 210 t, is determined by the data
of Figure 7.
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With original bolt section area of 1380 mm2, maximum stresses in bolts reaches 311.2 MPa, which for
the bolts material (high-strength steel 40Kh) and at
base of 2.4⋅104 cycles, is quite acceptable for fault-free
operation. However the experts have uncovered a
whole range of aggravating factors: insufficient bolt
tightening, which is evidenced by the presence of the
gap between pillar flange and the base plate, where
rust and lubricant have been found, absence of some
bolts (see Figure 6) and an attempt to compensate
their absence with welding, obvious overloading of
some bolts, which after 2.4⋅104 loading cycles has lead
to that fatigue failure accounted for about 75 % of
the overall fracture section (Figure 8).
The reason for such an unsatisfactory state of the
bolted joint of the left pillar lies in the absence of
Figure 7. Distribution of loads on bolts
adequate monitoring of the bolted joint condition on
tle-ductile failure conditions [2, 3], depending on 2a
the part of the NTMK respective services.
In the light of the above, two possible scenarios value, modelling lack of fusion with a crack of great
length running along the weld. Following recommenof casting stand failure have been formulated:
• due to the erroneous design of welded joints of dations of [1], value of stress intensity factor (SIF)
the right pillar and lacks of fusion, there took place KI can be determined as
fatigue failure of the welded joints T3 and T6 conπa
necting ribs and walls of the pillar, which caused a
σzz(A1 + A2a/w)√
⎯⎯⎯⎯⎯
πasec ⎯
2w
(1)
KI =
,
noticeable overloading of the left pillar, failure of its
1 + 2h/δ
bolted joint and stand wrecking;
• because of the poor technical maintenance of the where w = h + δ/2;
bolted joint of the left pillar and excessive overloading
of some bolts, there took place fatigue failure of the
⎛ h⎞2
⎛ h ⎞3
h
⎟
⎜
⎜ ⎟ —
A
=
0.528
+
3.287
—
4.361
+
3.696
1
left pillar, which lead to overloading of the right
⎝ δ⎠
⎝ δ⎠
δ
pillar, failure of the welded joint of that pillar and
⎛ h ⎞4
⎛ h⎞5
stand wrecking.
— 1.875 ⎜ ⎟ + 0.415 ⎜ ⎟ ;
(2)
⎝δ⎠
⎝δ⎠
As coincidence of occurrence of the two scenarios
2
3
⎛h⎞
⎛h ⎞
h
is out of the question, then the immediate party in
A2 = 0.218 + 2.717 — 10.171 ⎜ ⎟ + 13.122 ⎜ ⎟ —
⎠
⎝
⎝ δ⎠
fault of the failure can be only one of the parties:
δ
δ
4
5
either the party, responsible for stand manufacturing,
⎛ h⎞
⎛h⎞
— 7.755 ⎜ ⎟ + 1.783 ⎜ ⎟ .
or the party responsible for its operation.
⎝δ⎠
⎝δ⎠
Below follows the estimational analysis of the carrying capacity of the failed fillet welds and the bolted
joint at static and repeated loading with
account of the detected lacks of fusion in
the welds and imperfections of the bolted
joint; on that basis the conclusion on prime
cause of the failure is made.
Carrying capacity of welded joints of
the right pillar. Consider first joints T3,
connecting outer ribs of the pillar (see Figure 5) with the flange.
The 20 mm thick rib is welded to the
flange with a two-sided fillet weld having
the leg h = 8 mm. Filler material is Sv08G2S wire. «Hot spots», as indicated
above, are points 3 and 4 (see Table 3).
T3 joints were designed with incomplete
penetration, with 2a0 ≈ 20 mm (see Figure
5). In repeated loading this value may grow,
respectively critical failure loading should
diminish.
With a certain degree of conservatism
Figure 8. Bolts fractured by fatigue mechanism (8, 9), by shear (10) and by
this loading σcr
zz can be determined from brit- tear (11)
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Since a value in repeted loading does not remain
constant, it is calculated by the known Paris’ relation.
In [1, p. 121] it is recommended to use for this purpose
dependence
da
=
dN

C0ΔKm
I
ΔK
(1 — R) —
KC

at ΔK > ΔKth;

ΔKth(R) = 190 — 144R, MPa⋅mm1/2;

(3)

da
= 0 at ΔK < ΔKth,
dN

ΔKth(R) ≥ 62, MPa⋅mm1/2.
cr

Table 4. Results of calculation of 2a and σzz values depending
1/2
—13
on N for T3 joint at KC = 3000 MPa⋅mm , C0 = 2⋅10
and
2a0 = 20 mm
σcr
zz⋅γM, MPa

max
where ΔKI = Kmax
— Kmin
and Kmin
are calculaI
I ; KI
I
ted according to (1) depending on a at σmin
zz and
max
min
min
σmin
.
Here,
K
≥
0,
R
=
K
/K
,
C
and
m are
0
zz
I
I
I
the experimental data on the material; ΔKth is the
threshold value of amplitude ΔKI. In [1] the following
dependence for ΔKth(R) is recommended:

2a, mm

σcr
zz⋅γM, MPa

N,
cycle

2a, mm

20000

21.1

202.1

20.6

209.1

22000

21.2

200.4

20.6

208.2

24000

21.3

198.8

20.7

207.4

26000

21.5

197.1

20.7

206.6

28000

21.6

195.4

20.8

205.8

30000

21.7

193.6

20.9

205.0

32000

21.9

191.8

20.9

204.1

34000

22.0

189.9

21.0

203.3

36000

22.2

188.0

21.1

202.4

38000

22.3

186.0

21.1

201.6

40000

22.5

184.0

21.2

200.8

42000

22.6

181.9

21.3

199.9

44000

22.8

179.8

21.3

198.9

46000

23.0

177.5

21.4

198.1

48000

23.1

175.2

21.5

197.1

50000

23.3

172.8

21.5

196.2

52000

23.5

170.4

21.6

195.3

54000

23.7

167.8

21.7

194.4

56000

23.9

165.1

21.8

193.4

58000

24.1

162.2

21.8

192.4

60000

24.4

159.3

21.9

191.4

62000

24.6

156.2

22.0

190.4

64000

24.9

152.9

22.1

189.4

66000

25.1

149.5

22.1

188.4

68000

25.4

145.9

22.2

187.3

70000

25.7

141.9

22.3

186.2

72000

26.0

137.7

22.4

185.1

74000

26.4

133.1

22.5

184.1

76000

26.8

128.1

22.6

182.9

78000

27.2

122.6

22.6

181.8

80000

27.7

116.3

22.7

180.6

82000

28.2

109.1

22.8

179.4

84000

28.9

100.4

22.9

178.3

86000

29.7

89.4

23.0

177.1

88000

30.9

73.7

23.1

175.8

90000

34.1

29.7

23.2

174.6

Point 4

Point 3

(4)

Integration over N (3) with regard for (1) and
(4) and preset a0, enables to obtain kinetics of a
growth depending on loading cycles N.
For materials type steel 3sp quite a number of
experiments on fatigue crack growth [4, 5 etc.], and
processing of such data to determine m and C0, have
been conducted.
Calculations for joint T3 at m = 3 gave
C0 = 2⋅10—13

mm/cycle

MPa⋅mm1/2

and 2a0 = 20 mm.

Simultaneously, from condition of brittle-ductile
failure [2, 3] with regard for (1), σcr
zz(N) critical stresses, in whose presence the risk of spontaneous growth
of «crack» appears, were determined.
Required value Lr was calculated from the dependence
σcr
zz

Lr = σ ;
y

σref =

σcr
zzδ
.
(w — 2a)

(5)

Here restriction [2, 3] was applied:
Lr ≤ Lmax
=
r

σt + σy
2σy

(6)

and at LR = Lmax
r , Kr = 0.
Results of calculation of 2a and σcr
zz for the zone
of point 4, i.e. for the cycle of variation of rated
min
stresses σmax
zz = 79.5 and σzz = —88.5 MPa, as well
as for the zone of point 3, i.e. at σmax
= 65.5 and
zz
min
σzz = —84.5 MPa, are entered in Table 4.
It is seen that the joints considered react to such
repeated loading with growth of 2a actually from the
start of operational loading, since amplitude of SIF
ΔKI is greater than ΔKth as follows from (4). However
growth rates are rather slow, i.e. in N = 3⋅104—4⋅104
cycles, they grow by 2—3 mm. Nevertheless, such traces of fatigue «failure» can be detected in a weld,
max
though, judging from σcr
zz in comparison with σzz ,
exhaustion of carrying capacity does not occur yet.
max
Judging from σcr
zzγM the in comparison with σzz ,
the joint is not under threat of spontaneous failure
up to N = 75,000 cycles at γM ≈ 1.6.
However with failure of the left pillar the loading
had to increase almost twice. Respectively, even N =
= 2400 cycles is critical for welded joint T3 of the
right pillar at the above assumption, that bolted joint
of that pillar is in a good working condition.
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Table 5. Estimated kinetics of variation of a, σzz⋅γM depending on N for different a0 values in welded joint T6
N,
cycle

a0 = 2 mm

a0 = 4 mm

a0 = 5 mm

a0 = 6 mm

a, mm

σzzγM, MPa

a, mm

σzzγM, MPa

a, mm

σzzγM, MPa

a, mm

σcr
zzγM, MPa

20000

2.1

315

4.2

266

5.4

246

6.6

227

22000

2.1

315

4.3

266

5.4

245

6.7

226

24000

2.1

315

4.3

265

5.5

245

6.8

225

26000

2.1

315

4.3

265

5.5

244

6.8

224

28000

2.1

315

4.3

264

5.6

243

6.9

222

30000

2.1

314

4.4

264

5.6

242

7.0

221

32000

2.1

314

4.4

263

5.7

242

7.1

220

34000

2.1

314

4.4

263

5.7

241

7.2

219

36000

2.1

314

4.4

262

5.8

240

7.3

218

38000

2.1

314

4.5

262

5.8

239

7.3

216

40000

2.1

314

4.5

261

5.9

239

7.4

215

42000

2.1

313

4.5

261

5.9

238

7.5

214

44000

2.1

313

4.6

260

6.0

237

7.6

212

46000

2.1

313

4.6

260

6.0

236

7.7

211

48000

2.1

313

4.6

259

6.1

235

7.8

209

50000

2.2

313

4.6

259

6.1

234

8.0

208

52000

2.2

313

4.7

258

6.2

233

8.1

206

54000

2.2

312

4.7

258

6.2

232

8.2

204

56000

2.2

312

4.7

257

6.3

232

8.3

203

58000

2.2

312

4.8

257

6.4

231

8.5

201

60000

2.2

312

4.8

256

6.4

230

8.6

199

62000

2.2

312

4.8

256

6.5

229

8.7

197

64000

2.2

311

4.9

255

6.6

228

8.9

195

66000

2.2

311

4.9

254

6.6

227

9.1

193

68000

2.2

311

4.9

254

6.7

225

9.2

191

80000

2.3

310

5.1

250

7.2

218

10.6

174

90000

2.3

309

5.3

247

7.7

212

12.4

152

cr

cr

cr

100000

2.3

308

5.6

243

8.2

204

110000

2.4

307

5.8

239

9.0

194

118000

2.4

306

6.0

236

9.7

185

Consider load-carrying capacity of welded joint
T6 (see Figure 5, b) as applied to the cross wall and
provided that bolted joint is a quality one (right pillar). According to Table 3, the joint in this case experiences effect of rated variable stresses σmax
zz = 62.6
min
and σzz = —81.6 MPa in point 1 (see Figure 4), and
min
σmax
zz = 65.6 and σzz = —84.2 MPa in point 2. Besides,
active also are rated constant tangential stresses σzx =
= 29.5 MPa.
Under conditions of two-axis loading, [1] recommends to consider propagation of fatigue crack resulting from lack of fusion in the plane of action of the
main stress σ1, determined by condition
2
2
σ1 = σmax
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
(σmax
zz + √
zz ) + 4σzx .

(7)

Respectively, the angle of crack propagation plane
ω from axis x is determined by dependence

tg 2ω =

2σxz
σmax
zz

.

(8)

With above-specified values of σmax
zz and σxz, ω =
= 21°06′ and 21°36′, respectively, these are points 2
and 1. Stesses on the site ω under consideration, when
σzz = σmin
zz and σzx are preset, while other stress tensor
components are zero, can be found from the equation
min
2
σmin
ωω = σzz cos ω + σzx sin 2ω.

(9)

Accordingly, we obtain, using Table 3:
min
• for ω = 21°06′, σ1 = σmax
ωω = 76.2 MPa, σωω =
= —58.63 MPa;
• for ω = 21°36′, σ1 = σmax
ωω = 73.7 MPa, and
min
σωω = —55.46 MPa.
For the plane considered, calculation of SIF according to [1] is made by the dependence
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Table 5 (cont.)
N,
cycle

a0 = 7 mm

a0 = 8 mm

a0 = 9 mm

a0 = 10 mm

a, mm

σzzγM, MPa

a, mm

σzzγM, MPa

a, mm

σzzγM, MPa

a, mm

σcr
zzγM, MPa

20000

8.0

208

9.5

187

11.4

164

14.4

131

22000

8.1

206

9.7

185

11.8

160

15.6

118

18.1

93

cr

cr

cr

24000

8.2

204

9.9

182

12.2

154

26000

8.3

203

10.1

179

12.8

149

28000

8.5

201

10.4

176

13.4

141

30000

8.6

199

10.7

173

14.2

133

32000

8.8

197

11.0

169

15.4

120

34000

8.9

195

11.3

165

17.5

98

36000

9.1

193

11.7

161

38000

9.3

190

12.1

156

40000

9.4

188

12.6

150

42000

9.6

186

13.2

143

44000

9.8

183

14.0

135

46000

10.1

180

15.1

124

48000

10.3

177

16.8

105

50000

10.6

174

52000

10.9

170

54000

11.2

166

56000

11.6

162

58000

12.0

157

60000

12.5

152

62000

13.0

145

64000

13.7

138

66000

14.7

128

68000

16.1

113

2
4
⎡
⎛a⎞
⎛a⎞
⎢
⎢
⎜
⎟
⎟
⎜
KI = σωω√
⎯⎯π⎯a ⎢1.13 — 0.718
+ 0.432
⎝W⎠
⎝ W⎠
⎣
a
× sec π/2√
⎯⎯W
, W = δ + h;

σref

⎤
⎥
⎥×
⎥
⎦
(10)

ΔKI = Kmax
— Kmin
I
I ;
δ
= σωω
at σt = 0.
W — 2a

min
Kmax
is determined at σmax
at σmin
I
ωω , while KI
ωω with
min
account that KI ≥ 0. Since for ω considered, difference in loading is small, below is considered the
min
utmost loading variant, i.e. σmax
ωω = 76.2 and σωω =
= —58.63 MPa, and ω = 21°06′. Original values a0 of
lack of fusion were varied within the range of 2—
10 mm.
The results of respective calculations of a(N) and
σcr
zz (N) by the same method, as for the weld T3, but
with account of (12) are shown in Table 5.
It is clearly seen that joint T6 in «hot spots» 1
and 2 is quite susceptable for fatigue failure in the
presence of lack of fusion.

Design lifetime (5.2⋅104 cycles) at γM = 1.2 is
provided only at a0 < 8 mm. Nevertheless, at N =
= 2.4⋅104 cycles, i.e. by the moment of the wrecking,
even at a0 = 10 mm, stress amplitude magnitude margin was γM = 1.22, or in terms of lifetime – 1.82.
However, even a relatively small overloading (by
25 %) related to, for instance, failure of the left pillar,
may cause failure in the considered «hot spot» of the
weld T6, connecting cross wall of the pillar with the
flange.
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AMORPHOUS BRAZING FILLER ALLOYS, RESEARCH
AND MODELLING OF THEIR STRUCTURAL STATE
S.V. MAKSYMOVA1, V.F. KHORUNOV1 and G.M. ZELINSKAYA2
1
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
2
G.V. Kurdyumov Institute of Metal Physics, NASU, Kiev, Ukraine
Structure of rapid-quenched Ti—Cu, Ti—Cu—Zr—Ni and Ti—Cu—Zr—Ni—V—Be system based alloys was studied by X-ray
diffraction and metallography analysis. Structural factors were calculated, and atom radial distribution functions (ARDF)
were determined using special software. Structural state of amorphous brazing filler alloy Ti50Cu50 was modeled on the
basis of resulting curves of the structural factor, ARDF and their parameters, and using quasi-crystalline model. Structural
components were identified, and phase composition of the brazing filler alloy after isothermal annealing was studied.

Amorphous brazing filler alloys (BFA) are perspective
for application in many branches of industry. They
are characterized by a number of unique properties,
in particular, small thickness (30—50 μm), high degree
of plasticity and homogeneity of their chemical composition, which is especially important for brazing of
thin-walled structures, when simultaneous melting of
the BFA over the entire volume of the structure being
brazed is necessary for preventing erosion of the base
metal. Amorphous BFA can be used as inserts of complex configurations, which enables to dose the amount
of the used braze. It is necessary to note that the
method of ultrarapid quenching has enabled to obtain
plastic homogeneous foils from brittle alloys, which
could previously be used only in a powder form. Application of amorphous BFA provides good wetting
of the surfaces being brazed, uniform distribution of
the components of the braze in a zone of brazing,
which reduces probability of formation of brittle phases in the brazed seam and, finally, provides optimum
durability of brazed joints.
In this work are presented the results of X-ray diffraction analysis and metallography investigations of
BFA on the basis of system Ti—Cu, Ti—Cu—Zr—Ni, Ti—
Cu—Zr—Ni—V—Be, obtained with the help of a method
of ultrarapid quenching of the melt. On the example of

BFA Ti50Cu50 (hereinafter in wt.%), was carried out
modeling of the structural state, and phase composition
after isothermal annealing was also determined.
Microstructural investigations of the amorphous
braze Ti50Cu50 show that typical pattern of the surface
of the amorphous tape contacting the air, is characterized
by smooth mirror (glass-like) surface, absence of any
pits or roughness (Figure 1, а). Reverse side of the tape,
contacting with the surface of the drum, has irregularities (Figure 1, b) caused by the roughness of the material of the drum, speed of its rotation, etc.
Chemical elements of the braze are distributed
over the surface of the tape uniformly, only on its
edges the tendency to insignificant change of concentration of alloying elements is observed. This phenomenon requires further investigations.
Radiographic investigation of the structure of samples of amorphous BFA was carried out on diffractometer DRON-3 in MoKα-radiation in point scanning
mode. The time of exposure had been selected such
that statistical error of measuring the intensity at the
big angles of scattering did not exceed 1 %.
Graphite monochromator was stationed on the primary beam. Modes of recording equipment for each
sample were selected in such a manner that the noise,
fluorescent scattering from the sample, as well as

Figure 1. Surface of tape contacting air (a) and drum (b)
© S.V. MAKSYMOVA, V.F. KHORUNOV and G.M. ZELINSKAYA, 2006
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is the polarization factor; Iincoh is the intensity of
incoherent scattering in electronic units, calculated
by reference points, pre-assigned for each alloy atom;
k is the normalization factor;
F2 = n1f21 + n2f22

for a two-component alloy with scattering characteristics of components f1, f2 and atomic concentration
n1, n2); and correlation functions (ARDF)
2r
4πr2ρ(r) = 4πr2ρ0 + π

∞

∫ [i(s) — 1]s sin srds,
0

Figure 2. Structural factors of amorphous tapes: 1 – Ti50Cu50;
2 – Ti53Cu23Zr12Ni12; 3 – Ti53Cu23Zr12Ni12V0.8Be1.5

radiation from the continuous spectrum at wavelength
of λ/2, which is transmitted by the monochromator
crystal, were excluded.
An important point in the research of amorphous
tapes for reflectivity is the fulfillment of the requirements of the theory regarding an infinitely absorbing
sample. For this purpose the studied samples were prepared in packs made of 4—7 layers of amorphous tape.
The technique of making corrections for non-coherent scattering, polarization, absorption, fluorescent scattering by the sample, as well as diffraction
curves normalization, were common in [1, 2]. Using
the software package developed by A.G. Iliinsky,
structural factors were calculated:
i(s) =

Iincoh
F2

where ρ(r) is the function atomic density; ρ0 is the
mean atomic density.
Different scattering characteristics of the components k2i = f2i /Σnif2i are taken into account. Here
ρ(r) = ΣΣnikiρij(r); nj is the atomic concentration; f2i
is the atomic component factor.
From functions i(s) and ARDF, basic structural
characteristics were determined, namely position s1 and
height i(s1) of the structural factor, the first ARDF
maximum position r1 and area A, defined symmetrically
Ac and by the first minimum Аmin. The shape of the
obtained curves i(s), ARDF and their parameters were
used for modeling the structure [3, 4].

,

Iexp
—Iincoh; s = 4π sin θ/λ. Here θ is
AP
the half of the scattering angle; λ = 0.71A is the
molybdenum radiation wavelength; 1/A is the factor
of absorption which for the method of θ×θ diffractometer is not dependant on the scattering angle; 1/Р
where Ike = k

Figure 3. ARDFs for amorphous tapes of Ti50Cu50 (1),
Ti53Cu23Zr12Ni12 (2) and Ti53Cu23Zr12Ni12V0.8Be1.5 (3)

Figure 4. Structural factor (a) and ARDF (b) of amorphous tape
Ti50Cu50
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Figure 5. X-ray pattern of the Ti50Cu50 sample after isothermal annealing

Research of the structure of amorphous BFA on
the basis of systems Ti—Cu, Ti—Cu—Zr—Ni, Ti—Cu—
Zr—Ni—V—Be with the help of X-ray diffraction analysis shows that they feature a diffraction pattern
similar to that of metal liquids (Figure 2).
They feature a typical diffraction pattern containing diffuse maxima with a clearly pronounced effect
of splitting of the second maximum (see Figure 2),
which is typical of alloys in an amorphous state [5].
It has to be noted that on the right branch of the first
maximum of structural factor i(s) for alloy Ti50Cu50
the overlap at s ≈ 35 A—1 is observed, while the ARDF
curve for this alloy features asymmetry of the first maximum and an additional maximum in the vicinity of r
≈ 3.6 А (Figure 3). These facts may testify to that the
first diffraction maximum and the ARDF first maximum, as is also the case with melts, can be regarded
as a superposition of several maxima, caused by the
existence of several types of atomic groupings [2].
For the amorphous alloy Ti50Cu50 obtained from the
eutectic melt, modeling and testing of the types of structures, corresponding to the state diagram of system Ti—
Cu, were conducted. Using respective software, from
the point of view of quasi-crystalline model [2], were
computed positions of diffraction reflections si and the
arrangement of coordination spheres ri for such structures. It was found that their height corresponds to the
intensity of reflections for i(s) and to the quantity of
atoms for ARDF (Figure 4).
The most probable appeared microgroupings of the
type γ-CuTi with tetragonal packing of atoms (а =
= 3.108 А, с = 5.887 А [6]), and СuТi3 (а = 4.158 А
and с = 3.594 А [6]), which represent well all the
peculiarities on the interference curves i(s) and ARDF
curves, as well as their basic structural parameters
(s1 = 2.84 A—1, i(s1) = 3.9, r1 = 2.66 A, Ас = 8.3,
Аmin = 11.9 at rmin = 3.34 A) for modeling the structure
of the given alloy after [4].
It is necessary to note that the parameter of high
magnitude of the structural factor i(s1), connected
with density of packing of atoms, is a very sensitive
characteristic testifying to the presence in the amor-

phous tape of some fraction of the crystalline phase.
It is connected with a number of technological factors
at quenching, in particular, conditions of obtaining
amorphous tapes from the liquid-state metal, i.e. temperature of the melt and the duration of soaking before
quenching [1, 7, 8].
X-ray diffraction study of the alloy Ti50Cu50, carried out after annealing in vacuum at 510 °С for 1 h
[9], has revealed the presence of packings of γ-CuTi
and CuTi3 types (Figure 5).
CONCLUSIONS
• Rapid-quenched BFA on the basis of systems Ti—Cu,
Ti—Cu—Zr—Ni, Ti—Cu—Zr—Ni—V—Be are X-ray amorphous.
• The structure of amorphous Ti50Cu50 alloy, from
the point of view quasi-crystalline model, can be represented as quasi-eutectic microareas of the type γCuTi and CuTi3.
3. After annealing of the amorphous BFA Ti50Cu50,
with the help X-ray diffraction analysis, crystalline
structures γ-CuTi and CuTi3 were identified.
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ANALYSIS OF THERMO-ELECTRICAL PROCESSES
AND ELECTRODE METAL TRANSFER
DURING GAS-METAL-ARC WELDING
WITH THE AID OF NUMERICAL MODELLING
O. MOKROV, V. PAVLYK and U. DILTHEY
ISF – Welding and Joining Institute, Aachen University, Germany
This paper presents a transient numerical model and a computational module for analysis of electrical and thermal
characteristics of electrode melting and metal transfer during gas-metal-arc welding (GMAW) processes. The model
considers following phenomena and factors: contact resistance, ohmic heating, heat flux at the anode layer into drop,
heat diffusion, evaporation heat loss, temperature dependencies of thermal and electrical material properties, electromagnetic and surface tension forces, dependencies of voltage drops at cathode, anode and in arc column, as well as
dependence of anode spot radius from welding current and plasma composition. In addition, the regulation algorithms
of power source are considered. The sub-models of different parts of the process are assembled into a whole model,
which couples electrical, thermal and mass transfer phenomena and thus allows the process to be simulated as a whole.
Analysis of mean voltage, current and power for pulse processes with U/I and I/I-modulation modes which was carried
out with the model and compared with the experiments demonstrates a high accuracy of the model predictions. The
model is used in the simulation package SimWeld for calculation of magnitude and distribution of cathode, anode and
arc column heat sources at the weld pool surface.

Thermo-electrical processes in the «equipment—wire—
arc—workpiece» system determine the thermal characteristics of the welding arc and process stability
and thus directly influence the welding results during
GMAW process. The system is strongly coupled which
complicates or makes in many cases impossible to clarify the influence of each phenomenon separately, either experimentally or theoretically. Therefore, a fully
coupled theoretical analysis by means of mathematical
modelling is needed to study the process.
Leskov [1] has reviewed and carried out a comprehensive analysis of thermo-electrical processes in
welding arcs for both non-consumable and consumable electrodes. He suggested a simplified channel
model of arc with separate anode, arc column and
cathode regions. Based on the analysis of thermal
balance in the electrode-sheath areas, formulas were
derived for effective voltage drops in anode, cathode
and arc column. Leskov has pointed out in 1970 that
more deep and detailed analysis of arc phenomena
will be possible with computer modelling when the
computer power will increase.
Sudnik [2] has considered thermo-electrical processes in the whole circuit for the case of equilibrium
between the mean wire feed rate and the melting rate
in a normal process with constant voltage. The voltage
drop in the wire extension and the ohmic heating were
taken into account, without consideration of heat conduction in the wire. The current was calculated from
equality between the thermal energy released in the
wire and in the anode layer, and the experimentally
determined droplet enthalpy. The process in pure CO2
and in mixtures with argon was considered. The ther© O. MOKROV, V. PAVLYK and U. DILTHEY, 2006

mal process efficiency was defined by relation of sum
of cathode and anode voltage drops to the total voltage
drop in arc, including the arc column. This heat source
model was used for modelling of weld formation in
butt joint in a steady-state formulation with fast moving heat source. This model was extended later for
pulse U/I modulation process [3] and MIG welding
of aluminium [4].
Zhu [5] has developed a dynamic model which
combines three components, each simulating an aspect
of the process: system electrical circuit, consumable
anode and welding arc. He performed a process simulation by unification of these sub-models in a coupled
loop. The sum of voltages at the anode and cathode
was assumed to be constant and equal to 15 V. The
arc voltage was calculated from the simulations with
the arc model of Lowke et al. [6] for TIG arc. 1D
heat conduction equation was solved in the wire to
determine the temperature and voltage distribution,
with account for translational advective term, ohmic
heating and anode heat flux. The anode heat flux was
expressed through the convective flux from the plasma, work function and kinetic energy of electrons.
Thus the heat flux at the anode and the anode voltage
drop was considered to be independent of each other.
Zhu applied the model for a non-pulse process and
has shown a good agreement with experiments.
There is no commonly accepted interpretation of
the anode voltage drop for welding arcs. Tanaka and
Ushio [7] have theoretically analysed the anode processes for a TIG arc with account for the ambipolar
diffusion. They have shown that the voltage drop in
the anode layer can be either positive (for high currents) or negative (for low currents). Leskov [1] and
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Sudnik [2] consider the anode voltage drop Ua as a
Volt-equivalent of the Joule-heating at the anode,
without additional detailed elaboration about its distribution across the anode layer etc.
A rigorous analytical analysis of temperature and
voltage distribution along the wire extension in continuous and pulse GTAW has been presented by Karkhin et al. [8]. The authors considered the heating at
the contact tube-wire surface due to contact resistance, Joule (ohmic) heating by the transiting current,
1D heat diffusion and advection along the wire axis,
and heating by the liquid-solid interface at the molten
electrode end. The anode heat flux and consequently
the temperature of the molten droplet were not considered. Besides, the length of the wire extension was
assumed to be constant with time. Thus, the model
gives detailed information about the temperature and
voltage distribution in the wire, but does not allow
for the analysis of the total circuit and the process
dynamics, including the process energy characteristics
and arc length.
Several comprehensive numerical models of droplet dynamics in GMAW with the application of computational fluid dynamics have been presented recently, for example in [9—11]. The space resolved numerical models provide a deep inside information about
the fluid motion, temperature distribution, shape dynamics and droplet detachment and, without any
doubt, will become linked to the real process conditions in a near future. However, we found no publication yet, where such models are closely involved in
the analysis of the whole process circuit equipment—
wire—arc—workpiece.
In this paper we present a dynamic thermo-electric-mechanical model of the whole process circuit
which is based on the following fundamentals: description of the voltage drops at anode, cathode and arc
column based on ideas of arc channel model of Leskov
[1]; consideration of the anode voltage drop as a Voltequivalent of heat; a 2D axi-symmetric non-linear
equation of heat diffusion with advection, ohmic and
contact heating in the wire and droplet; a geometric
2D axi-symmetric model of the droplet shape and
mechanical model of the droplet dynamic under influence of capillary, electromagnetic and gravitational forces; supplementation of the physical modelling
with the regulation algorithms of modern digital
power sources.
Description of the model
Governing equations of electrical and thermal
phenomena. Instant electric power in the circuit of
a welding arc can be represented by the product of
current on the sum of voltage drops in different sections this circuit. If we consider the power source
with its controlling algorithms as a «black box», then
the power on the circuit section between the clips of
the source will be written as follows:
P(t)= I(t)Usource(t)

with

(1)

Figure 1. GMAW process diagram (for designations see the text)

Usource(t) = Ucable(t) + Ucont(t) +
dI
,
+ Uwire(t) + Uan(t) + Ucol(t) + Ucat(t) + L
dt

(2)

where t is the time; I is the current; Ucable, Ucont,
Uwire, Uan, Ucol, Ucat are the voltage drops in cables,
contact tube, wire extension, anode layer, arc column
and cathode layer, respectively; L is the inductance
of the circuit (Figure 1). The wire extension is defined
as the distance between the end of the wire feed nozzle
and the end of electrode including droplet.
Voltage drop in cables is expressed as
⎛ l1
l2
l3 ⎞
Ucable = Iρc(T0) ⎜⎜ +
+ ⎟⎟,
⎜ S1 S2 S3 ⎟
⎠
⎝

(3)

where ρc(T0) is the specific electric resistance of the
cable material at room temperature; l1, l2 and l3 are
the lengths of hose assembly, cable to wire feeder and
cable to the workpiece, respectively; S1, S2 and S3
are their effective cross-section areas.
Voltage drop due to contact resistance between
wire and contact nozzle is
Ucont(t) = I(t)Rcont(t, Tc),

(4)

where Rcont(t, Tc) is the contact resistance (defined
empirically); Tc is the nozzle temperature.
Voltage drop in the wire extension is described by
the integral
zwire

Uwire =

__

∫ j(t)ρw(T(z))dz,
z

(5)

c2
__
where__ρw(T(z)) is the specific electric resistance of
wire; T(z) is the wire average temperature in the crosssections with axial co-ordinate z; zc2 is the bottom
co-ordinate of the contact place; zwire is the co-ordinate
of the wire stick-out; j(t) is the current density. Uwire
can be calculated if the temperature distribution along
the wire extension is known.
The temperature distribution is found from the
solution of the 2D axi-symmetric differential heat
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transfer equation, taking into account translation (feeding) of the wire and ohmic heating by the transiting
current:
⎛ ∂H(T)
∂T ⎞
∂H(T) ⎞ ∂ ⎛
⎜λ(T)
⎟=
⎟+
ρ⎜
+ νf
⎝ ∂t
∂z ⎠
∂z ⎠ ∂z ⎝
∂T ⎞ 2
1 ∂ ⎛⎜
⎟ + j (t)ρw(T),
rλ(T)
+
r ∂r ⎝
∂r ⎠

(6)

where ρ is the density; H is the enthalpy of wire
material; νf is the wire feed speed; λ(T) is the thermal
conductivity.
The following boundary conditions are set at the
wire boundaries:
⎧0 (within the contact tube,
⎪
⎪except for the contact area)
⎪ I2(t)R (t, T)
cont
∂T ⎪
, zc1 ≤ z <+ zc2
Scont
—λ(T)
=⎨
∂r ⎪(at the contact area)
⎪
⎪α(T)(T — T0) + ε(T)σ0(T4 — T40)
⎪
⎩(otherwise)

Ucol = Eeflcol,

(7)

—λ(T)

∂n

= j(t)Uan(t) — Pe(T),

Uan = 6.8⋅104

__
3/5 2/15 7/15
I ge
T1/5
a ΔT
U19/15
a4/15g3/5m
i

,

(9)

__
where Ta is the mean temperature in the anode layer;
ΔT is the temperature difference between the arc co-

2/3
p1/6g1/3
U29/12
ef
e β

a1/3I1/3

,

(11)

where Uef is the effective ionization potential; p is
the arc column pressure; β is the arc plasma emissivity.
Uef is defined after Saha ionization equation, assuming
a local thermodynamic equilibrium:
k

T
Uef =
ln
5800

(8)

where Pe is the power loss due to evaporation.
The evaporation is taken into account by limiting
the droplet temperature to the boiling point. Thus,
the fraction of the droplet enthalpy, which exceeds
the enthalpy at the boiling point, is simply subtracted.
The anode voltage drop Uan is considered here as the
Volt-equivalent of the heat generated at the anode.
The 2D consideration is required in order to take into
account the distribution of heat flux at the droplet
surface and the different radiuses of droplet and wire.
For numerical solution of Eqs. (6)—(8) a finite difference scheme is used.
The description of anode, arc and cathode is based
on the channel model of Leskov [1], similar to the
works of Sudnik et al. [2—4]. Leskov’s model distinguishes between anode and cathode layers and the arc
column with an effective radius. According to this
model, the energy of anode and cathode layers contributes to the heat exchange with the wire metal and
the workpiece, respectively. The arc column loses its
energy only by radiation from the outer surface.
According to Leskov [1], the effective voltage drop
in the anode layer is described as

(10)

where Eef is the effective electric field intensity; lcol
is the arc column length.
Eef = 4.2⋅107

where zc1 is the top co-ordinate of the contact place;
ε is the emissivity; α is the convection coefficient;
Scont is the effective contact area.
At the boundary between the droplet and anode
layer, the normal heat flux is described by
∂T

lumn and the anode layer; ge and g is the effective
cross-sections of collisions of atoms with electrons
and with each other, respectively; Ui is the ionisation
potential of anode vapour; a = 2(gi/g) with gi being
the effective cross-section of ion collisions; m is the
atomic weight of anode vapour.
Thus, for the heat balance of wire-droplet we can
calculate inflow of heat from the anode layer, heat
flow due to thermal conduction and ohmic heating in
the wire (6) and evaporative heat loss from the droplet
surface. From this balance, dynamic values of the
enthalpy and dynamically average temperature of the
droplet is calculated.
The voltage drop in arc column is presented by

⎛ ni ⎞1/2
⎛ 5800U ⎞
∑ ⎜⎝ n ⎟⎠ exp ⎜⎝— T i ⎟⎠,
i=1

(12)

where ni/n is the concentration fraction of each plasma constituent; T is the mean temperature of plasma
column.
The column length lcol is defined by difference
between the given contact nozzle distance and the
momentary wire extension lw. The latter is defined
by the wire feed rate and the amount of metal leaving
the electrode with droplets mdr and with vapour mvap:
lw(t) = lw0 + νft —

ρ(Tl)
πr2w

(mdr(t) + mvap(t));
(13)

Lcol(t) = L0 — lw(t),

where lw0 is the initial wire extension; L0 is the contact
nozzle distance; rw is the wire radius.
Effective voltage drop in the cathode layer is described by
Ucat = Uc0 + aIb,

(14)

where Uc0, a and b are the empirical coefficients,
which depend on cathode material.
In case of a process with preset current values (for
instance, pulsed I/I-modulation), the current is
given by the power source, so we can calculate the
voltage drops and powers at each chain of the circuit,
according to the above equations. For non-pulse process with given total voltage Usource and for the peak
phase of pulsed process with U/I-modulation, the
current is calculated from the formulas:
252

dUsource(t) = Usource(t) —
— (Ucable(t — dt) + Ucont(t — dt) + Uwire(t — dt) +
+ Uan(t — dt) + Ucol(t — dt) + Ucat(t — dt));
dUsource(t)
dt,
dI(t) =
L

rc =
(15)

(16)

where (t — dt) is the previous time step in an incremental procedure.
The system of Eqs. (1)—(16) describes the dynamics of the welding circuit and the electrode extension, including the critical cases of short circuit and
«burning-out» to the contact nozzle.
Sub-model of droplet formation and detachment.
An important chain of the total model is the sub-model
of droplet formation and detachment, since it determines the droplet temperature and mass. Thus, it regulates the mass and energy balance in the total
model.
Droplet formation and detachment is modelled on
the basis of following assumptions and considerations.
The droplet shape is considered to be an axi-symmetric
body, consisting of two parts, a hemisphere and a conic
frustum which bounds with solid metal of the electrode
wire as shown in Figure 2. One of diameters of the conic
frustum is equal to the wire diameter, while the second
is equal to the diameter of the hemisphere. The height
of the conic frustum h is equal to the radius of the
hemisphere rd. The total volume of the hemisphere and
the conic frustum is equal to the volume of molten metal
on the end of the electrode.
The integral balance of forces F acting on the droplet
consists of the surface-tension force Fs, the electromagnetic force Fe, and the gravitational force Fg:
F = Fs + Fe + Fg.

(17)

The response force of evaporating metal is not
considered, since its calculation requires a complex
modelling of temperature at the anode and the interaction with the arc plasma.
The capillary force due to the surface tension,
which reacts against the droplet detachment, is calculated from the Laplace pressure:
Fs =

2σ

rd

πr2w,

I2/3g1/3
e
(5.5⋅10 π)1/2U19/12
a1/3
i
—8

.

(20)

If the resulting force F is directed opposite to the
wire feed speed, it is compensated by the reacting
force from the solid wire, thus no droplet movement
is considered. Otherwise, i.e. if F > 0, the spherical
droplet of radius rd obtains acceleration and starts to
move. Thereafter, the droplet movement is considered
in a simple mechanical approximation, which is not
related to the wire melting. Thus, the real processes
taking place at the droplet detachment are not considered in details. Instead, the mass and volume of
the droplet are fixed, while the acceleration determines the droplet velocity and the way, which the droplet passes. The resulting force is still considered to
be dependent on current, according to Eqs. (19) and
(20). If the droplet centre passes the way which is
equal to its radius rd, the droplet is supposed to detach
from the wire. If the droplet was not yet detached,
but the acting force has changed its direction due to
changing the current in a pulsed process ((19), (20)),
the droplet may slow down and even come back to
the initial position, with account for the inertia.
A differential consideration of the droplet detachment demands more detailed description of the processes in the anode layer and is planned to be realised
in the future.
Process modulation modes and their features.
There are three different types of process, which must
be considered with different approaches: normal process, pulse process with U/I-modulation and pulse
process with I/I-modulation. In normal process, the
voltage is kept constant and the current results from
the physics of the wire heating and melting, arc phenomena, droplet detachment and circuit inductance.
In pulse process with the U/I-modulation, the voltage in the pulse period Up is assigned and the current
in the base period Ib is kept constant. In the pulse
process with the I/I-modulation, both currents in
the pulse Ip and in the base Ib period are controlled.
One of the advantages of pulse processes is the better
control of the material transfer. The pulses can have

(18)

where σ is the surface tension; rd is the radius
of the hemisphere (droplet radius).
The electromagnetic force is expressed [1]
by
Fe =

rc
μI2
ln ,
4π
rw

(19)

where μ is the magnetic permeability of molten
metal; rc is the radius of the arc column near
the anode. The arc column radius is calculated
with assumption of a uniform current distribution in the arc column cross-section adjoining
the droplet [1]:

Figure 2. Geometrical approximation of droplet and forces at the end of
melting wire: a – initial stage; b – intermediate stage; c – droplet
detachment condition
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either simple or more complex shapes in order to improve the process stability and the material transfer.
I/I-modulation. In case of I/I-modulation, the
model equations, which describe the voltage drops in
contact place, in anode layer, in arc and in cathode
layer ((4), (9)—(12), (14)) are solved explicitly, since
the current is known. Uwire is solved from the thermal
wire model ((5—8)).
At the I/I-modulation for a given wire feed speed,
there exists a narrow process parameter window, in
which a self-regulation of the free wire extension
length takes place. This window depends also on wire
diameter and on specific resistance of the wire material
ρw(T). In general case, an external regulator is required, which controls the arc power by changing the
pulse characteristics and/or frequency. The algorithms of external regulators permanently modify the
pulse parameters in order to keep the arc length constant. Thus, they must be also considered when ap-

plying the model for simulation of welding processes
with the particular power sources.
U/I-modulation. The U/I-modulation has a
wider self-regulation window, since the given voltage
in the peak phase regulates the arc length automatically. An additional regulation is required only for
short circuits. When, however, the process parameter
set lies outside of the self-regulation for a given wire
feed speed, the model reproduces either permanent
short circuits or «burn-out» of the electrode to the
contact nozzle.
Non-pulse process. At normal process, the voltage
Usource is set and the instantaneous current is calculated from Eqs. (15, 16).
Process power.
In all cases, the mean integral
__
electric power Pel which is released between the welding torch and the workpiece during an interval between t1 and t2, can be expressed from the given or
calculated currents and voltages:
__
Pel =

t2

1
t2 — t1

∫×
t1

(21)

× [Uwire(t) + Uan(t) + Ucat(t) + Ucol(t)]I(t)dt.

The thermal power which represents the heat source acting on the workpiece is expressed taking into
account the heat loses due to evaporation and heat
loses from the arc column:
__
PHS =
t2

1
×
t2 — t1

⎡N
⎤
⎢
⎥
× ⎢∑ H(T)nmn + ∫ [Ucat(t) + ηUcol(t)]I(t)dt⎥,
⎢n = 1
⎥
t1
⎣
⎦

Figure 3. Module Arc-Solver in the stand-alone mode: a – example
of simulation of pulse characteristics with use of power source
Cloos Quinto II for U/I-modulation (the pre-set by the power
source current in base and voltage in peak periods and the calculated
arc length, base voltage and pulse current are shown on the graphs;
the droplet detachment is indicated with circles at the current
curve; in the result window the integrated mean parameters are
presented for cathode power of 2854.8 W, droplet power of
2140.7 W, mean current of 190 A, mean-square current of 251.2 A,
mean voltage of 24.7 V); b – process parameters, temperature
distribution in wire and droplet and temperature profiles along the
wire extension

(22)

where N is the number of droplets detached between
t1 and t2; H(T) is the droplet enthalpy; m is the
droplet mass; η is the thermal efficiency of the arc
column, which depends on the joint preparation geometry and arc length.
The calculated powers in wire, at the anode, at
the cathode and in the arc column are used in the
model of heat transfer and weld formation as described
elsewhere [12, 13].
Computer code Arc-Solver
The model described above has been implemented
in computer code Arc-Solver which is a part of software
package SimWeld [12, 13]. Supplemented with a simple
user interface, databases of material properties and controlling and regulation algorithms of power sources, it
becomes a suitable tool for process study. Besides, SimWeld uses the heat and arc pressure distributions calculated by Arc-Solver as boundary conditions when simulating the temperature distribution in the workpiece
and the weld bead formation.
Figure 3, a shows a screenshot of Arc-Solver with
the equipments specification (left), dynamic graphical representation of the torch-wire-droplet (middle), currently simulated wave shapes of current
(lower graph) and voltage (upper graph) and integral
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results for mean electrical and thermal characteristics
(bottom).
The pulse parameters for U/I-modulation and
power source CLOOS Quinto II are shown in Figure 3, b (left). In the middle of the screenshot, the
temperature map in the wire and droplet is presented.
The graphs show the axial temperature distribution
along the wire centre and outer wire surface. The
temperature peak at the surface near the contact nozzle
is caused by the contact heating.
Analysis of processes and discussion
Voltage and current pulse shapes. Figure 4 shows
comparison between simulated and experimental voltage and current waves during pulsed process with
U/I modulation. Simulated voltage and current are
in a close agreement with the experimental data. The
peak voltage in Figure 4, a reaches 35 V, while the
set peak voltage of the process was 36 V. The 1 V
was lost in cables, because the measurements were
carried out at the torch. For the verification in a wide
range of process parameter sets, a series of experiments
were conducted, the results of which are presented in
Figures 5—7.
Mean pulse frequency for I/I-modulation. The
simulated versus experimental mean pulse frequency
for welding with power source CLOOS Quinto II in
I/I-modulation is presented in Figure 5. A good correlation between both frequencies was obtained, after
implementation of regulation algorithm of the power
source into the model. As was already mentioned,
there exist no mechanism of arc length self-regulation
for I/I-modulation mode. The power source analyses
the pulse voltage and permanently changes the pulse
frequency in order to stabilize the mean voltage and
consequently the arc length. Variations of pulse shape
would influence the droplet detachment and thus the
process stability. Therefore, the regulation in CLOOS
Quinto II is realized by changing the pulse frequency,
by so-called pulse-frequency modulation.
Mean voltage, current and power for U/I-modulation. Influence of wire feed rate. Figure 6 shows
comparison of mean values of voltage (measured on
the torch), current, mean-square current and power
obtained in experiments and in simulations for pulse
U/I-modulation mode as functions of wire feed rate.
The latter was varied from 3 to 13 m/min. The pulse
parameters were set in accordance of the synergy curves of the power source. All monitored mean values
increase with increasing wire feed rate. The simulation
results reproduce the absolute values and the tendency
of changes very good.
Influence of distance from contact nozzle to workpiece surface. The next experimental series has been
conducted with the aim to investigate the influence
of spacing between the wire feed nozzle and the workpiece (cathode) on the mean voltage, current, meansquare current and power. Welding was performed in
U/I-modulation mode, and the wire feed rate of
8 m/min, pulse shape and frequency were kept constant. The variation of contact nozzle distance from

Figure 4. Experimental (solid curves) and simulated (dashed)
oscillograms of voltage (a) and current (b) for welding with power
source CLOOS Quinto II in U/I-modulation mode at base current
Ib = 30 A, pulse voltage Up = 36 V, pulse duration tp = 1.8 ms,
frequency f = 108 Hz, using pulse shape according to CLOOS
Quinto II definition «very flat», wire G2Si1 with diameter dw =
= 1 mm, wire feed speed vf = 6 m/min, contact tube distance of
15 mm, in Corgon18 (CO2 + 82 % Ar) shielding gas

10 to 18 mm results in decrease of mean currents
(Figure 7, b) and power (Figure 7, c) and to a small
increase of mean voltage (Figure 7, a). The electric

Figure 5. Experimental (solid curve) and simulated (P) frequency
for welding with power source CLOOS Quinto II in I/I-modulation
mode using wire G2Si1 with dw = 1 mm at vf = 3—14 m/min, contact
tube distance of 15 mm, Corgon18 (CO2 + 82 % Ar) shielding gas
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Figure 6. Experimental and simulated mean voltage (a), mean
current and mean-square current (b) and mean electric power
(c) for welding with power source CLOOS Quinto II in pulse
U/I modulation mode using the Nippon Steel & Sumikin Welding Co. steel wire YM-28S with dw = 1 mm at vf = 3—
13 m/min, contact tube distance of 15 mm, Corgon18 (CO2 +
+ 82 % Ar) shielding gas (pulse parameters were set from the
synergy curve of CLOOS Quinto II)

Figure 7. Experimental and simulated mean voltage (a), mean
current, mean effective current (b) and mean power (c) versus
contact tube distance L for welding with power source CLOOS
Quinto II in U/I-modulation mode at base current Ib = 35 A,
pulse voltage Up = 36.6 V, pulse duration tp = 1.8 ms, frequency
f = 147 Hz (very flat pulse shape) using wire G2Si1 with dw =
= 1 mm at vf = 8 m/min, contact tube distance of 10—18 mm,
Corgon18 (CO2 + 82 % Ar) shielding gas
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power on the torch has decreased from ~5200 to
~4400 kW, i.e on ~23 %. It demonstrates that the
contact nozzle distance is an important technological
parameter, which influences the energy input. It is
worth to point out that, as far as we know, the synergy
data of power sources do not take this parameter into
account, i.e. they are usually obtained for a fixed
contact distance. The modelling reproduces the experimental tendencies, the deviations of absolute values
being within 3 % of tolerance, which is almost perfect
result taking into account the measurement errors.
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for this funding. Our thanks are also expressed to
company CLOOS Innovations GmbH for providing
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CONCLUSIONS
The model described by the system of equations (1)—
(16) has been developed as a non-stationary realization of the Leskov’s arc channel model which is complemented with a heat transfer model of the electrode
wire. In order to apply the model for the simulation
of welding processes in different modulation modes
and using modern welding equipment, the computer
code also integrates the models of the power sources.
An adequate representation of the process dynamics
with the use of a particular digital power source is
only possible with involving of its controlling algorithms. This requires a close cooperation with the
power source manufactures.
The presented comparisons of simulation examples
with the experiments demonstrate that the developed
computer code based on the model can simulate the
welding processes with real equipment and to calculate the process power. The program represents a tool
for a fast finding of stable process parameter sets and
even generating of synergic curves in a wide wire feed
rate range. At the same time, the program represents
a framework for investigation and improvement of
the models of individual physical phenomena. Separate model units can be modified, refined or modified
relatively independently of each other.
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ROLE OF QUASI-KEYHOLE AND MARANGONI
CONVECTION IN FORMATION OF DEEP PENETRATION
IN A-TIG WELDING OF STAINLESS STEEL
(Phenomenological model of A-TIG process)
B.E. PATON, K.A. YUSHCHENKO, D.V. KOVALENKO, I.V. KRIVTSUN, V.F. DEMCHENKO,
I.V. KOVALENKO and A.B. LESNOJ
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
Peculiarities of thermal, mass exchange, electromagnetic and hydro (gas) dynamic processes occurring in the arc column
and weld pool in A-TIG welding are considered on the basis of analysis of available experimental and theoretical data.
It is shown that factors leading to increase in the penetrating capacity of A-TIG welding include formation of the
quasi-keyhole, concentration-capillary Marangoni convection and intensification of the downward flow of the melt to
the bottom of the weld pool caused by increase in the centripetal component of Lorentz force.

A-TIG welding is a modification of TIG welding. It
is characterised by the fact that welding is performed
with a surface arc over a layer of activating flux deposited on the surface of a workpiece in a layer 5—
20 mm wide and 10—100 μm thick. Such an insignificant, on the face of it, modification of TIG welding
leads, at the same time, to striking changes in shape
of the weld, which show up as decrease in the weld
width and substantial increase in the penetration
depth (more than 3 times), compared with conventional TIG welding. Within a certain range of thicknesses of workpieces, A-TIG welding can serve as a
very simple alternative to TIG welding, as well as to
plasma, laser and electron beam welding. The A-TIG
process allows square-groove welding of different metals in one pass using no filler wire, e.g. butt joints
in steels of small and medium thickness (from 1 to
12 mm) can be made by one-sided welding, butt joints
in steels from 6 to 25 mm thick can be made by twosided welding, and root welds can be made by welding
in groove with increased root face (4—6 mm). Furthermore, A-TIG welding provides welds of the consistent size and quality on steels of the same grades
independently of cast to cast variations, and allows
deformation and shrinkage of welded joints to be decreased [1—4].

Figure 1. Comparative analysis of distribution of balance of the
impact by different components (C – contraction; X – total of
others) of TIG and A-TIG welding processes at the identical reduced
thermodynamic effect of arc current I on penetration depth h of
stainless steel 304H 7 mm thick

To further develop the technology for welding over
the layer of activating flux, it is necessary to give a
physical interpretation of the phenomenon of the increased penetrating capacity of the A-TIG welding
process. Different hypotheses have been put forward
recently concerning causes and mechanisms of an increased penetration depth in A-TIG welding, compared with the TIG process. The hypotheses offered
include:
• change in character and structure of hydrodynamic flows in the weld pool caused by a change in
direction of the Marangoni flow [5, 6], and growth
of the role of ponderomotive (Lorentz) forces in formation of the flow of molten metal [7, 8];
• contraction of the arc due to electronegative
elements present in an activating flux and associated
increase in the concentration of the thermal effect of
the arc on the weld pool surface [2, 9—11].
These hypotheses require a deeper and more detailed investigation, especially in view of emergence of
the new experimental data [12, 13] on formation of
the quasi-keyhole in A-TIG welding.
As shown by our earlier studies [14] of TIG and
A-TIG welding of stainless steel 304H (using aerosol
oxide activator PATIG S-A), increase in the arc current is accompanied by re-distribution of the effect
of mechanisms of deep penetration (the first and second hypotheses) on the penetrating capacity of ATIG welding. In particular, contraction of the arc
turns out to be the most important factor in welding
at low (100 A and below) currents. As the current is
increased from 100 to 150 A, the effect of the arc
contraction on the penetration depth and weld formation is mitigated more than twice in the total balance of mechanisms causing deep penetration in ATIG welding (Figure 1).
The paper gives comparative analysis of experimental data on configuration of the weld pool in TIG
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Figure 2. Configuration of the weld pool in transverse (a, b) and longitudinal (c, d) sections of solidified weld pools in TIG (a, c)
and A-TIG (b, d) welding at I = 150 A using TiO2 activator deposited on the steel 304H surface in a layer 5 mm width and 50 μm
thick (for the rest parameters see the text)

and A-TIG welding of stainless steel 304H with incomplete penetration, and analyses of different physical factors, which are capable of intensifying the
processes of heat transfer from the anode region towards the weld pool bottom, occurring in A-TIG welding, thus providing an increased penetration depth.
Formation of quasi-keyhole. Consider results of
experimental studies of configurations of the weld
pools in TIG and A-TIG welding. The experiments
were conducted on stainless steel 304H (0.006 % S,
0.006 % O) plates measuring 150 × 50 × 9 mm. A
controlled uniform activator layer 5 mm wide and
20 μm thick was deposited on the plate surface prior
to A-TIG welding. Thickness of the activator layer
was controlled using the special thickness gauge TP34 based on an eddy current converter. The following
monoxide compounds (chemically pure and pure grades) were used as activators: Al2O3, MgO, CaO, SrO,
Cr2O3, MnO, CoO, Fe2O3, Ga2O3, In2O3, GeO2,
SnO2, V2O5, MoO3, TiO2, and SiO2. The experiments
were conducted using the TIG welding machine OB2279 equipped with a thyristorised power unit VSVU315 for the following welding parameters: I = 100, 150
and 200 A, vw = 100 mm/min, arc length of 1.5 mm,
shielding gas is argon, tungsten electrode with a 3.2 mm
diameter, 30° pointing angle and 0.5 mm tip.
As it is difficult to control profile and measure
size of the liquid pool during the welding process, the

experiments were conducted using the following procedure. The arc was instantaneously extinguished during welding by switching off the power unit and
stopping movement of a workpiece relative to the
tungsten electrode. The shape of the weld pool in
longitudinal and transverse sections of the weld at
the moment of interruption of TIG and A-TIG welding
can be evaluated from macrosections of the weld pool
shown in Figure 2. Substantial differences in configuration of the pool in TIG and A-TIG welding are
indicative of different penetration mechanisms of
these welding processes. Characteristic feature of the
shape of the metal pool in A-TIG welding is a pronounced deformation of its free surface (see Figure 2).
With this experimental procedure, the depth of the
formed crater can serve as an approximate criterion
for estimation of the true sag of the pool, as after
instantaneous switching off of the power unit the melt
start spreading, partially filling up the crater, during
solidification of the weld pool.
To begin with, consider the first of the two factors
causing deformation of the free surface of the weld
pool, i.e. gas-dynamic pressure of the arc column and
pressure of recoil of vapours. Movement of the arc
column plasma
under
_ __the effect of electromag__ _occurs
__
netic force F = jxB = μ0μjxH, where μ is the magnetic
permeability. In approximation of the axisymmetric
_
electromagnetic field, current density vector j has a
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Figure 3. Distribution of vortex component of Lorentz force (to the right) and flow of plasma of the TIG (a) and A-TIG (b) arc column
(to the left)

non-zero radial and axial components,
while the mag__
netic field intensity vector H has one azimuthal com_
ponent
__ Hε, which is other than zero. Given that j =
= rotH, for Lorentz force it can be written as follows:
__
F = —μ0μ

⎛
H2 _ ⎞⎟
⎜
⎜0.5 grad H2ε + ε er⎟,
⎟
⎜
r
⎠
⎝

(1)

_
where er is the unit ort in the radial direction.
According
to the Helmholtz theorem, any vector
__
field F can be represented
as__a sum of the potential
__ __
and vortex fields: F = Fpot + Frot . It follows from (1)
__
__
H2ε _
e.
that Fpot = —0.5μ0μ grad H2ε and Frot = —μ0μ
r r
Impact of the potential component of the force is
known to be limited to formation (in liquid, gas or
plasma) of magnetostatic pressure Pmag = 0.5μ0μH2ε ,
which does not prevent movement of a medium under
the effect of other body force. Therefore, movement
of the welding arc column is caused by an__axial gradient of centripetal rotation component Frot of the
Lorentz force. Under the TIG welding conditions, the
anode spot diameter dan is much larger than the cathode spot diameter dcath. That__ is hy the diagram of
distribution of resultant force Frot in height of the arc
column has a maximum (Figure 3, a) near the cathode,
where the current density is maximal. Thus, a flow
of plasma in the axial direction (from cathode to
anode) is formed in the arc column. While interacting
with the weld pool surface, this flow spreads to form
a characteristic bell-shaped arc column (see Figure 3,
a), and the near-anode region of the arc column has
maximum of the gas-dynamic pressure. The situation
is different in A-TIG welding (Figure 3, b). In welding over the layer of activating flux, the arc contraction shows up in decrease of the anode spot to a
size comparable with that of the cathode region. Accordingly, distribution of the current density in height

of the arc column has two maxima located near the
cathode and anode. Distribution of the rotation component of the Lorentz force is of a similar character,
thus causing two opposite plasma flows (see Figure 3,
b) directed from the cathode and anode to the middle
part (in height) of the arc column.
Their interaction results in formation of a barrelshaped arc column with a pressure maximum at the
point of collision of the plasma flows. It follows from
this analysis that the gas-dynamic pressure of the arc
column is not a dominant factor that causes deformation of the weld pool free surface in A-TIG welding.
As found by experimental studies [15], decrease
in size of the anode spot in A-TIG welding at a welding
current of 200 A results in the heat flow density equal
to 104 W/cm2 or higher. It is a known fact that to
provide intensive evaporation of metal its surface should be heated with a source having a heat flow density
of about 105—106 W/cm2 within the heat spot [16].
Although the heat flow densities in the anode spot
during A-TIG welding are lower than those achieved
with beam welding methods (arc power is distributed
over the free surface of the weld pool in a spot of a
much smaller size than the typical focal spot), in our
opinion, they may be sufficient to provide overheating
of the melt surface to temperatures close to a boiling
point or higher. Study [17] presents calculations of
evaporation and gas-dynamic scatter of vapour of different metallic materials in overheating of melts to
above their boiling temperatures. Figure 4 shows temperature dependence of relative pressure Preac of recoil
of iron vapours at Patm = 1.
Figure 5 shows deformation of the free surface of
the weld pool calculated with allowance for hydrostatic pressure of the melt, vapour recoil pressure of
metal evaporating from the surface of the weld pool,
and surface tension force. Deformation of the free
surface of the weld pool was calculated using a mathematical model similar to [18]. Geometry of an ex260

Figure 4. Temperature dependence of relative vapour recoil reaction
pressure in evaporation of iron at Patm = 1

perimentally measured shape of the weld pool and
calculated vapour recoil reaction pressure varied depending upon the overheating temperature were used
as the input data. It was assumed that Preac was distributed over the pool surface following the normal
law in a spot 2 mm in diameter.
As follows from Figure 5, it is sufficient to overheat the surface of the weld pool in the anode spot
by 30 K to form the quasi-keyhole 0.8 cm deep. Specific mass flow of vapour from the melt surface at the
overheating temperature is equal to 0.22 g/(cm2⋅s),
while the specific heat losses for evaporation corresponding to this flow are equal to 1658 W/cm2 [17].
At the anode spot diameter dan = 2 mm, heat losses
for evaporation are equal to 52 W, and radiation losses
are not greater than 17 W. Thus, at I = 100 A and
U = 9 V (allowing for efficiency η = 0.8) the power
of the welding heat source consumed in item heating
in A-TIG welding is equal to 651 W, thus providing
the density of the heat flow in the anode spot of about
2⋅104 W/cm2. As follows from these estimates, at a
diameter of the anode spot less than 5 mm the heat
flow density is sufficient to heat the melt to a boiling
temperature and compensate for the evaporation and
radiation losses of heat, and consumption of heat for
heating of a weldment in the balance of heat on the
surface of the anode spot.
Consider experimental data on penetration depth
Hpen and maximal value of the crater in the solidified
weld pool, Hcrat, in A-TIG welding depending upon
the activating flux used (Figure 6). Formation of the
quasi-keyhole in A-TIG welding is a factor that promotes increase in the penetration depth, as it makes
it possible to move (similar to immersed-arc welding)
the heat source deep into a piece welded. However,
unlike immersed-arc welding, in A-TIG welding the
set distance between the tungsten electrode and surface of a piece welded remains unchanged, and the
anode spot is localised in the upper part of the surface
of a formed crater. This is indirectly evidenced by the
fact that the welding current being the same, A-TIG
welding is performed at a voltage only about 10—12 %
higher than in TIG welding. Thus, because of the
principle of the local effect, deep penetration in A-TIG
welding cannot be explained only by the heat effect
of immersion of the arc deep into the weld pool. The-

Figure 5. Shape of the weld pool free surface (longitudinal section)
depending upon temperature ΔT of overheating of the melt above
the boiling temperature: 1 – ΔT = 18; 2 – 24; 3 – 29; 4 – 35 K

refore, there are also other factors that provide this
penetration, analysis of which is given below.
Hydrodynamics of weld pool in TIG and A-TIG
welding. For further analysis of the penetrating capacity of A-TIG welding, consider peculiarities of
hydrodynamics of the weld pool under the effect of
capillary and ponderomotive forces. Marangoni convection is known to form under the effect of tangential
stress τσ = +grad σ, which results from the gradient
of the surface tension coefficient, σ, on the surface of
the weld pool, and is in equilibrium with viscous
friction stress. Given that in a general case σ depends
upon temperature T and concentration C of an element
dissolved in metal, e.g. oxygen, it yields that τσ =
(C)
= +(τ(T)
where τ(T)
τ(C)
σ + τσ ),
σ = βT grad T;
σ =
dσ
dσ
;β =
; and gradients of tem= βC grad C; βT =
dT C dC
perature and concentration are calculated along the
curvilinear free surface. Movements of the melt for(C)
med under the effect of stresses τ(T)
σ and τσ are called
thermal-capillary and concentration-capillary convection (Marangoni convection), respectively.
In TIG welding of steel with a low oxygen content,
the Marangoni convection is initiated by tangential
stress τ(T)
σ in the surface layer of the melt, caused by
variations in the surface tension coefficient depending
upon the temperature (diagram of distribution of the
surface tension coefficient along the free surface is

Figure 6. Effect of the TIG and A-TIG welding process using different oxides on the depth of crater Hcrat (black region) and penetration Hpen (dashed region) in weld pools at I = 200 A
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Figure 7. Diagram of Marangoni convection in TIG welding of
steel with low (a) and high (b) oxygen content and in A-TIG
welding of steel with both low and high oxygen content (c)

shown in Figure 7, a). The thermal-capillary convection formed in this case is directed from the centre of
the anode spot to the periphery of the weld pool. It
is a known fact [19] that the surface tension coefficient
decreases with increase in the oxygen concentration
of steel. Oxygen concentration C is much lower at
the centre of the anode spot because of intensive evaporation than on the periphery of the weld pool. This
results in formation of the gradient of surface tension,
which initiates the concentration-capillary convection
(Figure 7, b). Flows of the melt moving to the centre
of the anode spot turn around, transporting overheated metal to the pool bottom. As experimentally
found, in TIG welding of steel with an increased oxygen content (C ≈ 100 ppm), the penetration depth
grows (compared with steel with a low oxygen content
(C ≈ 10 ppm), although not that significantly as in
the A-TIG process. The concentration-capillary convection in A-TIG welding develops following a similar
scheme, the only difference being that the sub-surface
volumes of the melt are enriched with oxygen through
absorption from molten flux after dissociation of
oxide. It might be expected that in this case grad C
will be markedly higher than in TIG welding of steel
with a high oxygen content. Hence, the Marangoni
flow will also be more intensive.
The deformed free surface of the weld pool, acting
as a geometric activator of the Marangoni flow, has
a substantial effect in A-TIG welding on intensification of the downward flow of the melt transporting
the overheated melt from the anode region to the weld
pool bottom. With a flat shape of the free surface of
the weld pool, the opposite melt flows moving to the
centre of the weld pool towards each other (see Figure 7, b) lose their momentum at collision. Therefore, the downward melt flow has low intensity, and
the resulting vortex flow localised in the upper part
of the weld pool exerts just a limited effect on the
penetration depth. Hydrodynamic situation in the
weld pool initiated by the concentration-capillary Marangoni convection will change greatly, if a crater
(quasi-keyhole) forms as a result of the vapour recoil
reaction on the weld pool surface. In this case, the

melt flows moving along an inclined surface of the
keyhole meet at some angle α (α ≈ 45° or more). As
a result of interaction of these flows, their momenta
sum up to form an intensive downward jet flow (Figure 7, c), which becomes capable of transporting
overheated metal to the pool bottom, thus providing
a substantial increase in the penetration depth, compared with the situations considered in Figure 7, a
and b. Therefore, the quasi-keyhole can be regarded
as a sort of a hydrodynamic activator of the Marangoni
convection initiating the downward flow of the overheated melt to the weld pool bottom.
To estimate the effect of the Lorentz force on convection of the weld pool in the A-TIG process, assume
in the first approximation that the electromagnetic field
in the melt has an axial symmetry. Then, in analogy
with (1), the force leading to electromagnetic stirring
__ of the Lorentz force,
_of
_ the melt is a rotation component
Frot . Estimate distribution of Frot in the anode spot,
assuming that the current density in the anode spot
having the form of a circle is distributed uniformly.
Designate radius of the anode spot as R, then
__

I2 R _
e,
4πR3 r

Frot(r, 0) = —μ0μ

0 < r < R,

(2)

i.e. the rotation component of the Lorentz force in
the anode spot is directly proportional to square of
the welding current, and inversely proportional to
cube of the anode spot radius
(in surface points with
_
the same relative radius r = r/R) and directly proportional to the square of welding current. In the
weld pool volume the density of the rotary component
of the Lorentz force depends on the anode spot radius
in a similar
manner. For evaluation of bulk distribu__
tion Frot we assume that the electromagnetic field is
axially symmetric in the weld pool. Let us integrate
the equation for the magnetic field intensity by the
finite difference method:
__

rot rot H = 0;

0 < r < R*,

0<z<L

(3)

at the following boundary conditions:
⎧ I _
⎪
r, 0 < r < R,
⎪ 2πR
Hε(r, 0) = ⎨
⎪ I
⎪ 2πr , r > R;
⎩
Hε(0, z) = 0;
∂Hε
∂r

⎪
⎪z = L = 0;

Hε(R∗, z) = 0.

__
Figure 8 shows the change of Frot(R, z), depending
on coordinate z calculated from the weld pool surface
for three anode spot radii. At R = 1 mm (assumed to
be identical to spot radius in A-TIG welding) compared to R = 3 mm (in TIG welding) the rotary
component of the Lorentz force is significantly higher.
The velocity of the melt flow moving from the anode
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spot to the weld pool bottom
under the impact of the
__
centripetal
bulk force Frot, is the higher, the larger
__
|Frot| and the greater its change in the axial direction.
Therefore, decrease in size of the anode spot characteristic of A-TIG welding leads to intensification of
the downward flow of the melt, and is a factor that
is responsible (along with the concentration-capillary
Marangoni convection) for the penetrating capacity
of the A-TIG process.
CONCLUSION
In A-TIG welding of stainless steel the activating
action of the flux is manifested in the following:
• processes of heat-mass and electric transfer developing in the near-anode plasma of the welding arc
due to the electronegative elements of the activating
fluxes (oxygen, fluorine, chloride), reduce the anode
spot size;
• gradient of the element concentration develops
on the weld pool surface, which initiates the concentration-capillary convection of the melt, directed from
the pool periphery to its center and furtheron to the
pool bottom.
Small dimensions of the anode spot result in an
increased density of the welding thermal flow, so that
conditions are in place for overheating of the weld
pool surface above the boiling temperature, formation
of a quasi-keyhole and arc immersion into the melt.
In A-TIG welding the small dimensions of the anode
spot lead to an essential increase of the centripetal
component of the Lorentz force which, together with
the concentration-capillary Marangoni convection,
transports the overheated metal from the anode spot
to the weld pool bottom.
The following physical factors can be given which
ensure an increased penetrability of A-TIG welding:
• thermal impact of the arc immersed into the
quasi-keyhole;
• transport of the overheated melt from the anode
spot to the weld pool bottom due to concentrationcapillary Marangoni convection and magnetohydrodynamic flow of the melt, which is due to the eddy
component of the Lorentz force.
In order to reply to the question on the dominant
factor (depending on A-TIG welding conditions), further experimental studies are required, which are
aimed at precise determination of the weld pool free
surface, recording the actual keyhole, dimensions of
the anode spot and current density distribution in it.
Mathematical simulation of the processes of heat
mass transfer and hydrodynamics of the weld pool,
allowing for the interaction of the mass and capillary
forces, deformation of the free surface of the weld
pool, evaporation and condensation of the substance
and features of arcing under the conditions of A-TIG
welding, is definitely interesting.
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INTEGRATIVE WELDING SIMULATION:
EXAMPLE OF GMA WELDING
V. PAVLYK, O. MOKROV and U. DILTHEY
ISF – Welding and Joining Institute, Aachen University, Germany
From the practical engineering point of view, the mechanical properties, residual stresses and distortions are the most important
characteristics of weld joint, which determine technological and operation properties. Their prognostication with the aid of
computer simulations using finite element methods (FEM) can assist in optimisation of welding procedure and cost reduction.
Usually the heat source for the thermo-mechanical analysis has to be determined experimentally. It is a time-consuming procedure,
which deteriorates the acceptance of FEM-analysis in practice. From other side, several mathematical models and simulation
tools have been developed, which allow simulating the heat source and the weld seam shape based on technological parameters
of the process. To such tools belongs program package SimWeld developed by authors. In this paper, the simulation of gas-metal-arc
welding (GMAW) using this tool is described. The simulation takes into account thermo-physical and electrical properties of
materials and shielding gases, joint type, technological welding conditions, and also specific controlling algorithms of modern
digitally controlled welding power sources. Based upon the calculated heat input into the workpiece and the weld pool dimensions
an equivalent volumetric heat source is generated which can be applied for analysis of thermal influence of welding over residual
stresses and distortions using commercial FEM-programs like, for instance, SYSWELD. Combination of process modelling and
modelling of consequences of thermal effects results in an integrative approach to modelling of welding as a whole. In this
presentation, a concept of the integrative modelling of welding is discussed, which also must include predictions of microstructure,
mechanical properties and possible defects.

Fast growth of computer performance and rapid developments in numerical methods and geometric modelling have facilitated the use of computational welding mechanics for solution of an increasing number
of practical and industrially relevant problems, as
pointed out by Goldak and Akhlaghi [1]. Computational welding mechanics focuses on calculation the
thermal cycle and elastoplastic stress-strain state,
which result from the action of a welding heat source.
The fast heating, melting, solidification and cooling
cause also changes of microstructure and properties
of welded materials. Most often, the practically important purpose of a simulation is prediction of heat
effects of welding, i.e. residual stresses, distortions
as well as microstructure and mechanical-technological properties, with the goal of their optimisation or
improvement (Figure 1). Importance of the integra-

Figure 1. Flowchart of integrative welding simulation
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tive welding simulation was emphasised in the works
of Radaj [2—4]. According to Radaj, the welding process simulation, which predicts heat input, temperature field and weld geometry is one of the three integral parts of a total welding simulation. The two
others are the structure simulation (stress-strain and
strength) and the material simulation (microstructure
and mechanical-technological properties).
A practical realisation of a coupled integrative
welding simulation has appeared recently, which demonstrates the development of welding simulation
tool in Germany [5]. The structural analysis with
ANSYS was extended to modelling of material transformations, and a link to a laser welding simulation
tool which generates the heat source was developed.
This paper describes the GMAW process simulation.
For this purpose, a software package SimWeld was developed [6—8], which predicts the heat input, temperature field, molten zone and weld geometry from the
technological input parameters (see Figure 1). The process simulation provides also an equivalent heat source,
which is used to perform mechanical stress-strain simulation with software package SYSWELD.
GMAW process modelling and computer program SimWeld
GMAW process sub-models and their coupling.
The modelling of GMAW process itself consists of
several parts: heat source modelling, modelling of
heat transfer in the workpiece, and modelling of free
surface formation, as shown in Figure 2. The submodel of heat source considers thermo-electrical process in wire extension, droplet formation and detachment an also includes regulation algorithms of power
sources as described in [9]. This sub-model delivers
the heat source for the thermal model in the workpiece
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Figure 2. SimWeld process sub-models and their coupling

and the arc pressure distribution for the model of free
surface. The thermal model is based on a numerical
solution of non-linear heat diffusion equation with
advective term which results from the heat source
movement. The melting boundary obtained with this
sub-model is used as boundary condition for the calculation of weld seam geometry in the sub-model of
free surface. The weld pool surface deformation changes the geometry for the heat diffusion, thus it mast
be taken into account when calculating the heat flow
in the workpiece. Thus, all three sub-models are coupled to each other (see Figure 2) and must be solved
iteratively.
Modelling of heat source. The input parameters
for the heat source calculations are the primary technological parameters of the process such as wire
feed speed, diameter and material, shielding gas composition, contact nozzle distance, voltage, pulse volt-

age or pulse current, base current, frequency, cable
diameters and lengths, regulations of welding equipment etc. (altogether 20 or more parameters). The outputs are the mean electrical and thermal characteristics
of the process, arc pressure and arc length. A detailed
description of the heat source modelling, which was
realized in the software module Arc-Solver of SimWeld,
is presented in other paper of these proceedings [9].
Currently, three types of GMAW processes are
realized: non-pulse (continuous), pulse process with
U/I-modulation and pulse process with I/I-modulation (Figure 3). The characteristics and regulations
of power sources of companies CLOOS and Fronius
are also considered in the module Arc-Solver.
Several experimental series were carried out with
the aim of verifications of the Arc-Solver. Results of
the predicted versus experimental electrical power for
a wire feed rates from 3 to 16 m/min are shown in

Figure 3. SimWeld module Arc-Solver: implemented normal (a), pulse with U/I (b) and I/I (c) modulation processes of GMAW,
and power sources
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Figure 4. Arc-Solver: model verification for pulse process with U/I
modulation using power source CLOOS Quinto II

Figure 4. It was proved that the Arc Solver, which
simulates the heat input, calculates the electric power
of the process with an accuracy of at least 10 %.
Hence, the heat input into the workpiece can be predicted with a sufficient accuracy for engineering applications in many cases.
Program code SimWeld. The program package
SimWeld was developed for the managing of the entire
simulation chain of the GMAW process, from the heat
source to the temperature distribution in the workpiece and the weld pool dimensions. The preprocessor
(Figure 5) includes all parameters for Arc-Solver and
the welding speed (Euipment and Parameters), thermo-physical properties of base and wire materials
which are stored in a database (Materials), joint specification (Joint) and geometrical orientations of the
torch and the welded plates (Orientation). The input
data are processed consecutively by the Arc-Solver
and then by the temperature and free surface solver.
The results of simulations are presented and can be
explored with the module Postprocessor, which is shown
in Figure 6. In the right window, the cross-section of a
lap joint with the geometrical dimensions is shown. A

3D view of the weld result with the temperature field
map is shown in the left-bottom window.
The total SimWeld process modelling was verified
for different welding conditions. Results of a series
of experiments with varying welding speed are presented in Figure 7. Steel plates of 1.5 mm thickness
were welded with power source CLOOS Quinto II in
pulse I/I-modulation mode. When welding speed
was increasing from 80 to 180 cm/min, the full weld
penetrations gave place to the partially one. Hence,
the both weld width at the top side and at the bottom
side of the plate were analysed. The upper graph in
Figure 7 demonstrates a good correlation of calculated
top width with the experimental measurements. A
correct tendency of the weld width at the bottom side
of plate is demonstrated by the lower graph. However,
the model overestimates the absolute value of the
bottom weld width. A possible reason of this is believed to be associated with the influence of the convective heat transfer on the weld formation in case
of full penetration weld. Indeed, the fusion line in a
cross-section of fully penetrated weld has a concave
shape, as shown in the metallographic image in Figure 7. Such shape can not be obtained in frame of a
solely conductive heat transfer model.
Integration with FEM-simulation: equivalent
heat source
After Goldak et al. have presented in 1984 the
volumetrically distributed double ellipsoid heat source [10], their model became widely popular for the
stress-strain FEM-analysis of welded structures. The
Goldak’s heat source is represented by two half-ellipsoids, with in general different distributions parameters for front and rear ellipsoids. Generally, six independent parameters describe the characteristic of the
source: heat intensity generation in front and rear
parts, Qf and Qr, half-length of the front and rear
parts, af and ar, half-width b and half-depth c. Using
one additional constraint of heat flux continuity at
the boundary of two ellipsoids, the number of inde-

Figure 5. SimWeld Preprocessor: process parameters and joint type 2D view
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Figure 6. SimWeld Postprocessor: weld seam shape and sizes

pendent parameters reduces to five. The geometrical
parameters can be good approximated with the corresponding dimensions of the weld pool. Therefore,
a standard procedure of the heat source calibration
requires measurements of experimental weld pool sizes
and temperature course near the weld pool. The sizes
are used for af, ar, b and c, while the temperature measurement is used for calibration of process efficiency. A
fine turning of heat source model parameters is made
by means of comparison of calculated weld pool sizes
and temperature history with experimentally measured.
Thus, the calibration procedure demands experiment,
from one side, and a number of simulation trials, from
the other. It complicates the use of FEM-analysis for
optimisation of welding parameters, for example, the
study of the influence of welding speed on the stressstrain state of a weld. An effective alternative for definition of heat source in such case is utilization of the
results of process simulation.
Indeed, the process simulation tool provides the
data on heat input, weld geometry and temperature
field. Thus, the weld pool dimensions are also available. Parameter b corresponds to the maximum weld

pool width, parameter c – to the weld pool depth
at the cross-section of the maximum width, and parameters af and ar are the distances from the centre
of this cross-section to the fusion lines in front and
in the tail of the weld pool, respectively (Figure 8).
The fractions of the heat input in the front and in the
rear half-ellipsoids, Qf and Qr, are determined by
integration of the cathode and arc column heat distributions over corresponding areas of the weld pool
surface, and anode (droplet) heat distribution over
corresponding sub-volumes of the pool. These heat
distributions are determined in the module Arc-Solver, as described above.
The double ellipsoid volumetric heat source substitutes in such manner the more realistic heat distributions. Therefore it is called «equivalent heat source».
The appellation «equivalent» emphasises that the total
heat input and weld pool sizes obtained using this source
must be equal to the heat input and weld pool sizes,
which were obtained in process simulation tool by application of two surfactant heat sources (cathode and
arc) and one volumetric (anode/droplet) source.

Figure 7. SimWeld model verification for pulse I/I-modulation with CLOOS Quinto II: simulated weld width (curves and symbols)
on top and bottom of the workpiece in comparison with experimental dimensions (symbols) for different speed of welding of steel
DCO1 with 1.0 mm wire G3Si1 (SG2) in CO2 + 18 % Ar mixture at h = 1.5 mm, vf = 6 m/min, f = 100 Hz, tp = 1.8 ms, Ib = 30 A,
Ip = 460 A, arc length correction of 66 %
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Figure 8. SimWeld link to SYSWELD: parameters of double-ellipsoid equivalent heat source of SYSWELD (left-top, with permission
of ESI Group) and the same parameters generated by SimWeld from the process simulation (bottom-right)

Figure 9. Comparison of weld cross sections simulated by SimWeld (left) and SYSWELD (right, with permission of ESI Group) using
the equivalent heat source generated by SimWeld

Currently, heat source link between SimWeld and
FEM-package SYSWELD is realised in such way that
the parameters of the heat source are first generated
by SimWeld and are then input to SYSWELD by
means of its user interface (see Figure 8). An example
of a cross-section map of simulated temperature field
with SYSWELD which uses the equivalent heat
source is shown in Figure 9. The corresponding weld
seam cross-section from SimWeld simulation is also
shown in the Figure, for comparison.
Conclusion and outlook
The integrative simulation of welding, which includes welding process, elastoplastic stress-strain
state of structure and mechanical-technological properties becomes an essential part of modern engineering. It allows a faster and more effective development
of new technologies, products and structures. Further
development in this field will go in direction of closer
links of different sub-models and extensions including
different types of welding processes.
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NUMERICAL SIMULATION OF SOLIDIFICATION
CRACKING DURING LASER BEAM WELDING
OF ALUMINIUM ALLOYS
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The recent results of the numerical simulation of solidification cracking during laser beam welding of aluminium alloys
are presented. The model takes into account the thermo-dynamic properties of material to be welded and the effects of
strain accumulation. The results of the numerical simulation are successfully used for development of technological
means for elimination of solidification cracking. The crack elimination achieved by the application of multi-beam welding
technology is numerically predicted and experimentally approved.

Solidification cracking is one of the most frequent
forms of weld defect which is observed during manufacturing. The pioneering experimental research on
the solidification cracking in aluminium alloy welds
was carried out by Singer et al. [1—3] and later by
Pumphrey et al. [4] at the end of the 1940s.
The first approach to modelling of solidification
cracking in welds was proposed by Prokhorov at the
beginning of 1950s [5—7]. In Prokhorov’s theory the
mechanical tensile strain is supposed to be the reason
for the crack formation. Prokhorov calculates the deformation of the liquid-solid region integrally and
compares it with the so called «deformability». The
last term is introduced by Prokhorov in order to characterise the ability of material to accumulate deformations without rupture at higher temperatures within the solidification range. It was considered as a
material property, which value can be obtained experimentally. When the actual deformation of the
two-phase region exceeds the deformability of the material, the hot cracking occurs. Despite some critical

disadvantages, the majority of works on modelling of
solidification cracking in welds [8—17] is based on
the Prokhorov theory.
There are a few modelling approaches appearing
recently, which are based upon the localised consideration of crack formation [18—22]. This works are the
further development of the Pellini’s theory [23] which
was also introduced at the beginning of the 1950s.
Based on the number of tensile tests of solidifying
samples Pellini suggested his «strain theory of hot
cracking». According to this theory the tensile strain
developed during solidification is localised in the mechanically weak intergranular film formed at the end
of solidification due to the segregation. This film limits the strain transmission and therefore it accumulates the major part of the whole strain. The accumulated tensile strain exceeding some critical value leads
to the tearing of the liquid film, i.e. to the formation
of the solidification crack. Figure 1 shows the principal difference between Pellini’s and Prokhorov’s
theory.

Figure 1. Schematic illustration of the difference between the basic theories of the solidification cracking: a – Pellini’s theory
(considering the strain localisation [23]); b – Prokhorov’s theory (without regard to the strain localisation [5])
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Integrated mechanical-metallurgical approach
Modelling approach. After carried out experimental investigation [24] the following mechanism of the
solidification cracking has been proposed (Figure 2).
The crack critical region is the intergranular film of
the residual liquid in the mushy zone behind the weld
pool. This liquid film accumulates the tensile strain
transmitted from solid regions by the dendrites of the
primary solidified phase. The initiation of the solidification crack (tearing of the intergranular liquid
film) occurs when the accumulated displacement
value δacc exceeds some critical value δcr
acc.
The displacement of the liquid film is accumulated
in the region between isotherms of the real liquidus
and the real solidus. The real liquidus can be assumed
to be represented by the liquidus temperature from
the equilibrium phase diagram, if the undercooling of
the dendritic tips is neglected. The real solidus represents the lowest temperature of the existence of the
mushy state. For a certain alloy, this temperature
must be calculated taking into account the effects of
micro segregation [25].

General form of the criterion for the crack initiation can be represented as follows:
cr
δmax
acc ≥ δacc,

where δmax
acc is the maximal displacement accumulated
in the intergranular liquid film; δcr
acc is the critical
displacement, which characterises the ability of the
liquid film to accumulate tensile strain without tearing.
The maximal displacement value δmax
acc depends on
the design of the welded joint, the welding parameters
(laser beam power and velocity), as well as the properties of the base and the filler material. The left
part of the cracking criterion represents the thermomechanical aspect of the cracking phenomenon, i.e.
the mechanical loading of the intergranular liquid
film. The value of the maximal displacement can be
calculated only numerically because of the nonlinearity of the material properties and the complexity of
the boundary conditions.
The critical displacement δcr
acc depends on the material properties and the solidification conditions,

Figure 2. Microscopic nature of the solidification cracking mechanism: schematic representation on the macro- and microscopic scale
(a) and experimental micrograph of the «frozen» tip of centreline solidification crack (b) (top view of the weld on binary Al—4 % Si
alloy)
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which determine parameters and morphology of the
microstructure as well as the thickness of the intergranular liquid film. The right part of the cracking
criterion represents therewith the metallurgical aspect
of the cracking phenomenon, i.e. the ability of the
intergranular liquid film to accumulate tensile strain
without tearing. The value of δcr
acc can be considered
to be constant for similar materials welded under similar conditions.
Numerical realisation. A proper modelling of the
solidification cracking mechanism described above implies the solution of the following constituent problems:
• thermo-mechanical problem (evaluation of the
maximal displacement of the intergranular liquid film
taking into account the effect of the strain localisation);
• metallurgical problem (evaluation of the real
solidification range taking into account the effects of
segregation; calculation of the phase distribution within the mushy zone; evaluation of the geometrical
microstructure parameters).
The thermo-mechanical problem is solved using
the finite elements method. The real solidification
range for aluminium alloys as well as the liquid phase
fraction is calculated on the basis of the Scheil—Gulliver model [25]. For the proper simulation of the
strain accumulation, the mechanical properties of the
liquid film with relative low yield stress are assigned
to the finite elements at the weld centreline (Figure 3). For these elements the value of the accumulated displacement is checked at each time step of
calculation. As soon as this value achieves the critical
one, the material properties are changed to the properties of air with relative low value of elastic modulus
and no heat transfer as well (see Figure 3). Particular
attention is given to the proper taking into account
of the latent heat release in accordance with the fraction of the liquid phase in the mushy zone.
Simulation example. An example of simulation of
the crack initiation and growth is shown in Figure 4.
The simulation is carried out for the case of the laser
beam welding close to the free edge of the 1.5 mm
sample from aluminium alloy AlSi3. The influence of
the free edge on the solidification cracking formation
was deeply investigated in [24]. The Nd:YAG laser
power was 1.9 kW and the welding speed was
2.8 m/min.
Two isotherms, the real liquidus and the real solidus, outline the mushy zone. As seen, the crack appears in the inner part of the mushy zone. Once formed
the crack creates a thermal barrier, which increases
an asymmetry of the temperature field. The position
of the crack tip within the mushy zone is not constant;
it changes in accordance with the local thermo-mechanical conditions. At the end of the weld seam,
close to the right sample edge, the crack is forced out
of the mushy zone, i.e. its growth is interrupted. The
same behaviour is also observed in all experiments.
The reason for the interruption of the crack growth

Figure 3. Taking into account the effect of strain localization due
to proper manipulation of the material properties during numerical
simulation

is the decrease of the amount of the accumulated strain
occurring due to the overheating and the correspondent decrease of the material strength in the near-edge
region of the sample.
Application to multi-beam laser welding
The existing welding processes can be analysed
with the help of the proposed approach with the purpose of minimising the solidification cracking. There
are two possible directions of realisation of the crackfree welding process.
The first one is to change the metallurgical conditions in order to increase the ability of the liquid
film to accumulate the tensile strain without tearing,
i.e. to maximise the critical displacement δcr
acc. It can

Figure 4. Numerical simulation of the crack initiation and growth
for the temperature fields at different steps of calculation
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Figure 5. Experimental validation of the multi-beam technique: a – generation of solidification cracking due to small distance to the
free edge; b – suppression the solidification cracking under the same conditions due to application of additional laser beam

Figure 6. Realisation of the multi-beam technique: a – preliminary
numerical simulation of the temperature fields; b – samples produced under the same conditions using the single- (above) and
double-beam (below) laser welding

be achieved, for example, by usage of the appropriate
filler materiel.
The other way is to minimise the tensile strain
accumulated in the intergranular liquid film, i.e. to
minimise the maximal accumulated displacement
δmax
acc . It can be achieved by the application of the
additional heat source, i.e. additional laser beam,
which has a proper power and a proper position. The
last ones can be determined preliminary by the numerical simulation.
The idea to use additional heat sources as a mean
for prevention of solidification cracking in welds was
suggested in the 1970s [26, 27]. On the basis of FEMsimulations it was demonstrated [26, 28] that introducing additional heating «in a right place and at the
right time [26]» leads to the «beneficial» compressive
stress (or strain) in regions, which are critical with
respect to the solidification cracking. Despite the apparent simplicity of the suggested idea, the additional
heating has still not found the expected industrial
application. The determination of «the right place
and the right time», i.e. the optimal position, the size
and the power of the additional heating spots, seems
to be the most important problem hindering the practical application of this technique. As will be shown
below, application of the present modelling approach
can be very helpful for the industrial realisation of
the multi-beam techniques for the crack-free welding.
The experiments on the laser welding close to the
free edge described in our previous work [24] have
been chosen for the experimental validation of the
numerical calculations (Figure 5). The idea was to
define the distance to the free edge, which assures the
initiation and the stable growth of the solidification
crack as shown in Figure 5, a. Then, the optimal
position and the power of the additional laser beam,
that will ensure the suppression of the crack initiation,
were found using the numerical simulation (Figure 5,
b). The experiments were carried out on aluminium
alloy AA6056 with the plate thickness of 1.5 mm.
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Figure 6 shows the results of the preliminary numerical simulations (temperature fields for the singleand for the double-beam welding) together with the
results of the experimental validation. As seen, the
application of the additional beam, which moves parallel to the main laser beam at the distance of 20 mm,
can be effectively used for the suppression of the crack
initiation. The power of the additional beam is significantly less than the power of the main beam. In this
special case, the positive effect is achieved at the
additional beam power, which value was as high as
25 % of the main beam power.
Summary
On the basis of the experimental observations an
approach for the modelling of solidification cracking
in welds is presented. This approach integrates both
the thermo-mechanical and the metallurgical aspects
of the cracking phenomenon. The modelling implies
the solution of the thermo-mechanical problem taking
into account the effects of the localisation and the
accumulation of displacements in the intergranular
liquid film of the segregating alloying elements. The
importance of the proper preliminary evaluation of
the real solidification range and the phase distribution
within the mushy zone is emphasized. The high potential of the presented approach for the development
of the industrial crack-free welding techniques is demonstrated on the basis of realisation of the multibeam laser welding.
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CONDITIONS FOR CHOOSING RATIONAL PARAMETERS
OF MODES OF LOCAL HEAT TREATMENT
OF WELDED JOINTS
G.Yu. SAPRYKINA
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
In performing field welded joints (in repair welding) of modern critical structures, the problem of choosing rational
conditions and modes of local postweld heat treatment (especially in using multi-section heaters) is, as a rule, the
problem involving many reference parameters. Its solution, with account of specific geometric dimensions of a treated
welded joint, physical properties of the material and its sensitivity to the PWHT thermal cycling, requires much
resources and time with traditional experimental approach. Using means of mathematical modelling enables to considerably reduce the expenses. In this work, as applied to local postweld treatment of circumferential joints (high annealing)
of pipelines and equipment made of steels type 10GN2MFA, are considered conditions of simultaneous provision of
effective reduction of residual stresses and prevention of the risk of annealing crack formation, and noticeable reduction
of resistance to growth of stress corrosion cracks.

Welded joints of structural steels of ferrite-pearlite,
bainite and martensite classes, especially thicker ones,
to reduce residual welding stresses, are subject to local
high annealing. It is necessary in the case of operation
of the structures at low temperatures, in aggressive
media, under cyclic loading, when the role of residual
stresses can be substantial. Unfortunately, in a number
of cases, local high annealing, due to non-uniform heating, not only removes residual welding stresses, but
also produces new ones, whose distribution has no sharp
spikes typical for post-welding state, but their level is
quite high and significantly influences load-carrying capability. In so doing it is necessary to take into account
that high annealing at different temperatures has an
ambiguous effect on the microstructure and material
properties in the annealing zone.

Consider, for example, data of [1] on the effect
of the annealing temperature on the level of residual
stresses and hardness in the weld zone (Figure 1), as
well as impact toughness KCV for the near-weld (Figure 2, a) and central (Figure 2, b) weld zones for
structural steel 10GN2MFA. It is seen that for this
steel type (widely used in heat-exchange apparatuses,
pipelines, pressure vessels, etc.), annealing temperature
of the order of 600 °C is conducive to reduction of
residual stresses down to 50—70 MPa. Though, for instance, in nuclear power engineering, often 650 °C is
applied, which is not bad, as impact toughness of the
weld metal increases at moderate holding times (~ 2 h).
But 6-hour annealing temperature of 700 °C sharply
decreases impact toughness for the base and weld metal,
which is connected to degradation processes occurring
at high annealing temperatures due to creep flow and
diffusion of impurities in the heated zone.
In this respect representative are indices of propensity to annealing crack formation in HAZ of
welded joints [1—4, etc.]. This problem was studied
in detail in the 1980s. It was shown that propensity
to annealing crack formation in HAZ depends on the
chemical composition, heating-cooling temperature
cycle and the level of the acting stresses. Influence
of chemical composition of said steels at maximum
chromium content of below 15 % can be evaluated on
the basis of parametric equation of [2]:
ΔA = Cr + 3.3Mo + 1.8V + 10C — 2.

Figure 1. Effect of annealing for 2 h on residual stresses and hardness
(a) in the weld zone on specimen (b) of 10GN2MFA steel
© G.Yu. SAPRYKINA, 2006

(1)

If ΔA > 0, than the steel is susceptible to annealing
cracking.
Figure 3 [1] shows the results of testing notched
samples on Thermorestor device. The samples were
preliminarily subject to imitation of welding thermal
cycle Tmax = 1300 °C, Δt8/5 = 100 s (Tmax is the
maximum temperature of welding thermal cycle;
Δt8/5 is the time of cooling from 800 to 500 °C). The
material was steel 10GN2MFA at ΔA ≈ 0.8—1.4, i.e.
as follows from (1) it is susceptible to annealing crack-
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Figure 2. Effect of annealing at different temperature for 6 h on impact toughness of near-weld zone (HAZ + 0.5 mm) (a) and central
zone of weld (b) of the steel 10GN2MFA welded joint

ing. As is seen from Figure 3, in low-alloy steel
10GN2MFA at about 600 °C sharp decrease of allowable applied stress is observed. Fracture surface of
samples tested as in [1], is finecrystalline, which is
the result of annealing cracks formation. Based on
the results of this study a conclusion is drawn that
for this steel heat treatment temperatures of only below 580 °C are not dangerous by the condition of
annealing cracks formation in HAZ [1].
These data show that choice of rational temperatures and duration of high annealing of welded joints
of modern structural steels, requires accurate observance of the above parameters, whose provision in
local annealing, in its turn, involves the necessity to
carefully choose energy parameters of heating and
cooling conditions. To solve such a problem, in each
specific case, it is desirable to apply different estimation methods, since it enables to essentially reduce
resources and time for the elaboration of rational local
annealing conditions [5, 6, etc.].
Clearly, the experiment is the final stage, necessary for taking the decision. In modelling local annealing process, models and estimational algorithms
of welding thermomechanics of respective materials,
based on physical model of strain-plasto-elastic medium, for instance in the form of [7], can be used,
i.e. total of increments of non-elastic strain tensor of
instantaneous plasticity εpij and diffusion ductility
(creeping) εcy are determined on the basis of the flow
theory in the following form:

for this purpose on the basis of theory of short-term
creeping [8] in the following form:
Ω = Ω1(T)Ω2(σi),

(3)

where Ω1(T) is the temperature function; Ω2(σi) is
the stress intensity function σi (equivalent stress):
σi =

1
×
√⎯2
⎯

(4)

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
(σxx — σyy)2 + (σxx — σzz)2 + (σyy — σzz)2 + 6(σ2xy + σ2xz + σ2yz
⎯).
×√

dεpij + dεcij = (dλ + Ωdt)(σij — δijσ)
(i, j = x, y, z).

(2)

Here scalar factor dλ characterizes development of
strains dεpij and is determined by yield condition (for
instance, that of Mises [7]), while scalar factor Ω,
i.e. a function of material creeping, is usually assumed

Figure 3. Effect of stresses and maximum temperature of re-heating
on annealing cracks formation in the steel 10GN2MFA notched
samples after thermal cycling simulation at Tmax = 1300 °C, Δt8/5 =
= 100 s, ΔA ≈ 0.8—1.4 (1)
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Table 1. Values of Ω1(T) depending on T for n = 5.0 and 4.2 [6]
T, °C

450

500
—22

600
—18

1.5Ω1 (n = 5.0)

4.19⋅10

1.65⋅10

1.5Ω1 (n = 4.2)

2.64⋅10—21

1.05⋅10—17

Values of Ω1(T) and Ω2(σi) are determined experimentally from simple tensile or torsion testing of
samples of the given material.
As an example of such an approach to solving the
problem of optimizing parameters of local heat treatment
of welded joints, the above-mentioned work [6] can be
mentioned, where this problem is solved as applied to
circumferential pipe butts. In modeling as in [6], Ω2(σi)
= σni was assumed (n is the index of a power, which
selected from within 4.2—5.0 range), while Ω1(T) is as

625
—16

6.67⋅10—16

1.05⋅10—15

4.20⋅10—15

1.67⋅10

in Table 1. One of the interesting conclusions of that
work is recommendation regarding the width of circumferential heating band from the point of view of
rather efficient relaxation of welding stresses and nonappearance of an appreciable field of new residual
stresses due to local character of heat treatment. It
was shown that for steel pipes, width of circumferRδ (2R is the pipe
ential heating band of 2B = 5√
⎯⎯⎯
diameter; δ is the wall thickness), is quite sufficient for
the said purpose at maximum heating temperature of
620 °C, and holding at that temperature for 1 h.
Such a recommendation accords quite well with
existing standards [9, 10] and underlines insufficiency
of recommendations of [11], where 2B = 5δ at R > δ.
It should be noted that by far not always it is
possible to obtain such a simple recommendation regarding the dimensions of the heating zone in local
heat treatment of circumferential welded joints.
Figure 4, a—c shows data on location of the welded
joint 111/1 in steam generators PG-1000M of power
reactors WWER-1000. This circumferential one-sided
butt weld (Figure 4, a) connects steam generator shell
with the collector. Thicknesses of materials to be
joined are of about 72.5 mm with outer diameter of
about 1200 mm. Graphs of intermediate and final high
annealing are shown in Figure 4, b, while schematic
of heating elements installation is shown in Figure 4,
c. Base material is steel 10GN2MFA.
Regardless of rather lengthy soaking and slow
cooling of the heating zone (see Figure 4, b), rigidity
of the welded joint causes after annealing occurrence
of the new field of residual stresses, when the level
of circumferential stresses σββ of Figure 5 in the weld
zone is of the order of 200—230 MPa. These data were
obtained by calculations [7]. Creep function in the
form of (3) at n = 5 was used.
For Ω1(T) experimental data, obtained in [1] on
samples of the steel considered (see Figure 1), are
described by the dependence:
T, °C
550
600
650
700
.(5)
Ω 1 (T), MPa —6 ⋅h —1 0.43 ⋅10 —17 1.13 ⋅10 —15 1.73 ⋅10 —14 3.77 ⋅10 —12

Figure 4. Sketch of weld 111/1 location in PG-1000M steam generator (a), thermal cycles of intermediate (1) and final (2) high
annealing (b), and location of heating elements (c): 3 – reinforced
basalt sheet; 4 – ceramic mat; 5 – assembly weld Dn 850

Calculations were conducted using WELDPREDICTIONS software package developed at PWI.
As the working stresses σββ in the zone considered
do not exceed 50 MPa, so shown in Figure 5 level of
residual stresses for steel 10GN2MFA at service temperatures of about 300 °C, raises no concern as to the
corrosion crack occurrence, but this is true only in
the absence of the defects capable of becoming origins
for the development of such cracks. Unfortunately,
design of the joint in question substantially complicates access to the inner surface, while industrial plant
technology of performing such a joint does not reliably
provide a quality formation of the inner surface.
Therefore, in such cases the risk of occurrence of stress
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Figure 5. Residual circumferential stresses (a) in the near-weld zone 111/1 (b) for r = 597 (1), 627 (2) and 667 (3) mm

corrosion cracks is quite real, which is demonstrated
by the data of Figure 6 on defectograms of transverse
cracks in weld 111/1 of steam generator of the
Yuzhno-Ukrainskaya NPP.
Characteristically, that NDT of these sections of
the welded joint, conducted about 2 years before the
discovery of these cracks, had not revealed any noticeable traces of said defects.
These defects, of obviously corrosion type, show
that material of welded joint zone during said service
period, has substantially lost its capability to withstand the development of such defects. In other words,
threshold values of stress intensity factors KISCC (Figure 7) for stress corrosion, separating the phase of
stress corrosion crack development, when mechanism
of electrochemical corrosion prevails, from the second
phase, when hydrogen embittlement mechanism predominates, is sharply reduced as compared to observed
along the contour of cracks values of KI (KI is the
SIF for normal tear cracks). Results of KI calculation
for cracks of Figure 6 with account of acting residual
stresses (see Figure 5), and stresses of operational
load not exceeding 25 % of the residual stresses, are

entered in Table 2. Procedure of description of a real
crack with equivalent semi-elliptical one, with semiaxes a and c [12], was used.
It is seen that maximum values of KI(G) do not
exceed 75 MPa⋅m1/2 for the deepest crack, while for
this steel KISCC in its initial state is not below
100 MPa⋅m1/2 under conditions considered, i.e. there
occurs a substantial degradation of KISCC value (by
at least a factor of 5).
The latter can be attributed to the inappropriate
conditions of high annealing, when lengthy soaking
at high temperatures (see Figure 4, b) can cause formation of small defects of the above type, i.e. annealing cracks (Figure 8) located along the grain boundaries, which naturally eases development of inter-crystalline stress corrosion cracks.
This example demonstrates how unsuccessful was
the choice of technological parameters of local high
annealing both from the point of view of non-relaxed
residual stresses, and from the point of view of degradation of material properties.
With decreasing level of non-relaxed residual
stresses down to 70—100 MPa, KI values in Table 2

Figure 6. Diagram of defects location on the «hot» PG-1 vapor generator collector in unit 1 along the weld circumference (a), and
dimensions and shape of detected defects Nos. 1—6 (b)
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Figure 7. Schematic V—KI diagram: V*, V** – growth rates at
KI = KISCC by electrochemical corrosion and hydrogen embrittlement mechanism

Figure 8. Emergence of cavities at the initial stage of annealing
cracks formation in the HAZ on low-alloyed steel

Table 2. Dimensions of defects of equivalent crack, and values of KI(G) and KI(D)
Steam generator

Steam generator 1
(1st unit)

Steam generator 2
(2nd unit)

Defect size, mm

Equivalent crack

Defect
No.

Depth H

Width 2l

a, mm

c, mm

KI(G),
MPa⋅m1/2

KI(D),
MPa⋅m1/2

1
2
3
4
5
6
1
2
3
4
5
6

63
64
50
40
53
3
8
50
40
35
10
48

65
85
50
15
70
10
15
25
15
30
25
72

51.2
59.0
40.0
19.6
48.7
3.0
8.8
28.3
19.6
25.9
10.0
47.0

51.2
59.0
40.0
19.6
48.7
5.0
8.8
28.3
19.6
25.9
12.5
47.0

59.24
70.18
45.11
26.75
55.75
10.60
17.82
33.90
26.75
31.86
19.29
53.45

41.18
45.20
35.50
24.34
39.90
12.15
16.34
29.40
24.34
28.07
19.63
39.04

will decrease approximately twice, and, respectively,
already at crack of 8 × 15 mm, KI values of along the
contour will be below KISCC. Since cracks of such
dimensions in NDT are difficult not to notice, such a
local annealing could have considerably increase the
resistance to defects of the type shown in Figure 6.
On the other hand, if parameters of high annealing
applied (Tmax and duration of staying at Tmax), did
not cause reduction of value KISCC of the welded joint
material, then even at said residual stresses (see Figure 5), such considerable defects would not have
appeared (see Figure 6).
This example shows that in a number of cases selection of parameters of local heat treatment of welds requires certain compromise solutions, both from the point
of view of relaxation of residual stresses, and of possible
degradation of material properties with account of specific conditions of structure service.
CONCLUSIONS
1. The process of choosing rational parameters of local
heat treatment of welded joints of modern structures,
requires applying rather careful solutions as regards
dimensions of the heated zone, maximum heating temperature and duration of soaking the material at high-

Semielliptical crack sketch

temperatures, depending on specific conditions of
structure service.
2. Application of the means of mathematical modelling enables to considerably ease obtaining rational
solutions for specific welded joints and materials.
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The paper deals with the continuous roll forming (RF) and high-frequency (HF) welding processes of internal highpressure (IHP) tubes. Models of the RF process and the induction forced HF welding are presented using the finite
element code MSC.MARC/Mentat™. In early works as a rule the tube forming was considered as an isothermal
elastic-plastic deformation process. So it was impossible to investigate the influence of the temperature field on tube
properties in the weld and heat-affected zone. The HF welding has been considered separately without coupling to the
forming process. In so-called V-weld the coil edges are heated by induction. Pressing the hot edges against each other
some material is forged into the weld bulges, which must be cut off straight after the welding point. Without the
consideration of these forging and cutting processes this material portion must be removed from the simulation models
before the coil edges touch each other. In the paper a complete non-isothermal elastic-plastic numerical simulation
method is presented including the RF, transient temperature fields during welding, bulge cut-off, temperature behavior
in cooling, and tube calibration. The simulations are performed for four different roll geometries and two materials.
The results are compared with real process measurements. Using numerical simulation the forming and welding process
parameters are modified in order to improve the IHP tube properties by homogenization of the thickness and minimization
of the total equivalent plastic strain.

Tube hydroforming (THF) is an established technology among metal tube forming processes. It is the
technology used to form closed sections, hollow parts
with different cross-sections by applying an internal
hydraulic pressure and sometimes additional axial
compressive loads to force a tubular blank to conform
to the shape of a given die cavity. Material properties
have a significant influence on the process stability.
Often roll-formed, non-heat-treated tubular materials
with longitudinally oriented welding lines are used
in THF. Figure 1 shows a scheme of a roll forming
line, where the parts of the production line considered
here are marked by boxes.

Different production processes involve a change
of the material properties from the initial flat sheet
to the hydroformable tube. FE analysis of the roll
forming (RF) process seeks to improve the hydro-formability of tubular semi-finished products. Testing
methods, such as tensile tests and conventional forming limit diagrams, do not accurately reflect the
state of stress and strain conditions seen in the tubular
blank during the hydroforming process.
Material properties significantly influence the stability of forming processes. The prediction of the
hydro-formability of roll-formed tubes is nowadays
often based on estimations using tensile test data. The
RF and welding technology influence the material

Figire 1. Scheme of roll forming line with the sections in consideration
© U. SEMMLER, G. von BREITENBACH and A. SEDLMAIER, 2006
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involving pre-strains and hardening. Therefore, the
geometrical and mechanical properties of the tubular
semi-finished product differ from the ones of the virgin
sheet material.
Objectives of the presented work
During the RF process the original sheet material
underlies deformations in bending as well as in longitudinal direction. These deformation cause changes
in the strip wall thickness and lead to plastic hardening of the sheet material. It is apparent that a varying
wall thickness about the tube circumference implies
varying hydroforming ability for different angular directions. The accumulated and varying in circumferential direction total equivalent plastic strain
(TEPS) reduces tube forming capabilities.
That’s why the main goal of the project was to
investigate how the materials, geometric and process
parameters influence the internal high-pressure (IHP)
tube properties. The numerical simulation allows monitoring of the characteristic values during of the forming and welding processes. When known how the
rolls geometries and positions influence the TEPS and
the wall thickness distribution, one has the possibility
to improve and optimize the process by changing the
sequence, the size, and the position of the rolls.
Using
the
finite
element
programs
MSC.MARC/Mentat™ and COPRA® FEA RF 4 real
forming strategies of two companies (Benteler
Stahl/Rohr GmbH in Paderborn, Germany, and Jansen AG in Oberriet, Swizzerland) have been investigated. The produced tubes have been inspected experimentally and compared with the simulation results.
The tubes and materials parameters were as follows:
final tube diameter of 60 mm (60.5 mm before calibration); tube wall thickness of 2 mm; StW24Ti
(DD11) and S500MC high-strength steels for cold
forming; welding speed of 50—55 m/min; welding
frequency of 304 kHz.
Based on analytical and experimental methods,
the subsequent work packages were successfully performed within this project.
In numerical simulation:
• set-up of a simulation model for the tube forming
and welding processes including the formation and
the cut-off of the welding seam bulges;
• analysis of different tube forming strategies in
regard of the resulting tube properties based on FEM;
• inclusion of the welding process into the complete FE simulation of the tube forming process;
• optimization of one tube forming strategy using
FE simulation.
In experimental analysis:
• free bulge tests for the characterization of the
mechanical tube properties in hydroforming;
• geometric tube and split strip characterization;
• microhardness measurements.
As final result some recommendations for the production of tubes with enhanced properties for hydroforming were given.

FE simulation of the RF and HF welding processes
FE models of RF. In order to produce tubular
semi-products with improved hydroforming properties, it is necessary to analyze the RF process. Experimentally to investigate the development of the tubes
properties during the passing through the sequent roll
stands is impossible or very difficult. For this purpose,
a FE simulation model was developed. In the FEA
one can trace the development of the wall thickness
and TEPS, representing the materials hardening during RF and welding.
The simulation of the RF process offers the possibility to analyze and understand the phenomena
which lead to a property change from the initial blank
or coil to the tubular semi-finished product. Single
roll geometries can be adapted or new stands can be
implemented to improve the forming of tubular semifinished products for hydroforming.
FE modeling was done using the FE programs
MSC.MARC/Mentat™ and COPRA FEA RF™.
The last one was developed by the dataM GmbH for
the simulation of the RF process. COPRA FEA RF™
contains MSC.MARC™ as an OEM product. The
program offers a comfortable GUI for the development of the rolls geometry (rigid contact surfaces),
of the strip model (hexahedron elements) and the
solution process control with direct coupling to several pre-models (rough assessment of the RF process)
and roll geometry measurements.
As a matter of fact, COPRA® FEA RF can be
regarded as a «virtual RF mill» that allows the user
to try out new roll sets even before the actual manufacturing process. COPRA® FEA can be operated
easily and runs on any personal computer. It does
not require any time-consuming pre-processing or difficult post-processings. It is tailored to the roll
former’s needs.
The model illustrated in Figure 2 shows one of the
mentioned four real roll lines. The model consists of
24 roll stands including break down stands, fin passes,
welding station, calibration stands and side rolls. Because of simplifications considering the welding process calculation and the water bath cooling (see
below) the distance between the forming section and
the welding station, as well as the distance between
the welding station and the calibration stands, were
minimized for decreased computation times. The contact between the rolls and the workpiece is modeled
as frictionless. Rolls were modeled as segments and
represent only the contour of the roll which is in
contact with the workpiece. In order to further minimize the computation time, only one half of the
tube was simulated (symmetry) and the sheet length
of about 1200 mm was limited on a length of 3 to 4
times the distance between the stands. This length
guarantees a realistic reproduction of the longitudinal
strains typical for RF processes. The mesh is partially
refined (Figure 3, left side) in order to reach a high
resolution of the geometric and thermo-mechanical
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Figure 2. Simulation model for FE analysis

Figure 3. FE model of strip section (details)

values of interest. The total length is about 8400 mm.
The number of stands and the length of the modeled
coil section are slightly different for the investigated
four different forming strategies.
The coil sections consist of 4000—6000 tri-linear
hexahedron elements (see Figure 3). The strip section
length of about 1200 mm is chosen that the strip has
a sure guidance at in 3 stands (the distance of neighbor
roll is 350 mm).
The calculation of the refined model over 4800
time amounts 7 days on a well equipped PC (2 GHz
CPU).
FE models of the HF welding process. In former
works as a rule the tube forming was considered as
an isothermal elastic-plastic deformation process. So
it was impossible to investigate the influence of the
temperature field on the tube properties in the weld
seam and in the HAZ. That’s why one of the main
goals of the project was the inclusion of the HF welding process into the over-all simulation of RF and
calibration.
In order to avoid program interfaces between several programs with necessary program flow interruptions and loss of accuracy the welding simulation uses
the same FE code MSC.MARC/Mentat™ as a unitary FE basic.

From the physical point of view an accurate determination of the temperature distribution requires
the solution of the Maxwell equations in the neighborhood of the welding rolls including a detailed geometrical model of the inductor, the impeder, and the
strip edges forming the so-called V-weld and touching
each other in the welding point between the welding
rolls. Figure 4 shows the calculated by FEM in work
[1] heat source distribution.
Because of the so-called skin-effect during HF induction the heat generation occurs in a very small
region at the surface of the V-weld. The solution of

Figure 4. FEM-calculated heat source distribution [1]: y – depth
in the V-edge
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Figure 7. Dependence of the weld seam temperature on heat transfer
coefficient: 1 – α = 0; 2 – 0.05; 3 – 0.05 W/(K⋅mm2); db,
de – beginning and end of cooling bath, respectively; L – length
direction

Figure 5. Idealized model for HF heat source calculation

the Maxwell’s equations as a part of the over-all RF
process simulation would require a very fine mesh in
the strip edges. This is impossible by taking into account the high computing times. That’s why a compromise with a «3×3+1»-refinement in the strip edges
(see Figure 3, middle) was chosen. This relatively
coarse mesh requires a simplified model of the HF
heat generation [2]. The heat generation is considered
in x—z-plane shown in Figure 5. The heat conduction
in the y-direction is neglected and there is no gradient
over the wall thickness. By means of these model
idealizations it is possible to calculate the needed electrical power P0 to reach a temperature of T = T0 +
+ ΔT:
P0 =

3πΔTy0dλ
⎡⎛
⎞
⎢ πy0a
2ξ ⎢⎜⎜ 2 + 1⎟⎟
⎢⎜ ξ v0
⎟
⎣⎝
⎠

3/2 — 1

3/2

—

⎛ πy0a ⎞
⎟
⎜
⎜ 2 ⎟
⎜ ξ v0 ⎟
⎠
⎝

⎤
⎥
— 1⎥
⎥
⎦

,

where λ is the heat conduction coefficient; d is the
strip thickness; y0 is the distance between inductor
λ
and welding point; v0 is the welding speed; a =
ρcp
1
is the temperature conductivity; ξ = √
⎯⎯⎯
is the
πfμσ
«electrical reference depth»; f is the frequency; μ =
= μ0μr is the magnetic permeability; σ is the electrical
conductivity.

The «3×3+1»-refinement compromise (element
cross section of about 0.7 × 0.7 mm2) cannot sufficiently represent the real temperature gradients in the
edges of the V-weld (see Figure 4). That’s why the
calculated total electric power P0 has been evenly
distributed along the weld V-edges between the end
of conductor and the welding point like surface or
volume heat sources.
In spite of relatively coarse meshing with element
aspect ratios greater than 5, the calculated temperature
fields match the real temperature sufficiently good.
Figure 6 shows an macrograph of the weld seam cross
section in comparison with the calculated 800 °C isoline when the strip edge passes through the welding
point.
FE models of water cooling. After welding the
tubes pass through a water tank positioned between
the welding rolls and the first calibration stand (see
Figure 1). The real distances between these two stands
are in the considered tube production lines 7310—
8000 mm. When simulating the cooling with real heat
transfer conditions, the coil section with a length of
about 1200 mm has to be guided about a distance of
some meters by means of auxiliary supports. This complicates the model and consumes a lot of computing
time.
So in the simulation the distance was increased to
twice of the average stand distance (700 mm). The
10 times artificially shortened water tank length must
be compensated by a super elevation of the heat tran-

Figure 6. Weld seam macrograph (a), and snapshots of strip edge cross section at positions —60, —30, 0, 30, 60, 90 mm (1—6) relatively
to the welding point with the 800 °C isoline (b)
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sfer coefficient. In literature one can find quite different values for the heat transfer coefficient between
metal surface and circling water. The average value
is α = 0.005 W/(K⋅mm2). Figure 7 shows how the
heat transfer coefficient influences the weld seam temperature about the artificial shortened water tank
length.
In spite of the simple modeling of the heat source
and of relative coarse mesh in the strip edges good
temperature field are computed. Because of the skin
effect of the electric current the surface source matches
the reality better than volume sources.
Figure 8 shows in temperature calculation considered nodes on outer and inner tube sides, and Figure
9 shows the temperature profiles of the marked in
Figure 8 nodes. The two lower diagrams are cut-outs
in proximity of beginning and end of cooling. The
temperature between 40 and 60 °C reached at the end
of water bath is near to reality. The temperature gradients over the wall thickness are too high. Improvement may be achieved by anisotropic heat conduction
with artificially increased heat conduction in the radial direction.
In the used FE approximation the assessment of
the phase kinetics and of the metal structure behavior
is impossible because of smoothed temperature gradients and artificially increased cooling regime (the temperature gradient ΔT in a single element may be greater than 400 °C).
Modeling of the weld bulge cutting-off. Without
consideration of the thermoplastic weld bulge formation of the so-called welding allowance (the part of

Figure 8. Nodes on outer and inner tube sides

the material which will be forges into the weld bulge)
must be omitted from the coil breadth either from the
beginning of the simulation process or immediately
before the welding rolls. In the simulation process
after touching each other the coil edges will stuck
together using the «glue contact» facility of the FE
programs. In that case one must know the real magnitude of the welding allowance.
If taking into account the real coil breadth and if
considering the forming and welding process like coupled thermoplastic models the welding bulges must
be cut off during the simulation in analogy to the real
tube production process. Unfortunately it is impossible to use of internal program facilities for the simulation of cutting processes (deactivation of elements). Elements may be deactivated only completely, and the size of the deformed elements and the
relatively small number of elements in the coil edges

Figure 9. Temperature plot of the marked in Figure 8 nodes during HF heating and subsequent cooling in a depth of 0 (1), 1.5 (2)
and 2.5 (3) mm
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Figure 10. Cross sections of real inner and outer weld bulge chip (a), principle of weld bulge cut-off (b), and development of strip
circumference over the forming and welding stands (c)

will produce a «jagged» surface, which is not suitable
for further forming in the calibration rolls.
Some different ways have been tested to overcome
this problem. As the only feasible way remained the
modification of the deformed FE mesh using special
adapter programs. In this adapter program the mesh
may be deformed on the final tube contour as shown
in Figure 10, b.
In order to compare the simulated weld bulge formation with the real process bulges, the inner and
outer chips of weld bulge cutting have been measured.
The total cross section area is 5.6 mm2 (Figure 10, a)
resulting in a welding allowance of 2.8 mm (2 mm
tube thickness).
An at least qualitatively right reflection of the
real bulge sizes in the numerical simulation means:
constant tube circumference over all forming stands
and reduction in the welding stand by 1.4 mm (half
of the welding allowance as only one half tube is
modeled); constant tube cross section area as the material is incompressible; and area of the calculated
welding bulge must be 2.8 mm2.
Like seen in Figure 10, c, the tube cross section
and its circumference are constant in the stands 1—16.

In the stand 15, the welding rolls, the circumferential
reduction is the right one (1.4 mm) but simultaneously the cross area reduces perceptibly – a significant
violation of the volume constant. The cross section
of the calculated bulges amounts only 0.45 mm2 in
contrast to needed 2.8 mm2.
The significant difference between expected and
calculated values means that the coarse elements in
the coil edges with a bad aspect ratio (ratio of largest
to smallest element edge) greater 5 are unable to
reproduce the plastic behavior of the heated coil edges
and the resulting stresses and strains. For a near to
reality simulation of the thermoplastic weld bulge
formation a much higher mesh refinement is necessary.
Experimental investigations
In order to measure the geometric and materials
properties and to test the hydroformability of tubes,
several testing methods were implemented. The geometrical property testing enables a first evaluation of
the quality of the tube production process. The free
bulge test provides information such as the maximum
attainable circumferential expansion and the initial
yield pressure of tubes. It can be used to detect variations in semi-finished product charges which lead to
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process instability or to analyse the general hydroformability of tubes. Optical strain measurements are
used to identify the effect of parameters, such as wall
thickness or hardening distribution, onto the tube
expansion behavior. Additionally, the bulge test with
axial tensile and compression enables the establishment of so-called tube forming limit diagrams
(FLD). The tube FLD help to select suitable tubular
semi-finished products for hydroforming components.
Inhomogeneous distributions of wall thickness and
hardening result from specific local loading conditions
of the formed sheet during RF.
A big number of tubes formed with all investigated several forming strategies were been tested
and the correlation between the simulations and
experiments were been carried out. Especially the
optical strain analysis showed that the wall thickness distribution and the material hardening along
the circumference are the crucial parameters resulting from the RF process.
The simulations of the RF processes assume that
the virgin coil material is homogeneous in its mechanical properties and has a constant thickness and that
the forming process is completed symmetric. But the
measurements showed that the strip thickness varies
as over the coil breadth as over the coil length and
the resulting tube is unsymmetrical even for symmetrical initial coil geometry. The last fact is an indication
that the rolls geometries are partially unsymmetrical.
The experimental methods and results of these experiments are discussed in detail in [3, 4].
CONCLUSION
Summarizing the carried out simulation and experimental works the mean results are:
• by means of numerical simulations it is possible
to calculate the mean properties of the tubes important
for the THF process;
• by optimizing one of the four considered forming
strategies a reduction of tube wall thickness changes
by 53 % and a decrease of the TEPS by 22 % have
been reached. At the same time the scattering of these
properties reduced significantly;
• simplified models and the «3x3+1» mesh refinement in the strip edges allow a close to reality calculation of the temperature behavior during HF welding; the computation time increases only slightly;

• isothermal FE model for the forming simulation
was further developed to a non-isothermal by using
a moving Scott’s heat source and by modifying the
length and the heat transfer parameters during water
cooling;
• but this model does not allow calculating the
real temperature gradient in the strip edges, the metallurgical transformations, the strains and stresses
and the real size and volume of the weld bulges;
• bulge tests showed an asymmetric strain distribution with minima near the weld bead at the 180°
position;
• tube FLD show a high potential for the optimization of welded IHP tubes;
• comparison of simulations and experiments
shows a symmetric distribution of thickness and plastic strain in all simulations but in the rule asymmetric
distributions in the experiments;
• variation of the wall thickness about the tube
circumference coincides quite well in simulations and
experiments;
• calculated temperature fields in the welding zone
and during water bath cooling are satisfying and coincide with the experimental data.
The asymmetry of the measured properties and the
partially small correlation between simulation and
experiment imply the need of further investigations
to measure the real positions and the real profiles of
the rolls (in order to locate rolls asymmetry), to investigate the property distribution in the initial coil,
and to search for further influences on the tube hydroformability.
Acknowledgement. The presented theoretical
and experimental investigations were promoted and
supported by the German Federal Ministry of Economics and Technology and by the European Research Association for Sheet Metal Working.
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MODELLING LATERAL DEFORMATIONS
IN WELDING WITHOUT TACKING OF LARGE PLATES
WITH ACCOUNT OF FRICTIONAL FORCES
CREATED BY STATIONARY CLAMPS
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One of actual problems of modern shipbuilding is fusion welding without tackings joints of greater panels. The special
stand is developed for keeping of a gap in necessary limits for in special cases welding by Ingenieurtechnik und
Maschinenbau GmbH, Germany, with the motionless clips providing at certain pressure of force of friction, capable to
keep welded edges from moving above possible. To question of numerical research of deformation of welded steel sheets
of thickness up 3 to 19 mm at length of a joint up to 16 m taking into account forces of friction from clips devotes the
present report. Influence of thickness of welded panels, modes and ways of welding on necessary sizes of forces of
pressure in a clip is shown. In particular, it is shown that application of laser welding of joints at high speeds and low
heat input the demanded size of forces of pressure can be essentially lowered in comparison with arc welding. It is
shown that in welding panels 19 mm thick and above it is possible to use the stand with the clips, taking into account
single-pass welding by two arches of panels of the maximal thickness of 12 mm, for welding without tacking a root
pass.

In modern shipbuilding in welding large plates, everwider acceptance is gaining one-sided welding at a
preset gap, ensuring quality formation of butt weld
at preset fusion welding conditions. It is natural that
in doing so, quite close tolerances of gap size are
preset, and the problem of keeping such a gap in the
process of welding with weld length of 16 m and
more, arises. Using tacks is not desirable, since it
involves an additional inefficient operation and at
gaps of about 5 mm distorts the geometry of the butt
weld in the tack zone.
Table 1 shows typical conditions of one-sided arc
welding of steel plates butts, recommended in shipbuilding by JMG company, from which it is evident
that the butt gap sizes during welding must remain,
as preset for specific welding conditions, within certain limits. How rigorous are these limits of gap variation, is clearly demonstrated by estimated data of
Figures 1—4, showing the results of modelling kinetics
of deformational processes in welding 2000 mm wide

and 10000—16000 mm long plates under conditions of
Table 1, and in the absence of tacks along the entire
butt, but for its beginning and the end. At the ends
powerful (through thickness) tacks, 60 mm long, are
provided.
WELDPREDICTIONS software package, developed at PWI, was used. Welding was conducted with
flux backing. Thermal cycle along the axis of the weld
is shown in Figures 1, b—4, b. From the data of these
figures it is evident that tolerance of ±0.1 mm for
variant 1 (see Table 1), at plate thickness δ = 3 mm
as per line A in Figure 1, is not observed already after
1000 mm at total butt length of 16000 mm (by a gap
closure mechanism). For variant 2 (see Figure 2) the
tolerance of ±0.5 mm is transgressed after about of
1500 mm at total butt length of 16000 mm, but now
by a gap opening mechanism.
For variant (see Figure 3), tolerance of ±0.5 mm
is transgressed after 2000 mm by way of opening, but
with overall butt length of 10000 mm.

Table 1. Considered variants of one-sided butt welding
Variant
No.

I1, A

Variant characteristics

I2, A

vw, cm/s

Original
gap, mm

Tolerance for
edge
displacement
ΔUy, mm

1

δ = 3 mm, CO2 welding, U = 23.2 V

230

—

0.620

1

±0.1

2

δ = 12 mm, submerged arc welding, two arcs, U1 = U2 = 38 V

950

420

0.783

5

±0.5

3

δ = 12 mm, submerged arc welding, two arcs, U1 = U2 = 38 V,
additional filler

950

420

0.783

5

±0.5

4

δ = 8 mm, submerged arc welding, U = 35.5 V, additional filler

785

—

0.762

5

±0.5
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Figure 1. Displacement Uy along edge being welded for variant 1 without tacks (a), and thermal cycle along weld axis in linear portion
of butt (b): curve number corresponds to position of welding source center xs = 575 + (i — 1)⋅500 mm, line A – to fixed by welding
position of edges

Figure 2. Results of calculation of Uy displacement variation kinetics along edge for variant 2 at Q = 0 (a), and thermal cycle along
weld axis (b): number of i-curve determines position of heating source center xs = 330 + (i — 1)⋅250 mm, curve A corresponds to fixed
by welding position of edges

Similarly, for variant 4 (see Figure 4), tolerance
of ±0.5 mm is transgressed after 1700 mm, with overall
butt length of 16000 mm.
Thus, provision of required tolerance for a given
gap width for quality formation of one-sided butt
welds in the absence of additional technological so-

lutions, equivalent to tacks installation, at quite long
butts is not deemed possible.
To solve this problem, JMG company has developed a series of portal-type devices (Figure 5), providing containment of welded edges with special hydraulic clamps (Figure 6), installed on either side of

Figure 3. Results of calculation of displacement Uy variation kinetics along edge y = 0 for variant 3 at Q = 0 (a), and thermal cycle
along weld axis (b): xs = 255 + (i — 1)⋅250 mm – position of welding source, curve A represents 1/2 gap variation in zone xs
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It is necessary to determine force Q, applied to
the clamp for welding variants of Table 1, ensuring
containment of gap within tolerance limits of Table 1.
For that purpose the WELDPREDICTIONS software package was used, with addition of a module,
accounting for friction forces on the contact surfaces
of plates being welded and stationary clamps and the
device base plate (Figure 7).
A friction-sliding model was used [1], according
to which friction force is zero in the absence of displacements (sliding) and it is proportional to pressure
in the presence of sliding (Figure 8).
In system of x, y, z coordinates (see Figure 7),
where plane y = 0 is the plane of symmetry for the
welded butt with a longitudinal axis x, boundary
conditions on the surface z = 0 (contact of plate with
clamping shoe) and z = δ (contact of plate with base
plate), can be written as
⎧σzz = —qz,
⎪
⎪
⎪σ = qzβx
z = δ ⎨ zx
⎪
⎪
⎪σzy = qzβy
⎩

__
Uxfδ
,
__U0
Uyfδ
tg α
+ qz
;
2
U0
(1)

⎧σzz = —qz, __
⎪
⎪
Uf
⎪σ = —qzβx x 0 ,
U
__0
z = 0 ⎨ zx
⎪
⎛
Uyf0
tg α ⎞⎟
⎪
⎜
⎪σzy = — ⎜⎜qzβy U + qz 2 ⎟⎟,
0
⎩
⎠
⎝

Figure 4. Displacement Uy along edge being welded for variant 4
at Q = 0 (a), and thermal cycle along weld axis (b): number of
i-curve corresponds to position of welding source center xs = 330 +
+ (i — 1)⋅250 mm, curve A – to fixed by welding position of edges

the butt at l = 80 mm from the butt axis. Dimensions
of the clamp foot (see Figure 6) are A × B, where A
is the clamp length along the butt, and B is the total
width of contact zone. Distance between clamps along
the butt is 500 mm. To each clamp a force Q at α =
= 10° angle to the vertical plane (acting opposite to
gap opening forces) is applied. The clamps are all of
the same type, and pressure is simultaneously applied
(or cut off) to all clamps.

Q
where qz =
cos α is the pressure in clamping zone;
__
__ AB
Ux and Uy are the increments__
of displacements
from
__
__
the moment when Ux = 0 for Ux and Uy = 0 for Uy;
fδ and f0 are the friction coefficients on surfaces z =
= δ and z = 0; βx and βy are the parameters determined
by condition that friction force grows with increasing

Figure 5. Schematic diagram of device
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__ __
Ux, Uy (see Figure 8) up to a certain limit at U0 ≈
≈ 10—3 mm [1].
In numerical simulation of the development of
plasto-elastic deformations, implementation of conditions (1) by iteration does not pose any major difficulties, but somewhat increases counting time.
In using the model of plane stressed state (which
is quite acceptable for single-pass welding of plates),
a 3D equilibrium equations in the clamping zone should be integrated over the thickness (z coordinate).
As a result we obtain, with account of boundary conditions (1)
∂σxx
∂x

+

∂σxy

∂y

+ Fx = 0;

∂σxy
∂x

+

∂σy y

∂y

+ Fy = 0,

(2)

where
Fx =

fδ + f0 __
1
[σxz(δ) — σxz(0)] = qz
Uxβx;
δ
U0δ

1
Fy = [σyz(δ) — σyz(0)] = qz/δ
δ

__
⎡
⎢tg α + fδ + f0 U β ⎤
⎢
y y⎦.
⎢
U0
⎣

(3)

Beyond the contact area, where qz = 0, Fx and
Fy ≡ 0.
Summary projections of friction force Px and Py
acting on the j-th clamp with account of (2) and (3)
xj + A

P(j)
x = δ

yj + B

yj + B

∫

∫ F(xj)dxdy = — ∫ [σxx(xj + A) — σxx(xj)]dy —

xj

yj

Figure 6. Schematic diagram of clamp

From (5) follows the condition of precluding sliding of plates being welded in the zone of the j-th
clamp in y direction y:

yj

Q(j)(t) ≥

xj + A

— ∫ [σyx(xj + B) — σyx(yj)]dx;
(4)

xj

xj + A yj + B

P(j)
y = δ

xj + A

∫

∫ F(yj)dxdy = — ∫ [σyy(yj + A) — σyy(yj)]dx —

xj

yj

xj

yj + B

—P(j)
y (t)
.
sin α + μ(t)(f0 + fδ) cos α

(6)

Results of estimated determination of P(j)
y (t) for
variant 3 from Table 1 at A = 210 mm and B = 80 mm
are shown in Figure 9, a. It is seen that Py, contributing to gap opening before respective deposition of
the weld section in the j-th clamp zone, is at its peak,

— ∫ [σyx(xj + A) — σxy(xj)]dy.
yj

Thus, if stressed state along the shoe contour of
j-th clamp is known, then using dependencies (4),
(j)
projections P(j)
x and Py of summary forces, acting on
the j-th clamp, can be calculated.
This idea was used in our work at the first stage,
(j)
to evaluate forces P(j)
x and Py during time t on con(j)
dition that Uy displacements in the j-th clamp zone,
is zero in welding heating.
Accordingly, one can consider that sliding along
y in the j-th clamp zone will not occur, if
(j)
P(j)
cos α[tg α + μ(t)(fδ + f0)],
y (t) < Q

Figure 7. Schematic diagram of edge retention with clamp: 1 –
welded plate; 2 – base plate; 3 – clamp

(5)

where μ(t) = ±1 depending on__the direction of possible
increments of displacements __
Uy(t) at the moment t in
the clamp zone, namely, if Uy(t) < 0, i.e. there is a
trend to gap closure, then μ(t) = —1; otherwise μ(t) =
= 1.

Figure 8. Friction force values versus relative displacement of friction bodies at shearing, turning into sliding at Qz = const
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Figure 9. Results of calculation of forces P(j)
y (t) for variant 3 at A = 210 mm, B = 80 mm (a), and displacements Uy(x) in edge welding
y = 0: number of i-curve corresponds to position of the heating source center xs = 330 + (i — 1)⋅250 mm

Figure 10. Kinetics of variation of displacements Uy along the edge for variant 2 (a) and 3 (b) at L = 16000 mm and Q = 15000 N:
number of i-curve corresponds position of source along the axis xs = 5 + (i — 1)⋅500 mm, curve A – 1/2 gap variation in zone xs

whose value remains the same almost for all j, but
for the terminal ones (at the beginning and end of
the weld). Idea on the magnitudes of displacements
Uy of the welded edge (with account of 80 mm free
length between the edges of plate and shoe), data of
Table 2. Requisite maximum forces for containment of edge from
opening in butt welding for variants 1—4 depending on A × B dimensions
Variant
No.

Force, N

1

2

3

4

A × B, mm
420 × 160

210 × 80

100 × 80

50 × 80

|Pmax
y |

5250

3700

1600

750

|Qmax
j |

12800

9020

3900

1830

|Pmax
y |

15700

15000

10000

8000

|Qmax
j |

38290

36585

24400

19500

|Pmax
y |

17200

15100

12200

10000

|Qmax
j |

41950

36683

29760

24390

11350

11250

8750

6570

27683

27439

21341

16024

max
y

|P

|

|Qmax
j |

Figure 9, b give for variant 3. It is seen that these
displacements are negligible compared to tolerance of
±0.5 mm.
In Table 2 for variants from Table 1 are shown
requisite forces |Pmax
y | depending on the A × B dimensions of clamp shoe. Characteristically, that reduction
of clamp shoe area (especially of its frontal size A)
contributes to reduction of maximum |Pmax
y |, magnimax
tude of clamping force Qj as in (6) at f0 = fδ = 0.12,
αx = 0, αy = 10° is also respectively reduced.
The latter is especially manifest at small thicknesses (variant 1).
Attention should be paid to that after the source
passes a concrete j-th clamp, P(j)
y (t) changes its sign,
(j)
i.e. at that stage force Py (t) precludes lateral shrinkage in the weld zone. It can be very high (welding
in constriction on the 80 × 2 = 160 mm base).
It is desirable from that moment on, to apply onto
the j-th clamp a zero clamping force Q, to avoid the
risk of longitudinal cracks in the weld. From the
results of Table 2 it follows that for clamp containment, at said conservative approach (Uy = 0 in the
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clamps zone), rather high clamping forces Q are required, i.e. at butt length of 16 m with 32 pairs of
clamps, load on the carrying beam of the portal (see
Figure 5) will be quite substantial. For example, for
variant 3 of Table 2, at A × B = 420 × 160 mm, total
load is about 42⋅103⋅64 = 2688⋅103 N. In this connection, algorithm of device operation, when all clamps
are loaded and unloaded simultaneously with the same
force Qmax, is the simplest for controlling, but it can
hardly be considered rational, taking account that in
reality only a small group of clamps requires at a
specific moment of welding, application of quite substantial forces Q.
in Table 2 are quite
Besides, the data on Qmax
j
conservative, since they provide containment of the
edges within ±0.1 mm tolerance limits. Such values
are acceptable for variant 1 at thicknesses δ = 3 mm,
and will be notably excessive for variants 2—4, where
edge displacement tolerance is ±0.5 mm.

With the help of the estimation method developed,
one can determine rational forces in clamps, depending on welding conditions and edge displacement
tolerance.
As an example, in Figure 10 are shown the results
of such an estimation for variants 2 and 3 at A × B =
= 210 × 80 mm and constant force Q = 15000 N, ensuring displacement of edges within double margin
tolerance limits.
Numerical investigations, conducted for different
variants have shown that in welding of steel plates
with δ ≤ 12 mm, having yield point of 380—460 MPa,
and with the butt weld length of up to 16000 mm,
during operation of the bench without individual
clamp control, one can recommend at A × B =
= 15000 N.
= 210 × 80 mm Qmax
j
1. Kragelsky, I.V., Dobygin, M.N., Kombalov, V.S. (1977)
Fundamentals for friction and wear calculations. Moscow.
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EXPERIMENTAL DETERMINATION OF RESIDUAL
STRESSES BY SEMI-DESTRUCTION METHOD
IN CONJUNCTION WITH NUMERICAL SIMULATION
OF THEIR DEVELOPMENT
V.M. SHEKERA
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
Results of studies of residual stresses in elements of welded structures, manufactured more than 20 years ago at Chernobyl
NPP, are presented. The studies are connected with the need to constantly monitor and estimate safe service life of the
structures. A certain complexity of experimental measurements consisted in rather high degree of radioactive contamination of the studied assemblies, which were cut out from a real structure. Object of the study were separate plates 30
and 40 mm thick of steel 10KhSND from the flooring of the power unit of the NPP with such welded elements as
stiffening ribs and tubes. The field of residual stresses on the surface of plates was determined by the Matar’s method
based on drilling of a recess of 3—10 mm diameter at the depth of the diameter and use of foil resistance strain gauges.
Rosettes of the sensors consisted of three strain gauges arranged at an angle of 120° to each other around a recess of a
respective diameter. Monitoring data on external load of studied and majority of other NPP assemblies in the process
of long-term operation are not available. Results of the carried out experiment made it possible to substantiate reliability
of calculated data obtained using developed at the E.O. Paton EWI package WELDPREDICTIONS for the curves of
distribution of longitudinal (hoop) σxx (σββ) and lateral (radial) σyy (σrr) residual stresses on the surface of abutting
of welded elements and on the reverse surface. Calculated data match experimental data satisfactorily.

Production of critical massive structures and single
articles by welding is a common practice. High stresses
occurring in welding, require permanent monitoring
and evaluating the safe operation period of weldments
during many years. Among such structures are, for
instance, load-carrying structures of stalled power generating units of Chernobyl Nuclear Power Plant,
manufactured over 20 years ago.
Subjects of investigation were two typical welded
joints, often encountered in load-carrying structures
of power generating units. The first one is T-joint
with two-sided welds and K-groove of the adjoining
edge (Figure 1), straight linear joint of the two elements being rather long. The second joint, involving
welding a pipe to a plate (Figure 2), is also widely
used in different structural elements. The material in
both cases is steel 10KhSND. Proceeding from the
welding technologies applied in the construction of
power stations and based on the investigation of the

Figure 1. Tee joint
© V.M. SHEKERA, 2006

welded joints, it was determined they were performed
by submerged arc method in two passes. Welding
conditions of the two passes were, respectively, as
follows: I = 1000 A, U = 40 V, vw = 2.87 mm/s, and
I = 400 A, U = 35 V, vw = 2.87 mm/s.
With a view to obtain a substantial amount of
reliable information on stressed state in welded joints
considered, a calculational-experimental method of
determining residual stresses was chosen. Numerical
simulation of the «history» of formation and development of residual stresses has enabled to obtain vast
data, requiring, however, reliable experimental confirmation, since monitoring data of external loading
are unavailable. For the above-mentioned welded assemblies the most acceptable are experimental methods with partial destruction, enabling to obtain information on elastic strains in specific points of surface
layers. On the basis of such information, residual
stresses in said points were determined, while subsequent restoration of small volumes of the removed
metal does not influence much serviceability of the
welded joints. One of semi-destruction methods,
many times tested by us, is the Matara method [1]
involving drilling a hole 3—10 mm in diameter to the
same depth, measuring elastic strains in the vicinity
of the hole, and their referral to residual stresses. Since
non-operating power generating units still have high
radioactive contamination, the cut-out welded sample
assemblies were subject to experimental investigation
only after their respective decontamination.
Elastic strains were determined using resistor strain gauges, widely used in experimental investigations
of temporary, and especially residual stresses, which,
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Figure 2. Plate 1 with pipe 2 welded with single-sided weld

on condition of their correct installation, as well as
availability of high-quality measuring equipment,
enables to obtain reliable results. Foil strain gauges
were used, having, compared to wire ones, better metrological characteristics. For the investigation were
used strain gauges with sensitive element base of 3,
5 and 10 mm, depending on the magnitude of expected
stress gradients on the plate surfaces in conditions of
plane stressed state. In a zone (Figure 3) are installed
three strain gauges at 120° with respect to each other.
Their initial readings are taken, and after drilling a
2a diameter hole, new readings are taken. Thus magnitudes of residual elastic strains in respective directions are determined, and main stresses σ1 and σ2, as
well as angle α between the main stress σ1 and sensor 1, are calculated:

Figure 3. Schematic diagram residual stresses measuring setup: r –
distance from center of projected hole O to center of strain gauge
grid

adjoins the weld, while on the reverse side, the pipe.
Inasmuch as all the four rosettes of each of the four
radii are placed uniformly with respect to each other,
so all of the rosettes on the reverse side have 7 mm
shorter radial coordinates. Radial direction of the rosettes is determined by the crossing point of continuations of pipe radii with edges (2 and 3) of plate
(Figure 4, b). The first plate has 20 cemented-on
rosettes, the second one – 18.
Comparison of some σxx, σyy, σrr, σββ residual stress
curves, obtained using the method of [2], applying
WELDPREDICTIONS software package, with experimental points in different zones is shown in Fig-

_
σ1 = —E ⎧⎨⎩μ1(λ)ε + μ2(λ)β⎫⎬⎭;

_
σ2 = —E ⎧⎨⎩μ1(λ)ε — μ2(λ)β⎫⎬⎭;
δ
_,
tg 2α = _
εr1 — ε

λ
λ
r
where λ = ; μ1(λ) =
; μ2(λ) =
;
1+ν
a
2
4λ — 3(1 + ν)
_ 1 _
_
_
_
_
1
2
2; δ =
ε = (εr1 + εr2 + εr3); β = √
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
×
(ε
—
ε
)
+
δ
r1
⎯⎯3
√
_3 _
_ _
_
× (εr2 — εr3); εr1, εr2 and εr3 are the elastic strains of
surface points of strain gauges 1, 2 and 3 (see Figure 3).
Knowing stresses σ1 and σ2 and angle α, one can
determine residual stresses σxx and σyy (σββ, σrr):
2

4

σxx = σ1 cos2 (1, x) + σ2 cos2 (2, x);
σyy = σ1 cos2 (1, y) + σ2 cos2 (2, y),

where (1, x) is the angle between direction 1 and axis
x; (2, x) is the same between direction 2 and axis x,
etc.
Schematic diagram of placing rosettes of strain
gauges in weld zones with indication of their coordinates in the planes is shown in Figure 4. In the first
and second joints mean value of weld section leg is
19 and 15 mm, respectively. In a plate with stiffening
rib, the first row of rosettes is installed on the weld,
while on the reverse side it is shifted onto the projection line of the nearest vertical rib plane. In the
second plate the first row of rosettes immediately

Figure 4. Schematic diagram of placing strain gauge rosettes in
weld zone of plate with stiffening rib (a) and with welded-in pipe
(b): P – rosettes on surface with weld;  – rosettes on weld-free
surface
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Figure 5. Comparison of estimated σxx (a), σyy (b) residual stresses (solid lines) with experimental (O, P) on surface with (1, O)
and without (2, P) weld

Figure 6. Comparison of estimated σββ (a), σrr (b) residual stresses (solid lines) with experimental (O, P) on surface with (1, O)
and without (2, P) weld

ures 5 and 6, where origin of coordinates is shifted in
a radial direction by the magnitude of outer pipe surface radius. The Figures show that the curves are
satisfactorily agreed with experimental data; in the
vicinity of welds residual stresses are commensurable
in the main with yield point. It has to be especially
noted that complexity of investigation involved some
change in the technique of experimental measurements because of the presence of high radioactive emission by one of the assemblies. Change in technique
included increasing the time of preparation to carry
out measurements, connected with changing wiring
diagram of the bridge circuit, in applied matrix of
rosettes placing, etc.

CONCLUSIONS
1. Experience of experimental investigations of residual stresses directly at NPP in the presence of high
radioactive emission was gained.
2. Despite long-term operation of load-carrying
structures, stress relaxation did not take place; residual
stresses were close to yield point in the weld zone.
3. Satisfactory agreement of estimated data with
experimental ones proves plausibility of out calculations.

294

1. Masubuchi, K. (1980) Analysis of welded structures. Oxford: Pergamon Press, p. 117—119.
2. Makhnenko, V.I. (1976) Calculation methods for investigation of welding stress and strain kinetics. Kiev: Naukova
Dumka.

NUMERICAL MODELLING OF THE EBW PROCESS
V.A. SUDNIK1, V.A. EROFEEV1, K.-H. RICHTER2 and K.-U. HEINS2
1
Tula State University, Russia
2
MTU Aero Engines GmbH, Munich, Germany
A mathematical model for electron beam welding (EBW) on the basis of the differential energy equation, taking into
consideration the beam power density has been developed. The surface of the cavity is determined by the isotherm,
corresponding to the temperature at which the vapor pressure balances both the capillary and the gravitational pressures
in the cavity. The weld pool surface is approximated by the surface equation, accounting for the capillary, gravitational
and intrinsic pressures in the melt. The balance between the melted metal volume and the thermal expansion of the
melt is also accounted for. A computer program based on the model allows the user to compute temperature distributions
in the metal and sizes of the weld pool. The input data for the program are the parameters of the electron beam. A
comparison of the calculated and experimental results for the penetration depth, width and height of the weld convexity
relate satisfactorily for the welding of titanium and nickel alloys with thickness of 7—20 mm.

The first analytical model, which linked the penetration depth with the parameters of EBW and thermophysical properties of the material, was created by
Hashimoto and Matsuda [1]. Tong and Giedt [2] took
additionally into consideration the vapor pressure in
the capillary. Erokhin and Reznichenko [3] suggested
a model for deep penetration which is a combination
of a surface and a line heat sources. A 3D cylindrical
heat source was suggested by Miyasaki and Giedt [4].
The energetic characteristics of the electron beam radiation and its elements were analyzed by Schiller et
al. [5], Rykalin et al. [6, 7], Bashenko et al. [8] and
Kajdalov [9]. The thermo-capillary convection around the capillary was considered in a 2D model by
Wei and Giedt [10]. Similarities and distinctions between EBW and laser welding were studied by Bayer
et al. [11]. In cooperation between St.-Petersburg
Polytechnic University, Russia (Turichin [12]) and
Aachen University, Germany (Bohm [13]), there
were created models for EBW and on their base the
program EBSIM [14] was developed. This software
is able to compute the profile and front of the capillary
and the weld pool as well as thermal cycles at a certain
point. But it doesn’t account for the convection in
the weld pool and deformative phenomena, influencing the shape of the weld pool and resultant weld.
The numerical model for laser beam welding
named LASIM by Sudnik et al. [15] from Tula State
University and DaimlerChrysler Corporation is
known. It reflects the formation of the capillary and
weld pool with accounting for the complex joint geometry [16], gap [17], 2D fluid flow [18] and selffocusing of the laser beam in penetration of aluminum
alloys using CO2 lasers [19]. The numerical simulations for EBW were developed by Rogeon et al. [20]
(with the program SYSWELD), Demchenko and Lesnoj [21] (heat transfer and hydrodynamic), and Lundbaeck and Runnemalm [22] (FEM program with use
of the program LASIM [15]).

The goal of the this work is to summarize theoretical
models of different phenomena accompanying EBW, to
develop a numerical model of the EBW process on the
basis of the model and program LASIM, and to estimate
the agreement between the numerical calculations and
experiments from MTU Aero Engines GmbH.
Governing equations. Energy model. The model
of EBW is based on the energy equation computed in
the Cartesian coordinates where the beam is static, but
welded parts are translated with the welding speed vw.
The non-stationary thermodynamic condition of the
metal is described by the energy conservation equation
in the enthalpy formulation H(x, y, z, t):
∂H
∂t

— vw

∂H
∂x

→
+ ρ(T)(u, grad H) = div [λ(T) grad T], (1)

where ρ(T), λ(T) are the density and coefficient of
thermal conductivity depending on the temperature
→
T; u is the fluid flow velocity. The enthalpy H is
related with the temperature T(x, y, z, t) by the
Kirchhoff equation:
T

H(T) =

∫ c(T) + ψL(T)HL + ψV(T)HV,

T0

where c(T) is the specific heat capacity depending on
the temperature T; ψL and ψV are the fractions of the
molten metal and vapor in the «solid-liquid« and «liqT — TS
;0≤ψ≤
uid-vapor» states, respectively; ψ =
TL — TS
≤ 1; HL and HV are the heats of melting and vaporization, respectively.
The initial condition at the time t = 0 is
H(x, y, z, 0) = H0(x, y, z).

The boundary conditions used here set a heat flow
at the capillary surface Zk(x, y):

© V.A. SUDNIK, V.A. EROFEEV, K.-H. RICHTER and K.-U. HEINS, 2006
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dez = √
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
d2ef + [tg γ(z — zf)]
⎯2 ,

where γ is the angle of divergence.
The current density distribution in the cross sections of the beam is described by the normal low of
distribution:
2

je(x, y, z) =

8Ie
πd2ez

—

2

8(x + y )

e

2

dez

.

When the metal is impinged by the electron beam,
some electrons are reflected from the metal surface.
The reflection coefficient R is calculated [7, 8] as
R = m(CZ)—1/3,

where m is the atom mass; Z is the atomic number of
an element; С is the constant. Since these data show a
strong dependence of the R on the accelerating voltage,
the reflection coefficient was calculated for each metal:
Rm = Rm0 + Km1Ue,

Figure 1. Scheme and parameters of the EBW process (for designations see the text)

λ

∂T
∂z

= q[x, y, Zk(x, y)],

where q[x, y, Zk(x, y)] is the specific distribution of
the absorbed electron beam intensity at the melt surface.
At the upper z = 0 and lower z = —t surfaces of
the sheet we apply the boundary conditions in the
form of the convective heat transfer with the ambient
medium at the temperature T0:
λ

∂T
∂z

= α0(T — T0),

where α0 is the effective coefficient of the heat exchange that accounts for the heat losses by means of
air convection and radiation.
At the side sheet borders

where Rm0 and Km1 are the coefficients [7, 8].
The electrons absorbed by the metal give completely their energy to the metal, but the reflected ones
give their energy partially. Therefore, the absorption
coefficient εe for the beam is εe = 1 — krR, where kr =
= 0.45—0.50 is the coefficient accounting for the residual energy of the electrons after the reflection from
the capillary surface.
The electrons reflected from the metal surface
loose their energy. In the capillary, the most part of
the reflected electrons impinge the capillary surface
repeatedly and pass their energy completely to the
metal. This process is described by the coefficient of
the absorption for the reflected electrons:
⎞
Zk
⎟,
⎟
⎜ Zk + dt + db⎟
⎠
⎝
⎛

εr = krR ⎜⎜

where Zk is the capillary depth; dt and db are the
upper and lower diameters of the capillary, respectively. The distribution of the absorbed beam energy
at the capillary surface is determined:
q[x, y, Zk(x, y)] = (εe + εr)Ueje — qv,

where qv is the energy looses by vaporization.
The
.
heat flow because of vaporization is .qv = mHV, where
the mass velocity of vaporization is m = √
⎯⎯⎯
pρ
⎯v [15] (ρv
is the vapor density).
Submodel of keyhole surface. The coordinates of
the capillary surface Zс(x, y, t) are calculated through
the temperature distributions T(x, y, z, t) derived
from the solution of the energy equation (1). The
equilibrium condition of the capillary surface is reached at the vapor pressure which balances capillary,
hydrostatic and inertial pressures.

T = T0 for x = ±∞ or y = ∞.

Submodel of electron beam. The electron beam
parameters in EBW are the beam current Ie, the accelerating voltage Ue, the current of the focusing system If, the work distance Fe, and focal diameter def,
(Figure 1). The diameter def depends on both the
beam current and the accelerating voltage [6]:
⎛ Le ⎞3/8
def = S0 ⎜⎜ ⎟⎟ ,
⎜ Ue ⎟
⎝ ⎠

where S0 is the constant for the electro optic system.
Since the aberration coefficient of the electromagnetic
lenses of the electro optic system is unknown, this
constant is calculated on the basis of experimental
data. At the distance zf, the beam diameter is
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⎛

2
⎞
1
⎟ = ρgz + pv + ρz ∂ rc ,
∂2rc ⎟⎟
⎜
∂t2
⎜ rc +
⎟
⎜
⎟
∂z2 ⎠
⎝

σ(T) ⎜⎜

(2)

where pv and σ are the dependencies of the vapor pressure
and surface tension on the temperature at a certain point
of the capillary Zc(x, y, t); ρ is the melt density.
The initial conditions are
∂rc

rc(z, t) = rvc ,

∂t

= 0,

where rvc is the radius of the keyhole base.
The curvature of the capillary surface Zc(x, y) is
computed by means of numerical approximation of
the isotherm corresponding to the temperature, at
which the pressures of the capillary are balanced.
Here, the following dependence of the pressure on
the temperature pm(Tv, vw) is used. It allows us to
determine an equilibrium temperature Tv at a certain
capillary point (Figure 2).
Momentum model. Submodel of convection. This
submodel helps to determine the coordinates of the
interfaces between the melt and solid metal as well
as the tensions, velocities and depth of the fluid flow.
The weld pool sizes are calculated with the help of
the location of the solidus surface derived from the
solution of the energy equation (Figure 3). This equation takes into consideration the simplified fluid flow
resulted from the termocapillary forces and vapor friction forces at the capillary surface. For the calculation
of the fluid flow parameters, we applied analytical
solutions used in the modeling of laser welding and
described in literature [18].
Thermocapillary forces make the melt flow in the
radial direction from the capillary to the pool boundaries. Shearing Marangoni stresses τσ produced by
the termocapillary forces at the pool surface are determined as follows:
τσ =

∂σ ∂T
∂T ∂y

=

σl — σk
rl — rc

Figure 2. Determination of the coordinates of vapour channel surface Z(x, y) proceeding from the isotherms (T1, T2, T3), pressure
distribution along the channel axis and dependence of vapour pressure on temperature p(T)

metal. The time of the forces action is equal to that
during which the metal exists in the molten state:

,

where σl and σk is the surface tension at the liquidus
and solidus temperatures, respectively.
The metal vapour passing through the capillary
with high velocities exerts a friction force on the
molten metal at the capillary wall, which is connected
with the velocity of the flow u and the ratio of the
boundary-layer theory:
τv = 0.332

⎯⎯⎯⎯
√
ρμu3
3

,

with the dynamic viscosity μ of the fluid, and with
the coordinate r in the flow direction.
The thickness s of the surface layer being subjected
to the surface forces [18] is
μ
s=√
⎯⎯⎯
ηt⎯m = √
⎯⎯⎯
ρ tm ,

where η is the kinematic viscosity, cm2/s; tm is the
time during which the forces act.
The fluid flow velocity exceeds many times the welding speed. This produces a recirculating motion of the
molten metal. Part of the metal taking place in the recirculation motion solidifies and is replaced by the molten

Figure 3. Weld pool flow patterns used in the numerical weld pool
simulation: thermocapillary flow (a), thermocapillary flow and
flow resulting from vapour friction in the capillary (b), and velocity
sections (c—e)
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u(z) = ur + kr(z — zr)2,

form of the weld surface. The subsequent volumetric
shrinkage and thermal compression during the cooling
of the solid metal reduces the sizes without changing
the form of the weld convexity.
In EBW, the form of the weld convexity is close
to a circular segment. The diameter of such a circle
exceeds sometimes the weld width, i.e. the surface
deformation has considerable values. This case will
be described later on.
Weld pool mass model. The intrinsic pressure g
is calculated on the condition of the pressing-out of
the melt pool and volumetric thermal expansion of
the metal with accounting for the phase transformation in melting. Since the weld pool is surrounded by
the relatively cold and solid metal then we may think
that the thermal expansion is directed to the weld
pool and presses the melt out of the pool:

where ur, kr, zr are the parameters of the recirculating
flow derived from the continuity condition:

∫ ∫ ∫ ρT dV = ∫ ∫ ∫ ρ(Tt) dV,

t≈

L
,
2vw

where vw is the welding speed.
Due to the boundary-layer theory and the fact that
the flow in the radial direction is constant, the relevant shear stress τv and velocity u0 of the fluid flow
at the melt surface are related as [18]
u0 ≈ ⎯
√3⎯⎯⎯⎯⎯⎯⎯⎯
(τσ + τv)2K ,
⎡ 0.332
K=⎢
⎯⎯⎯⎯
√
ρμr3c
⎢ rl — rc
⎢
⎣

⎛ 1 ⎞⎤2
r
⎟⎥ ≈ 0.11ρμ c .
⎜
⎜
1 ⎟⎥
rl
⎜ rc — ⎟⎥
rl ⎠⎦
⎝

It’s expected that laminar flow takes place with
velocities distributed due to the parabolic low

—s

—2zr + s

0

—s

ρ

VM 0

∫ u(z)dz = ∫ u(z)dz .

Taking into consideration that at the surface
u(0) = u0, and at the depth u(— s) = 0, we will obtain:
zr = 2s,

ur = —u0/3,

kr = u0/(3s2).

Submodel of free surface. The methods usually
used for the calculation of the weld pool surface location in arc and laser welding deal with small deformations of this surface in comparison with the weld
width [15]. At small deformations of the surface expression for curvature is linear and the differential
equation looks like
⎛ ∂2Z ∂2Z⎞
~
⎜
⎟
+
⎟ = ρgZ + pv + A.
⎜ ∂x2 ∂y2 ⎟
⎝
⎠

±σ(T) ⎜

(2)

The constant g is meaningful internal pressure in
the melt, surrounding metal created by thermal expansion. Boundary conditions for equation (2) reflect the
coupling of surfaces between the melt and the surface
of the solid metal. They look like at the fusion front:
Z = 0 for T(x, y, 0) = TL and

∂T
≥ 0.
dt

For the description of processes at the crystallization front linear extrapolation is used:
∂2Z
∂x

2

= 0 for T(x, y, 0) = TL and

0

0

∂T
< 0.
dt

For the solution of the equation with boundary
conditions it is necessary to determine internal pressure g in the melt that is determined according to the
equation of mass balance.
Thermal expansion of the surrounding metal,
phase transformation and local fusion makes the metal
move in the direction of the weld pool and the melt
pressing-out. Owing to the growth of its volume, a
convexity of melt is formed. The form of convexity
is fixed at the crystallization front and determines the

VM 0

where ρТ0 and ρ(Т) are the metal densities at the
initial temperature T0 and at the current temperature
Т(y, z) in the section where the weld pool has a
maximum width.
Numerical approximation. The numerical solution of the energy equation is processed by the control-volume method, splitting up the 3D problem into
1D partial steps within a regular-step grid with equal
steps. The problem is also split up according to the
different physical processes. The model equations are
computed in the following sequence.
• Input of the initial data and thermodynamical
properties of the metal to be welded. Here, the grid
steps in the (x, y)-directions and the dimensions of
the grid are calculated.
• Then, in an iterative loop, the following parameters are obtained: current density in the beam cross
sections; density of the absorbed beam power; enthalpy and temperature at the grid nodes; pressure in the
capillary and equilibrium temperature at its surface;
configuration of the capillary; and configurations of
the weld pool and weld.
This iterative procedure stops when the weld pool
sizes are stabilized.
• After the calculation, the program makes the
pictures of the weld pool sections and the resultant
weld. Additionally, the main process characteristics
are also computed.
Materials properties. An analysis on the thermophysical properties of pure nickel, titanium as well as
titanium alloy 6242 and nickel alloy Waspaloy was conducted. The thermal conductivities of pure nickel and
titanium were taken from literature [23]. Since the data
on the thermal conductivity at the boiling point are
absent, we took its value at the solidus temperature.
The enthalpy was calculated with the use of the thermal
dependencies of the heat capacity. The thermal dependence of the density until the solidus temperature was
taken from literature [24]. For the temperatures exceeding the solidus temperature we applied an extrapola-
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Figure 4. Comparison between calculation and experiment for nickel alloy Inconel 718, 7 mm thick at Ue = 140 kV, Ie = 9 mA and
df = 0.58 mm: a – Fe = 600 mm, zf = —16.48 mm, If = 2020 mA; b – Fe = 800 mm, zf = 6.99 mm, If = 1922 mA; c – Fe = 400 mm,
zf = —9.1 mm, If = 2170 mA

tion. The data on the surface tension and the dynamic
viscosity at the melting temperature were taken from
literature [25]. The surface tension decreases generally linearly as the temperature increases. At the temperature Tc = 1.7Tv (Tv is the vaporization temperature)
the surface tension is equal to zero [7]:
σ(T) = σ0

Tc — T

Tc — T0

,

where σ0 is the surface tension at the temperature T0.
The saturation vapor pressure [26] is calculated
using the surface temperature T and the chemical composition [27]:
n

P=

⎛

A⎞

∑ γiMei exp ⎜⎝Bi — Ti⎟⎠,

i=1

where γi is the activity coefficient of a component in
the melt; Mei is the atomic fraction of a component
in the melt.
Calibration and verification. The developed program ELSIM has a few coefficients that can not be
defined theoretically, but one can match their values
in order to provide a correspondence with the experiment: design coefficient S0 for the electron beam
gun; design coefficient K0 that relates the focal distance with the focusing current.
The coefficient S0 = 0.07 mm⋅ (kV/mA)3/8 was
calculated on the basis of the measured focal diameter
of the beam. The coefficient of the focusing system
K0 = 0.00128 (mm⋅mA2)/kV was determined through
the focal distance for the beam current Ie ranging
from 14 to 32 mA and the focusing current If of 2150—
2200 mA.
The goal of the verification is to estimate the error
of the modeling within the working range of the model
parameters and reveal the causes of this error. The results
of the modeling for the nickel alloy Inconel 718 (Figure 4) and the titanium alloy 6242 (Figure 5), mode
parameters (accelerating voltage of 140 kV, beam current of 8—24 mA and welding speed of 0.6 m/min) were
compared with the experimental data. Figure 6 shows
the deviation between the calculated and experimental
values for the penetration depth when welding titanium
alloy 6242. The mean square deviation of this error is
9 %. Since the error doesn’t have a systematic character,

Figure 5. Comparison between calculation and experiment for titanium alloy 6242, 20 mm thick at Ue = 140 kV, Ie = 24 mA, df =
= 0.98 mm: a – Fe = 600 mm, zf = —1.79 mm, If = 2025 mA; b –
Fe = 800 mm, zf = 19.9 mm, If = 1992 mA

then the observed deviations could be explained by
the errors of the experimental procedure and the initial
data in simulation (data on the melt surface tension
and viscosity, for example).
CONCLUSIONS
1. On the basis of the literature data analysis on the
models of electron beam and laser welding conducted
by the authors, it was established that the model for
EBW can be based on the model for laser beam welding. The model is founded on the energy equation
that takes into consideration the beam energy absorption, convective and conductive heat propagation in
the metal. The submodels for the capillary formation
and fluid flow can be left without changing.
2. The model for the electron beam was developed
and it accounts for its focal diameter (through its
current and voltage), the focusing by the magnetic
lens, the focus position and the electron energy absorption by the capillary surface.
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Figure 6. Result of estimation of the model error, mm: R – 400; Δ – 600; P – 800

3. The model for the weld pool convexity on the
basis of the pressure equilibrium equation was created.
This equation considers the capillary, gravitational and
intrinsic pressures in the melt. The intrinsic pressure is
computed through the balance of the melting and crystallizing metal accounting for the thermal shrinkage.
4. After the model calibration, design coefficient
of the electron beam gun S0 = 0.07 mm⋅(kV/mA)3/8
was determined that relates the beam focal diameter
with its current and voltage; and design coefficient
of the focusing system K0 = 0.00128 (mm⋅mA2)/kV
was determined that relates the focal distance with
the focusing current and accelerating voltage.
5. The comparison of the computed and experimental
data for the titanium alloy 6242 and the Inconel 718
alloy 7—20 mm thick at an accelerating voltage of
140 kV, beam current of 8—24 mA, welding speed of
0.6 m/min showed that the error of the modeling concerning the penetration depth is about 9 %.
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NUMERICAL SOLUTION OF INVERSE PROBLEM
FOR LASER AND HYBRID WELDING WITH LASERCAD
G. TURICHIN, V. LOPOTA, E. VALDAYTSEVA, P. MALKIN and E. ZEMLYAKOV
Central R&D Institute of Robotics and Technical Cybernetics, St.-Petersburg, Russia
The article devoted to mathematical description of physical processes during laser welding and CAE elaboration for
laser welding with LaserCAD. Take into account algorithm of inverse problem solution by means of LaserCAD, which
allows defining treatment parameters, guaranteed reception wishful characteristics of weld seam.

High complexity of laser welding processes lead to
difficulties in process mode choice by technological
experiments. It is impossible to substitute experiments
by computer modeling without exact and adequate
mathematical model. Such model also necessary for
technological equipment design and at last may be
assumed as a basis of CAE. For technological application it is necessary not so much be able to solve
direct problem – define size and shape of weld pool
on adjusted welding mode parameters as inverse –
determined treatment parameters, which are guarantee prescribed characteristics of welding seam. At the
same time it’s desirable that procedure of solution
search admit possibilities of more precise definition
and addition of objective characteristic set. For thermal welding problem is exist procedure line of inverse
task solutions which are ensure acceptable results
from technological point of view [1, 2]. In case of
beam welding with deep penetration when for weld
pool formation description is insufficiently of heat
conduction equation most expedient is not solve inverse problem immediately, but use algorithm of direct task and multidimensional method of nonlinear
optimization. For decision direct problem in this instance its necessary quick method and decision algorithm that resolution of inverse problem is taking
satisfactory time for technological application.
In connection with mentioned above one can formulate the demands to model:
• calculation exactness must be comparable with
accurateness working equipment parameters installation and joining materials properties definition (not
worse then 10 %);
• solving time of direct task must be limited by
split second;
• program realization of model must be fit to computer technique, which available for technologists and
designers;
• solution method of inverse problem must be fixed
under technologist work algorithm.
So at first, it’s necessary to elaborate quick algorithm of weld pool modeling during welding with
deep penetration and then on its base – optimization
algorithm of inverse task decision. At the heart of

algorithm is underlying physical model of laser welding
[3]. As it is known, under action of radiation flux with
density more than 104—105 W/cm2 in metal forms narrow and deep keyhole [4], besteaded by melt and filled
by evaporated metal vapor [5]. Vapor pressure together
with recoil pressure under evaporation opposed to surface tension force and so provides existing of a keyhole
[6], so that the keyhole is support by mutual influence
of heat, hydrodynamic, gas-dynamic, optic and kinetic
processes. Evidently that direct numerical solution of
such task can not satisfy demands of speed calculation,
so one can use approximate numerical-analytic methods
of listed tasks resolutions with their subsequent numerical matching [6, 7].
Mathematical description of physical processes
during beam welding
Laser beam interaction with vapor-plasma phase.
During laser welding the plasma of optic discharge
influence on welding process due to absorption and
refraction of laser radiation [8]. In this case structure
and properties of plasma plume depend on laser radiation parameters [9], composition and shielding gas
rate [10]. From gas-dynamic point of view plasma
plume is a subsonic submerged hot metal vapor jet
[11] in cold shielding gas with volumetric heating
owing to laser radiation absorption.
Volume heat generation in plasma plume depends
on free electrons density, which is determinate both
plasma conduction and value of laser radiation absorption coefficient [12]. In conditions of laser welding
the optic discharge plasma is not equilibrium [13],
and its description must be based on solution of kinetic
equation for electron energy spectrum [14] taking into
account chemistry and plasma plume gas-dynamic,
which are depend on volume heat generation density
defined by plasma ionization degree. The problem of
submerged hot metal vapor jet flowing to cold shielding
gas (helium) with taking into account compressibility
of gas mixture and volume heat generation during laser
radiation absorption in plasma was solved for elaboration plasma plume model in axial symmetrical boundary
layer approximation. At the same time plasma ionicity
was defined from kinetic task resolution in approximation of constant collision rate for helium-iron mixture
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without supposition of local thermal equilibrium. For
confirmation of received results were held experiments series about interferometry of plasma plume at
impulse laser influence on metal targets.
Radiation absorption and engaged power distribution on keyhole surface. The problem of incidence
radiation power distribution on keyhole surface during laser welding with deep penetration consists of
two parts. The first one is connected with determination of absorption coefficient in temperature interval
near the boiling temperature and in incidence angle
interval of 1—10°. The second one is definition of engaged power distribution on keyhole surface with taking into consideration radiation re-reflection from
keyhole surface.
In this context we are suppose following:
• absorption and refraction coefficients are submitted to Hagen—Rubens interrelations, their angle
dependence – Fresnel formulates;
• incidence power distribution is calculating separately for parallel (s) and perpendicular (p) polarization and after that they are summarized.
The existence of local laser beam reflection from
keyhole surface leads to output power redistribution
on its depth and perimeter. The each point of keyhole
surface is absorbs both primary laser radiation and
radiation, reflected from remaining keyhole surface.
The using of geometric optics approximation allows
obtaining recurrent expression for engaged energy distribution of i-reflection qi, II, ⊥(z, α) on keyhole surface
for both types of polarization (s and р):
a(z′)
×
a
⎛
a⎞
da ⎞⎞ ⎛
⎜β(z′) — 2
⎟⎟ θ ⎜β(z′) — ⎟,
z⎠
dz
⎝
⎠⎠ ⎝

qi, II, ⊥(z, α) = qi — 1, II, ⊥(z′, π — α)

⎛

× ⎜1 — RII, ⊥

⎝

nsfer expression and solution of thermal task is defined
boundary conditions of hydrodynamics problem.
From the mathematic point of view the difficulty is
available in «physical» nonlinearity because of temperature dependence of such parameters as viscosity,
thermal conductivity and thermal diffusivity, and also
in geometric nonlinearity, which is nascent because
of uncertainty of pending areas boundaries determinate from resolution. At the same time, there are row
of factors which make the analytic solution of heat
mass transfer problem possible in spite of calculation
difficulties. Comparison of characteristic scales allows
proceeding from 3D task to 2D one.
At first we examined a hydrodynamic problem.
Distribution of melt velocity is described by Navier—
Stokes equitation:
→

∂V
∂t

→ →
→
p
+ (V∇) V = —∇ ρ + νΔV,

→
where V is the flow velocity; p is the pressure; ρ, ν
is the density and kinematical viscosity, respectively.
Consider a quasi-steady situation, when field velocity is not depending on time evidently. Since Reynolds number at typical parameters values for welding with deep penetration is too much than 1, one
can neglect viscosity in first approximation. In this
instance melt flow can be examined as a potential
with potential ϕ, satisfied to Laplace equation Δϕ =
= 0. On keyhole surface there is condition of boundary
impermeability (as evaporation flow is rather small)
and on melting front – condition of continuity of
normal to surface velocity:
∂ϕ ⎪
⎪g = 0;
n
∂→

→→
∂ϕ ⎪
→ ⎪G = —V0N,
∂N

→
where g is the keyhole surface; n is the external
→
normal to surface g; G is the melting front; N is the
external normal to melting front. The solution of this
problem was getting [15] by combination of variables
separation and conformal mapping:

where i = 1, 2, 3, ... is the reflection number; q0, II, ⊥ =
= Q0 exp {—k(z)(a2 + Δ2)} exp {2aΔk(z) cos α}; Q0 is
the radiation power density on beam axis; k(z) is the
laser beam concentration coefficient, dependent on
longitudinal coordinate z and conditioned by focusing; β is the incidence angle of radiation with keyhole
surface; RII, ⊥(β) is the reflection coefficient accordingly for s (II) and p (⊥) polarization; z is the
coordinate admeasured from target surface; z′ is the
coordinate of reflection point; a is the keyhole radius;
Δ is the beam axis shift from keyhole axis; α is the
polar angle; θ(x) is the Heaviside function.
Taking into consideration only three first re-reflections for engaged power distribution one can obtain:

∞

ϕ = —V0

∑
1

~
bnR2n — b—n
~
~
R2n — a2n

~2n ⎞
⎛
⎜ n a ⎟
⎜r + n ⎟ cos (nα),
⎜
r ⎟⎠
⎝

~ ~
where r and α are the polar coordinates; R, a
are the
circle radii on surface of conformal mapping, on which
are reflected sections of melting front and keyhole,
accordingly; bn is the coefficient of mapping function
∞

3

⎛
da ⎞
⎟ = ∑ (aiII + qi⊥).
q ⎜z, α, a(z),
dz ⎠
⎝
i=0

Z(τ) to Loran’s series expansion Z =

∑ bnτn.

n = —∞

Heat-mass transfer in weld pool by deep penetration. Thermal and hydrodynamic processes in work
zone during laser welding with deep penetration are
characterized by serious interdependence in theoretical description. So, resolution of hydrodynamic problem is determinate coefficients conversion in heat tra-

Heat problem, which is determinate shape of melting front, can be solved by method of iterations. At
first, it is calculated melting velocity field without
taking into consideration melting boundaries, then
determinates temperature field and melting boundary
and, at last, the new velocity field with taking into
account melt boundaries, and then process repeats.
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It is necessary to note that although considerate of
melting viscosity is lead to velocity field modification,
but on temperature distribution it is not effect practically. As typical spatial scopes are defined in this case
by thickness of boundary layers, but it is smaller than
typical flow dimensions, so Peclet number for boundary
layers is much smaller than that for main flow. Therefore
to a first approximation we can neglect their influence
to thermal field formation and consider only heat flow
which is connected with main melt flow.
The thermal field is determinate by heat transfer
equitation with evident boundary conditions:
→
V∇T = χΔT;

T|r → ∞ → T0;

1

⎧

1
u=
s

⎫

where K0 is the MacDonald’s function.
Evaporation, condensation and vapor flow in keyhole. The processes of evaporation, vapor flow and
condensation in keyhole are determinate pressure balance supporting keyhole existence. For construction
of model evaporation assuming that vapor in keyhole
is saturated and submitted to Poisson equation:
⎩ kT0

—

S

⎛ k<T>⎞1/2
⎟
(k<T> + Ieαe)n0 ⎜
⎝ m ⎠

,

∫ (SμIdS )dz
0

⎛ k<T> ⎞1/2 √
⎯⎯π
⎟ —
b(k<T> + αeIe)n0 ⎜
l
⎝ m ⎠

λν ⎫
⎬.
kT⎭

Assuming also that vapors removal from external
boundary of Knudsen layer is occur not for normal for
it, but along its surface, i.e. normal to surface «hydrodynamic» velocity on external boundary of Knudsen
layer is equal to zero. Taking into account these theses
were received expressions which are contact densities
of mass, momentum and energy fluxes with local temperature differences of keyhole surface and streams at
surface according to gas dynamic flow velocity.
Quasi 1D approximation was used for description
of vapor moving in keyhole. And at the same time, all
values, which defined gas dynamic processes (vapor flow
velocity V, its pressure p and density ρ), are the functions of only one coordinate z, concurred with keyhole
axis. For description vapor flow moving were used 1D
continuity equations of mass, momentum and energy
fluxes along keyhole axis with source-terms connected
with evaporation and condensation on its surface.

,

∫ μIdS
S

λp
λp
; <y> =
;
kT
<T>
⎯⎯α
√
⎯ e is the ionicity; Ie is the ionization potential.
The application criterion of this solution is u << 1.
Formation of the weld metal microstructure. In
beam processing of steels, when period of material stay
at temperatures higher the austenite transformation
point makes parts of second, and cooling speeds reach
thousand degrees per second, the classical theory of
phase transformations in steels predicts a martensite
structure in the zone being processed, that does not
correspond to experimental data. The reason of such
divergence between the theory and reality is an assumption about equilibrium «thermodynamic» character of
phase transformations put in the basis of the theory.
Phase transformations in steels occurring at austenite decay (at cooling) or at its formation (at heating) and determining the metal structure as a result
consists of two components. The first one is connected
to decay (or formation) of carbon solid solution in
iron and formation (dissolution) of ferric carbide, and
the second one is connected with rebuilding of the
face-centered cubic crystal lattice into the volumecentered one in cooling and back in heating.
To calculate parameters of cementite precipitates
there was developed the kinetic model of formation
and growth of precipitates of the second phase at
decay of the solid solutions and kinetic model of rebuilding of the crystal lattice (α ↔ γ transformation)
constructed on the same principles, as the model of
origin and growth of precipitates. The role of the
kinetic equation in this case is played by the equation
of the growth velocity of an area with the volumecentered lattice in austenite matrix (at cooling) or an
area with the face-centered lattice in ferrite-pearlite
or bainite matrixes (at heating).
Transformation speed here is a difference of speeds
of γ → α and α → γ transformations, besides each of
them is proportional to probability of corresponding
where b = exp {y0 — <y>}; y =

× K0(Pe√
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
η2 + (ζ — ζ′⎯)2 )dζ′,
⎧
⎛
⎞
⎪ζ = — 1 ⎜ r + a⎟ cos α,
⎪
2 ⎝a r ⎠
⎨
1 ⎛ r a⎞
⎪
⎪η = — 2 ⎜ a — r ⎟ sin α,
⎝
⎠
⎩

⎧ λν

∫ μIdS

z

q(—ζ′) exp ⎨⎩Peζ′⎬⎭
a
⎧
⎫
exp ⎨⎩Peζ⎬⎭ ∫
×
πλ
⎯⎯⎯⎯⎯
√
1 — ζ′
⎯2
—1

n = n0 exp ⎨

⎯⎯2π
√
⎯
s=ϕ=b—
l

∂T ⎪
q
→⎪g = — λ ,
∂n

where χ is the thermal diffusivity; λ is the heat conductivity; q is the distribution of engaged power radiation on keyhole.
For solving this problem, it is comfortably to proceed from physical plane (x, y) to complex potential
plane Φ = ϕ + iψ, where ψ is the flow function, and
after that use Fourier integral transformation:
T(ζ, η) =

Boundary conditions were corresponded to adiabatic
outflow on keyhole outlet and heat equilibrium in the
root. Keyhole radius is defined by balance of atmosphere
and capillary pressure, on the one hand, and vapor pressure, on the other hand. For solution this task was
developed approximation analytic procedure, which is
permissive to consider volumetric and surface condensation influence on vapor flow. For nondimensional density s, pressure ψ and velocity u, the solution is
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fluctuation according to thermofluctuational model
of phase transformations.
Since the Gibbs potential of phases at the boundary
depends on concentration of the dissolved carbon, so
the equilibrium temperature depends on concentration
of carbon at the grain surface of a new phase (thus
balance is determined by heating and cooling speeds,
influencing on diffusion) and the second equation of
the model is the equation of non-stationary diffusion
in view of temperature dependence of the diffusion
factors of carbon for both types of lattices.
As movement speed of the phase border in this case
is so that Peclet diffusion number is not small, the
diffusion equation, as against a problem about growth
of carbides, was solved with considering a convective
term. On the other hand, as the sizes of grains in growth
stage considerably exceed the diffusion layer thickness,
the diffusion problem was considered as 1D. The joint
solution of the connected problems about kinetics of a
new phase grain growth and about diffusion of carbon
before its front allows calculating quantity of the new
phase at any moment of the thermal cycle.
Processes of carbide precipitation and rebuilding
of the lattice are connected with each other since the
difference of Gibbs potential of face-centered and volume-centered phases depends on the dissolved carbon
concentration, which, in turn, depends on quantity
of carbon fixed in carbides.
Thus, the equations of the model of carbide precipitation and models of rebuilding of the crystal
lattice were connected with each other (through
factors), and the self-consistent equations system
describing both the transformation of the crystal
lattice and the decay of the solid solution were
obtained, i.e. the new equation system completely
describes formation of a material microstructure at
high-speed heating and cooling. At the same time,
both the initial carbides size and the grains initial

sizes, and density of crystal lattice defects influencing
on diffusion factor value are considered as parameters
of initial structure of metal. The thermal cycle is in
parameter of the model; its features are determined
by a technological mode of processing. This solution
allows calculating directly evolution of the metal
phase combination in the processing zone without
attracting empirical dependences, such as the Avrami
equation. At the set degree of completeness of the
transformation, the model equations change into the
ones of connection of temperature and corresponding
time after the beginning of transformation, i.e. they
describe full TTT diagram of austenite decay. It permits to use existent techniques of quantitative forecasting of phase combination and microstructure on
the basis of such diagrams for beam processing.
Calculation of the weld pool parameters
A full set of mathematical models of the physical
processes, considered above, permits to calculate such
characteristics of the melted zone as depth and shape
of a keyhole, its surface temperature, weld pool surface shape and other necessary values. Algorithm of
the calculations is following: one can substitute value
of the absorbed power distribution, taking into account reflections, into an expression for a heat field and
suppose r = a, that corresponds to the keyhole surface.
Thus we obtain an equation connecting surface temperature with the keyhole radius a and an inclination
corner of its walls. The second equation of the mathematical model is a forces balance condition, that
is equality of vapors pressure in the keyhole and capillary pressure p = σ/a (σ is the surface tension
factor), compressing the keyhole. The analysis of evaporation process of at beam acting on metal shows
that the vapor condition is close to saturation [16],
and we can use an expression for pressure of saturated
vapor in order to connect pressure in the keyhole with
temperature of its surface T:

Figure 1. Calculation results: a – geometry of melt zone in laser welding (front section) and distributions of laser radiation intensity
in considering focus on depth of 0 (I), 0.27 (II) and 0.55 (III) cm: 1 – keyhole; 2 – zone of absorbtion of reflected radiation; 3 –
molten pool; b – dependence of absorbed energy distribution on z-coordinate through the keyhole depth (solid line shows the absorbed
energy distribution, dashed – distribution of that part of the absorbed energy which is result of the previous reflections)

304

p = A exp (—B/T),

where A and B are the tabulated values.
It is necessary to take an average temperature
throughout the keyhole perimeter at the fixed coordinate z. Excepting temperature from these two equations we get a differential equation for describing
cavity surface shape:
⎛ da ⎞
⎟ = 0.
f ⎜a,
⎝ dz ⎠

This equation is unsolvable with respect to a derivative and a special algorithm is necessary to solve
it. One can take Δz as a step on coordinate z and
number steps by k; k = 0, 1, 2, ... It is possible to
divide the target thickness into layers with thickness
Δz and number them on k, so that k = 0 meets to the
da
=
surface layer. Then for (k + 1)-th layer,
dz
(ak + 1 — ak)
. We take an average value of the key=
Δz
1
hole radius on (k + 1)-th layer, namely a = (ak +
2
+ ak + 1). Then on sampling one can obtain f(ak, ak + 1) = 0.
If a0 is known, it is possible to construct a cavity
profile solving the equation step by step in any way.
To determine a0, it is necessary to solve the previous
equation relative to a at the certain initial value
da/dz that can be made numerically only. In solving
the last equation it should be determined both the
cavity radius and the power ΔWk absorbed by k-th
layer with thickness Δz for each step. Calculations
stop when a condition ΣΔWk = W is achieved (W is
the full power of falling radiation).
The example of calculations by the model is shown
in Figure 1 for welding of the aluminum alloy containing 4 % Zn and 1 % Mg. Here distribution of initial
radiation intensity corresponds to mode ТЕМ00; welding speed is 5 cm/s, radiation power of 4.9 kW,
focus position is 1 mm above the sample surface, focal
distance of 15 cm, Fresnel number is 4.7, focal radius
(at 86 % of full power inside) is 0.0116 cm.
In Figure 2 there are shown results of comparison
of calculations by the model described above with the
experiments obtained in Fraunhofer Institute of Laser
Technique (Aachen, Germany) for dependence of the
melt depth on welding speed. Parameters of the process correspond with ones described above.
Methodology of the inverse problem solution.
To choose technological modes of treatment providing
the required shape and depth of melting and optimum
microstructure of metal in the zone being processed
or corresponding to other criteria, which technologist
chooses, it is necessary to build a solution of a so-called
inverse problem. For this purpose the constructed algorithm of the «direct» problem solution and a method of multivariate nonlinear optimization have been
used (a coordinate-wise optimization method). At
that the solution of the inverse problem is found by
fast fulfilling solutions of the «direct» problem with

Figure 2. Comparison of model calculations (solid line) with experimental results (points)

various initial conditions. Program realization of the
LaserCAD system allows one to execute searching process of the inverse problem solution in three various
ways: «manual» optimization when a user can interactively change parameters of a technological mode achieving a desirable result; «manual optimization with
tips» when the system specifies direction for changing
parameters of a technological mode to achieve desirable
result; and «automatic» optimization using a coordinate-wise optimization method. Using such of solutions
and the corresponding software to solve the inverse problem it becomes possible to develop technologies of highspeed beam processing of materials providing specified
characteristics of welds.
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MODELLING THE INFLUENCE OF RESISTANCE SPOT
WELDING ON MATERIAL PROPERTIES
N.J. den UIJL
Corus RD&T, the Netherlands
Currently the majority of joints within the automotive industry is made using resistance spot welding (RSW). An
accurate model of the RSW process predicts the resultant material properties. The model enables manufacturers to
predict the final characteristics of a workpiece. It also enables the steel producer to identify process windows which
can be used for the development of materials. To support these activities research projects have been initiated and
carried out at Corus RD&T to simulate RSW and to link chemistry of materials to weldability. Weldability of steels
is often summarised as «weldability is reciprocal to hardness». Otherwise put, the maximum hardness after welding is
inversely related to the material weldability. Because an RS weld can be subdivided in zones such as the weld nugget,
the heat-affected zone (HAZ) and base material, all these zones can be considered in a broader look on weldability.
Finite element simulations give first the maximum hardness in the nugget after welding, and second the transition in
the HAZ of a fully martensitic weld nugget to the ferritic base material, and third predictions on stress and deformation
in the base material. All three effects are considered in this paper while assessing the weldability of a material for
automotive applications. In this paper first the RSW process is simulated. The model is then used to investigate the
phase composition of the weld nugget and the HAZ. From these thermal analyses stress and deformation due to welding
can be predicted. Also the results of thermal calculations can be used to predict maximum hardness levels after welding.
This resulsts in a more complete overview of the effects of welding on the material.

In Figure 2 the dotted line represents the 5√
⎯⎯δ weld
nugget size (5.48 mm for sheet 1.2 mm thick). At
these current densities that are of interest to automotive production processes these simulations agreed
very well with experiments.
Temperature analysis
The RSW model predicts the thermal cycle and
resultant thermodynamics and mechanics of welding.
Figure 3 depicts the heating and corresponding weld
growth of resistance spot welded mild steel (welding
schedule of 13 welds 5 holds). In this case the welding
current (I = 9 kA) started at t = 0.01 s and lasted for
13 cycles (0.26 s). It can be seen that at first the
maximum temperature rises whilst no weld pool is
formed as the maximum temperature is still below
the melting temperature of the steel.
As soon as melting does occur the weld pool grows
very fast, first in diameter (Figure 4) and next in

RSW was modelled using SYSWELD (Figures 1 and
2) and Sorpas (see Figure 2), commercially available
finite element software packages. To verify the results
calculated weld nugget sizes at various current intensities were plotted against experimentally collected
data of spot-welded steels (see Figure 2). SYSWELD
was used to simulate spot-welded DC04 sheets (thickness 1.2 mm) and Sorpas was used to simulate spotwelded mild steel sheets (thickness 1.2 mm). Generally the aim in the automotive industry is to produce
resistance spot welds with a weld nugget size of
5√
⎯⎯δ , i.e. 5 times the square root of the material thickness. Smaller welds are to be avoided because they
can lead to decreased strength (mechanical performance) of the welds, especially in crash. Larger welds
are undesirable because of increased production times.

Figure 1. SYSWELD simulation of two RS-welded sheets 1.2 mm
thick: 1 – molten material; other zones – temperatures at the
end of welding at t = 0.27 s

Figure 2. Experimental and simulated weld nugget growth curves
for uncoated steel sheets 1.2 mm thick

© N.J. den UIJL, 2006
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Figure 3. SYSWELD-simulated heating and subsequent growth of weld pool during RSW at I = 9 kA: 1 – molten material

thickness. Further heating does correspond to further
growth of the weld pool (both in diameter and in
thickness), but this growth rate seems to decrease
drastically. In fact the growth of total volume of
molten material is rather constant, as can be seen in
Figure 5. This is due to the fact that volume growth
is cubic, whilst growth in diameter or thickness is of
first order. Even if the growth in thickness is left out
of the equation, the diameter of the weld would only
need to increase with 2.15 % to accommodate a volume
increase of 10 %.
Aided by the cooling capacity of the electrodes
(especially if they are water-cooled) the decrease in
temperature as soon as the current is switched of is
also very large. Figure 6 shows that to cool the entire
work piece below 500 °C (traditionally seen as a
boundary value for HAZ effects) does not take more
than 0.28 s. In this short period of time the maximum
temperature in the workpiece went down by 1500 °C.
It is therefore save to state that RSW steel sheet is
quenched after welding. In this particular case the
electrodes were in contact with the workpiece after

welding for a total of 5 cycles (i.e. 0.10 s). In this
period cooling is fastest. Cooling remains fast though
after the electrodes have been removed from the steel
due to the fact that resistance spot welds are small,
whilst the rest of the steel sheet offers a heat sink.
As the temperature distribution in the workpiece
evens out, the cooling rate slows down. To reach room
temperature (important to ensure all transformation
processes have stopped) takes quite a while as cooling
to the surrounding environment through convection
is a much less efficient process than cooling through
conduction to the electrodes (Figure 7, welding schedule of 13w 5h).
It is probably impossible to determine the maximum temperature in a workpiece during RSW experimentally, but some remarks on the calculated value
for the peak temperature can be made. As the model
does not take into account fluid flow in the molten
weld pool due to electro-magnetic influences the temperature in the weld pool is much more homogenised
during welding than it is in the model. A maximum
temperature exceeding 2000 °C for instance would

Figure 4. Sorpas-calculated growth of weld pool diameter during
RSW

Figure 5. Sorpas-calculated growth of weld pool volume during
RSW
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Figure 6. SYSWELD-simulated cooling of workpiece after RSW: 1 – molten material; dark zones – temperatures below 100 °C)

immediately cause the weld pool to expand. The calculated value does however give an indication for the
total amount of energy supplied to the material during
welding.
Figure 8 shows the temperature profile in the centre of the weld for various spot welds. All these welds
were calculated for a weld scheme of 13w 5h (0.26 s
of applied current and 0.10 s hold time with the electrodes in contact with the material). The area below
the temperature lines gives an indication for the amount of energy supplied to the weld pool. Two phenomena can be seen in this Figure. First of all the fact
that the calculated maximum temperature in the weld
is reached sooner for higher weld currents. The drop
in temperature for higher currents is due to the way
certain thermodynamic parameters are defined in the
model. For instance, the thermal contact resistance
between electrode and workpiece changes at higher
temperatures. The other phenomena is much more apparent for the welds calculated for lower currents.
After the maximum temperature in the material exceeds 1500 °C, the material melts and the weld pool
starts to grow. This can be seen in Figure 8 by a
flattening thermal profile for the weld currents of 8.5

and 9.0 kA. The same effect can also be seen for the
other currents, but less pronounced. This stabilisation
of the temperature is caused by the cooling effect of
the latent heat needed to melt material during the
growth of the weld pool. It can be seen in Figure that
the temperature starts to increase again after a while.
This discontinuity is caused by the fact that latent
heat acts on a surface (i.e. the melting surface between
the molten weld pool and the solid steel), a second
order effect. The weld pool is heated due to the Joule
effect which acts on a volume, a third order effect.
As the weld pool grows, the Joule heating on the
molten material is initially checked by the cooling
effect of latent heat on the liquid-solid boundary.
After a while the weld pool reaches a size after which
Joule heating works on a larger volume than the surface latent heat cooling effect, causing a renewed increase in temperature.
Closer inspection of the thermal profile for the
centre of a single weld (I = 9 kA) as shown in Figure 9
(welding schedule of 13w 5h) reveals several transi-

Figure 7. SYSWELD-calculated maximum temperature in workpiece during RSW at I = 9 kA

Figure 8. SYSWELD-calculated maximum temperature in workpieces during RSW of mild steel at various welding currents

308

Figure 9. SYSWELD-calculated maximum temperature during
RSW at I = 9 kA (for designations see the text)

tion points. The point where Joule heating in the weld
pool overtakes the cooling effect of latent heat is
identified by point A, point B identifies the effect of
latent heat at the transition from solid to liquid during
heating and liquid to solid during cooling. Point C
identifies the effect of phase change to austenite, while
point D shows the change in cooling rate due to the
release of the electrodes (thus changing the cooling
mechanism).
As stated before, the weld pool is always cooled
at such speed during RSW that the resultant microstructure will be the same as if the material was quenched. Figure 10 shows the temperature curves in a
point in the HAZ for the same welds as shown in
Figure 8. The calculated temperature in the HAZ is
not influenced by molten flow phenomena and can
therefore be considered the true temperature reached
during welding. Again it can be seen that increased
welding currents lead to increased temperatures. Also
it can be seen that cooling in the HAZ is much less
rigorous compared to the centre of the weld (approximately 1100 °C/s compared to more than
5300 °C/s). It is still very fast though.
Again a discontinuity temperature rate can be seen.
The temperature at which this discontinuity occurs
gives rise to the idea that this is cause by the change
of initial material to austenite. However, a closer look

Figure 10. SYSWELD-calculated maximum temperature in the
HAZ during RSW of mild steel at various welding currents

Figure 11. SYSWELD-calculated maximum temperature in the
centre of weld and HAZ during RSW of mild steel at I = 9 kA

at the temperature profile for a single weld shows
that there may be a combination of effects occurring.
Figure 11 shows the temperature profile of the centre
of the weld and in the HAZ for a single weld (welding
schedule of 13w 5h). Here it can be seen that the
sudden rise in temperature coincides with the transition of the latent heat dominated growth of the weld
pool to Joule heating dominated weld growth. It is
this sudden «boost» in temperature rise that enables
the temperature in the HAZ to rise.
Phase transformations
Weld nugget. The quenching effect caused by
rapid cooling of the molten weld pool results in a
fully martensitic microstructure in the weld nugget
(Figure 12, welding schedule of 13w 5h). As the resultant microstructure is primarily dependent on the
cooling rate the energy input is of almost no influence
at all (Figure 13). The slight differences in transformation curves between different weld schemes is due
to the fact that in welds made with higher welding
currents the material will be at a higher temperature
after similar periods of cooling (compare Figure 8).
As martensitic transformation is temperature-dependent, a higher temperature will force less austenite to
transform to martensite. Eventually the entire weld
nugget will reach a temperature below the Mf temperature resulting in a fully martensitic structure.
Heat-affected zone. The situation is different in
the HAZ. As mentioned before cooling rates in the

Figure 12. SYSWELD-calculated phase composition C in the weld
centre during RSW of mild steel at I = 9 kA
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Figure 13. SYSWELD-calculated martensite component in the weld
centre during RSW of mild steel at various welding currents

Figure 16. SYSWELD-calculated martensite component in the
HAZ during RSW of mild steel at I = 11 kA

Figure 14. SYSWELD-calculated phase composition C in the HAZ
during RSW of mild steel at I = 8.5 kA

HAZ are high (see Figure 11). Even though they are
not as high as they are in the weld nugget, they are
still sufficiently high to prevent the formation of any
other phase but martensite. However, as not all of
the material has been transformed to austenite, only
a part of the material will be quenched to martensite
(Figure 14, welding schedule of 13w 5h). After welding the HAZ will consist of ferrite and martensite
with possibly some retained austenite. The resultant
percentage of martensite is dependent upon the welding current (Figure 15). Although the examples
shown here concern welded mild steels, the results
would be similar if another class of steels was welded.
If, for instance, dual-phase steel of 50 % ferrite and
50 % martensite would have been welded, the same
percentage of initial material would transform, and
the final ratio between ferrite and martensite in Figure
14 would have been approximately 1 to 4.
Apart from increased weld nugget size (see Figure 2) and HAZ dimensions, increased welding currents will also result in higher percentages of martensite in the HAZ. Although the transformation lags
behind the welding operation, the material will transform rapidly after the temperature has decreased suf-

Figure 15. SYSWELD-calculated phase composition C in the HAZ
during RSW of mild steel at various welding currents

ficiently to allow the transformation of austenite into
martensite. Figure 16 (welding schedule of 13w 5h)
shows the percentage of martensite in the HAZ of an
area in the HAZ against temperature for a resistance
spot welded joint between two 1.2 mm thick pieces
of uncoated mild steel. Just 2.48 s after the start of
welding (welding started at t = 0.01 s) 80 % of the
original material in the HAZ has been transformed
into martensite. Thus the HAZ effectively has become
a different class of steel compared to the base material
(dual phase instead of ferrite).
Deformation. It is also worth noting that the transformation to martensite takes place after the electrodes have been released form the workpiece. At the
moment the clamping is released the weld is still rather hot and austenitic. If high strength steels show
a lot of springback during assembly, it may be worthwhile to keep the electrode pressure on the workpiece until the weld has cooled down enough for it
to gather strength.
Phase transformations will have an influence on
the resulting mechanical characteristics of a weld. In
Figure 17 it can be seen that maximum stresses decreases with increased supply of energy to the material
(mild steel) in RSW. Decreased stress levels do not
automatically lead to less deformation as can be seen
in Figure 18, which gives the deformation against
maximum temperature during welding. The reason
for this can be found in the fact that RSW uses heating
as well as forging to join materials. As the electrodes

Figure 17. Calculated resultant maximum stresses after RSW against maximum temperature during welding
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indent the material when it is soft (i.e. hot) the distortions in the workpiece increase.
When welding mild steel sheet material, the deformation due to the electrodes is actually larger than
the deformation due to residual stresses in the workpiece (Figure 19, welding schedule of 13w 5h). Apart
from the effects of welding, the total deformation of
a workpiece is very much dependent upon a wide
range of factors, such as the class of materials involved
(e.g. mild steels or high strength steels or a combination of steels), the geometry of the workpiece, welding equipment (stiffness) and welding sequence. Results of mechanical analysis through simulation have
to be studied carefully therefore before coming to
conclusions.
Weldability
Carbon equivalent number. Weldability of steels
is usually described as the reverse of the hardenability
of steels. This hardenability is then expressed in terms
of a carbon equivalent (CE), which should not exceed
a certain value. In general a CE is based upon the
amount of carbon present in the material and a range
of other elements that influence the hardness of the
material after welding with a factor expressing the
relative impact of the element compared to the impact
of carbon. Probably best known is the IIW formulation:
CE = C + Mn/6 +
+ (Cr + Mo + V)/5 + (Cu + Ni)/15

(1)

with all amounts expressed in wt.%. The IIW equation
is used for steels with carbon content of 0.18 wt.%
and more. For lower alloyed steels the Ito—Besseyo
formula is well used:
CE = Si/30 + (Mn + Cr + Cu)/20 +
+ Ni/60 + Mo/15 + V/10 + 5B.

(2)

This use of two different CE numbers highlights
a drawback of CE numbers in general; they are chemistry dependent. The CE of a steel is in effect nothing

Figure 18. Calculated resultant maximum deformation after RSW
against maximum temperature during welding

more than an indication in how far the material is
capable to form martensite. Although the chemistry
of a material and its ability to form martensite are
very important factors in determining postweld hardness, it can be assumed that high speed welding
processes such as RSW and laser welding of automotive steel sheet (typically 1—2 mm thick) is always
going to result in the formation of martensite.
Postweld hardness. The challenge in welding thin
steel sheet is to keep the hardness of this resultant
martensite below a certain value (usually HV 450 is
taken) to ensure ductile failure of welded joints. RSW
joints that are harder than HV 450 tend to show
brittle failure which is undesirable for automotive
applications. Therefore models have been build to
couple the CE to actual hardness levels after welding.
Generally these models take one of two forms:
• chemistry-dependent models (HV = ΣHi(Xj)Vi);
• (cooling) time and chemistry-dependent models
(HV = f(Hi(Xj), t8/5),

where Hi(Xj) is the hardness of a certain constituent
of the material; Vi is the amount of the constituent
present; and t8/5 is the cooling time (which is often
taken between 800 and 500 °C).
As the chemistry-dependent models do not take
cooling rates into account they are generally only

Figure 19. SYSWELD-simulated deformation of two RS-welded 1.2 mm thick mild steel sheets: 1 – pre-weld configuration; 2 –
postweld shape; deformations are enlarged 10-fold
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ations are roughly similar. As long as the cooling
range does not change too much, the value of R(t)
can be considered a constant. In that case the second
equation becomes
HV = (P + R(t)) + Q⋅CE.

Figure 20. Correlation between experiment and the use of the
Blondeau model to calculate maximum hardness values after RSW

applicable to one welding process and for a certain
range of thickness of materials. The advantage is that
they are «cheap» in calculation costs. The models that
do take the cooling time into account are much more
suited to be used for a wide range of processes and
material thicknesses. The drawback is that the user
is often required to use sophisticated finite element
modelling to calculate the cooling temperatures. Also
these calculations have to be repeated whenever there
is a significant change in the welding process or material geometry.
Blondeau [1] developed a model for heat treating
low alloyed carbon steels that works surprisingly well
for RS-welded steels. Blondeau predicts the maximum
hardness of martensite to be dependent upon composition and the cooling rate at 700 °C:
127 + 949C + 27Si + 11Mn +
+ 8Ni + 16Cr + 21 log tr

(3)

with all amounts expressed in wt.%; tr the cooling
rate at 700 °C in °C/h. This model was tested against
a series of measured hardness values in RS-welded
high strength steels (7 DP and 5 TRIP steels, with
thickness ranging from 1.0 to 1.6 mm). The results
depicted in Figure 20 show good correlation.
In general chemistry-dependent equations take the
shape of
HV = A + B⋅CE,

In fact P represents the hardness of unalloyed bcc
iron and R(t) represents the impact of cooling rate
upon the hardness of martensite. Q represents the
influence of alloying (itself represented in the carbon
equivalence number) on the hardness of martensite.
For example in the case of the Blondeau model
(Figure 21) Eq. (3) can be written as
HV = (127 + 21 log tr) + 949CE,

(7)

where
CE = C + (28.5Si + 11.6Mn +

(8)

+ 8.4Ni + 16.9Cr)/1000.

For RSW high strength steel sheet (see Figure 20)
an cooling rate of 3750 °C/s (13.5⋅106 °C/h) is reached, leading to a value of 150 for the term 21 log
tr. Although the hardness of martensite is cooling rate
dependent, the cooling rate needs to change dramatically to have an impact on the resultant hardness.
For instance, doubling the cooling rate will only result
in an hardness increase of HV 6.3 (log 2tr = log tr +
+ log 2 = log tr + 0.301 and 21⋅0.301 = HV 6.3).
Blondeaus model for RSW steel sheet then becomes
HV = 277 + 949CE.

(9)

Weldability of high strength steel. To predict
postweld hardness after welding chemistry based models are much more user-friendly than models taking
into account both chemistry and cooling rate. Even
though they can only be used with restrictions on
process and material. It was therefore decided to try
and find a simple equation to derive the postweld
hardness of high strength steels (DP and TRIP) from
the chemical composition of the material. This way a
prediction concerning the weldability of the material
can be made and possible solutions (e.g. postweld
heat treatment, different joining methods) can be
found.
Using experimental data available at Corus RD&T
(for instance used for Figure 20) together with known
information on CE numbers (as described above), it
was possible to derive a simple equation to enable
predictions of (resistance spot) weldability for high
strength steels:

(4)

whereas chemistry and cooling rate dependent models
take the shape of
HV = P + Q⋅CE + R(t).

(6)

(5)

If the equations are used to predict hardness values
of the same process and material combination the equ-

HV = 240 + 855CE,

(10)

CE = C + Si/40 + Mn/20.

(11)

where

Figure 21. Derivation of simple hardness equation for RSW of steel
sheet using Blondeaus model

The results can be seen in Figure 22 and correlate
very well.
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CONCLUSION
Research is done at Corus RD&T to investigate the
influence of RSW on material properties. The outcome
of this research serves to increase understanding on
weldability of steel sheet for the automotive industry.
In this paper results were presented on the thermal
analysis and subsequent changes in microstructure of
steel sheet during RSW. Also the results of simulation
and experimental work were combined to derive relations between chemistry and hardness for RSW of
steel sheet material. These relations can be used to
estimate the weldability of materials.
It was found that RSW of steel sheet is a very
fast process. Cooling rates are fast leading to fully
martensitic structures in the weld nugget. At higher
welding currents a considerable part of the material
in the HAZ becomes martensitic too. Not taking clamping and workpiece geometry into account, residual
stresses tend to decrease with increasing welding currents. The deformation of the material increases though. The deformation is caused by indentation of the
material by the electrodes and expulsion of material
on the side of the electrodes during welding. Combi-

Figure 22. Experimentally measured and calculated maximum hardness values for various SR-welded high strength steels

ning the results of the simulations and experimental
work it was found that postweld hardness can be
calculated accurately using a simple equation (10)
with equation (11).
1. Blondeau, R., Maynier, Ph., Dollet, J. (1973) Prevision de
la durete, de la resistance des aciers au carbone et faiblement allies d’apres leur structure et leur composition. Sci.
Rev. Metallurgie, 70(12).
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NUMERICAL STUDY OF THE INFLUENCE
OF GROOVE ANGLE OF BUTT,
TEE AND CORNER JOINTS ON ANGULAR DISTORTIONS
AND LATERAL SHRINKAGE IN ARC WELDING
OF LOW-ALLOYED STEELS
E.A. VELIKOIVANENKO1, G.F. ROZYNKA1, N.I. PIVTORAK1, V.A. STARODUBTSEV2,
B.V. STEPANOV2 and S.V. YAROCHKIN2
1
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
2
Uralmashzavod, Ekaterinburg, Russia
One of the arguments in favor of reducing groove angle in arc welding of various welded joints are lower welding
distortions observed, in particular connected with angular distortions and lateral shrinkage. The present numerical study
was conducted for samples of butt joints B17 and B25, corner joints C6 and C8, as well as for tee joints T6 and T8,
in order to obtain the whole spectrum of qualitative characteristics of the above reduction of welding distortions. On
the basis of this study the degree of effect of such reduction for different thicknesses of low-alloyed steels (09G2S,
17G1S, 10KhSND, 12GN2MFAYu) is shown. This work has become a basis for the development of new directional
materials on preparation of edges of different welded joints for shielded-gas arc welding.

Development of structural steel welding technology
of the considered groups in manufacturing different
weldments stimulates creation of efficient technological processes, where required product quality is provided with minimum funds and time consumption.
One of the ways of decreasing said consumption lies
in the reduction of volume of the deposited metal due
to respective preparation of edges of welded joints,
namely reduction of groove angles. In a number of
cases modern technology of thin wire arc welding in
gas mixture enables to provide quality formation of
butt, tee and corner joints at reduced groove angles
as compared with GOST 14771—76.
Thus, for butt joints in one-sided consumable electrode arc welding in the gas mixture on the basis of
argon, meeting GOST requirements for thicknesses
below 11 mm, recommended V-groove angle is 2α =
= 60°. These are one-sided B17 welds, one-sided welds
on removable backing B18, one-sided welds on permanent backing B19, one-sided castellated welds B20.
For greater thicknesses (δ > 11 mm) of B17—B20 joints
according to GOST, V-groove angle is 2α = 40°.
Similarly, for double-sided butt joints with X-groove B25 for thicknesses below 20 mm 2α = 60°, while
with greater thicknesses 2α = 40°.
These recommendations are based on many years
of experience producing quality weld formation,
however in a number of cases they are quite superfluous, therefore the question of consequences in
the case of smaller angle 2α V-grooves is raised, on
condition that welding technology provides quality
welded joints.

Payoff in reduction of expenses is quite evident.
Thus, for V-grooves reduction of the angle from 60°
to 30° provides about 2 times reduction of deposited
metal, which is quite essential. In the case of V-grooves with 2α = 40°, reduction of angle down to 30°
reduces the volume of deposited metal 1.35 times,
which is also quite attractive. However, a number of
other questions involved with heat effect are raised,
concerning microstructure, mechanical properties, residual stresses and distortions.
Finding answers to these questions was the task
of this work. As objects for investigation were chosen
butt joints B17 and B25, corner joints C6 and C8,
T-joints T6 and T8 from Table 1.
For evaluation of residual stresses, angular distortions and lateral shrinkage depending on groove angle,
calculation technique based on consecutive monitoring of development of plasto-elastic distortions in
points x, y of specimen section, as a function of temperature change for each pass with regard for residual
stresses and distortions from the previous pass. Plane
distortion hypothesis was applied.
To solve such problems, sufficiently well are developed numerical methods, based on finite element
method. This type of algorithm is used in the WELDPREDICTIONS software package, on whose basis
studies of residual stresses, angular distortions and
lateral shrinkage depending on the V-groove angle
for welded joints considered, were conducted.
Investigation of residual stresses and distortions
for B17 joints, having thickness 10 and 20 mm, as
well as for double-sided B25 joints 40 mm thick, was
conducted.
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Table 1. Joints selected for investigation
Designation of
welded joint

Structural elements of welded joints
Edges of parts to be welded

Welds

B17

B25

T6

T8

C6

C8

The calculations were performed for carbon steel
20, increased-strength low-alloyed steels 09G2S and
17G1C, as well as for HSLA steel 12GN2MFAYu.
Figures 1—3 show typical results of distribution of
normal stresses σzz (along the weld), σxx (transverse
to the weld) and σyy (across specimen thickness) in
the zone of B17 welded joint 20 mm thick and B25
joint 40 mm thick.
It is seen that prevailing in magnitude are longitudinal stresses σzz. Transverse stresses σxx are lower
than σzz longitudinal ones, especially at thickness δ =

= 10 mm (here not shown). Especially sharply σyy
stresses are lowering with decreasing thickness. Even
for thickness σ = 40 mm they are below 130 MPa
(Figure 3). Therefore further consideration of residual
stresses is dedicated to σzz longitudinal stresses. In
Figures 4—6, for steel 20, in detail is shown influence
of the groove angle 2α on σzz stress values on y = 0
and y = δ specimen surfaces at different thicknesses
δ = 10 and 20 mm of B17 joint, and for B25 joint at
δ = 40 mm. It is seen that at δ = 10 mm, distribution
of σzz residual stresses across the thickness is approx-
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Figure 1. Distribution of longitudinal residual stresses σzz in cross section of joints B17 20 mm thick (variants 3 (a) and 4 (b) with
2α = 30° and 60°, respectively) and B25 40 mm thick (variants 5 (c) and 6 (d) with 2α = 30° and 60°, respectively) of steel 20 welded
with wire Sv08G2S

imately uniform. For greater thicknesses the distribution is quite non-uniform, since subsequent passes
partially unload the preceding ones.
Characteristically that reduction of groove angle
increases non-uniformity (see Figure 5, curves 1—4).
In these same Figures 4—6 are shown curves, characterizing residual angular distortions, defined by ΔUy
displacement of along the y = 0 surface. It is seen
that diminishing 2α groove angle markedly reduces
angular distortions. Table 2 shows numerical values
of the specified angles for half of the specimens and
different cases, including those considered in Figures 4—6. These also contain comparison data on ΔUtr
transverse shrinkage along median line of joint B17.
It is seen that reduction of groove angle 2α from
60° to 30° decreases angular distortions approximately
by half, while transverse shrinkage approximately
proportionally to the number of passes.
In calculating transverse shrinkage, the above technique based on the assumption of fast-moving source and plane strain, does not yield real results (es-

pecially for initial passes), therefore a more generalized scheme was used for a 3D specimen with tacks
at the beginning and end of the weld, which drastically increased counting time, was used. The results
obtained agree fairly with the data of Figures 1—6 on
stresses and angular distortions. Transverse shrinkage
levels are quite close to those observed in experiments
[1] and provide a comparison picture regarding influence of 2α angle.
Plausibility of the calculation results can be evaluated based on known experimental data published
in authoritative publications. Thus, in [2] are reported
data on experimental study of angular distortions in
butt one-sided multilayer welds of B17 type 25 mm
thick on steel type 20 in CO2 welding with 1.2 mm
wire.
For the three-pass welding case at I = 300 A, U =
= 32 and vw = 0.14 cm/s, angular distortion was
β/2 = (4.5—4.9)⋅10—2 rad. Calculation results using
the algorithm of this work give β/2 = 5.1⋅10—2 rad,
which is quite close to the experimental value. Taking

Figure 2. Distribution of residual transverse stresses σxx in cross section of joints B17 20 mm thick (variants 3 (a) and 4 (b) with 2α =
= 30° and 60°) and B25 40 mm thick (variants 5 (c) and 6 (d) with 2α = 30° and 60°) of steel 20 welded with wire Sv08G2S
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Figure 3. Distribution of residual normal stresses σyy across the thickness in cross section of joints B17 20 mm thick (variants 3 (a)
and 4 (b) with 2α = 30° and 60°) and B25 40 mm thick (variants 5 (c) and 6 (d) with 2α = 30° and 60°) of steel 20 welded with wire
Sv08G2S

into account comparative character of our investigation, one can consider that our data on the influence
of 2α angle value on distortions of the butt welds are
quite realistic.
For T6, T8 and C6, C8 joints, calculations to determine influence of the bevel angle on residual stresses and distortions were conducted. In thus made assembly one of the two elements has a beveled edge.
We shall conditionally call that element the wall,
and the second one – the web. Respectively, angular
distortion will comprise angular distortion of the wall
βw plus angular distortion of web βweb with their
respective signs.
Transverse shrinkage for tee and corner joints occurs both in the wall and in the web. It depends on
conditions of fastening and geometric dimensions of
elements to be welded, and under otherwise equal
conditions, is proportional to deposited metal section
area [1]. For such joints more important are angular
distortions, leading to evident shape deformations,

Figure 4. Residual longitudinal stresses σzz in the steel 20 joint
B17 10 mm thick (a) on surface y = 0 (1, 3), y = δ (2, 4) at 2α =
= 30° (2), 2α = 60° (4), and residual dislocations Uy on surface
y = 0 for different 2α values (b)

Figure 5. Residual longitudinal stresses σzz in the steel 20 joint
B17 20 mm thick (a) on surface y = 0 (1, 3), y = δ (2, 4) at 2α =
= 30° (2), 2α = 60° (4), and residual dislocations Uy on surface
y = = 0 for different 2α values (b)

Figure 6. Residual longitudinal stresses σzz in the steel 20 joint
B25 40 mm thick (a) on surface y = 0 (1, 3), y = δ (2, 4) at 2α =
= 30° (2), 2α = 60° (4), and residual dislocations Uy on surface
y = = 0 for different 2α values (b)
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Table 2. Aggregate results of calculation of residual distortions (angular distortion β and transverse shrinkage ΔUtr) for butt joints
B17 and B25 depending on groove angle 2α
Joint type
(thickness,
mm)

C17 (10)
C17 (20)
C25 (40)

Material

St20

17G1S

09G2S

12GN2MFAYu

30

60

30

60

30

60

30

60

β/2⋅10—2, rad

1.31

2.53

1.264

2.477

1.217

2.459

1.265

2.523

2α, deg

ΔUtr, mm

—0.4

—0.62

—

—

—

—

—

—

β/2⋅10—2, rad

2.07

3.92

2.13

4.13

2.088

4.10

2.195

4.316

ΔUtr, mm

—0.64

—1.58

—

—

—

—

—

—

β/2⋅10 , rad

1.017

3.17

0.97

3.19

0.96

3.24

0.96

3.0

—

—

—

—

—

—

—

—

—2

ΔUtr, mm

Note. For δ = 10 mm number of passes is 1 and 2, for δ = 20 mm – 3 and 8, and for δ = 40 mm – 6 and 16 at α = 30° and 60°,
respectively.

therefore below particular attention is paid to the
influence of bevel angle α on angular distortions β =
= βw + βweb.
Figure 7, a—d show typical patterns of distribution
of residual stresses for the steel 20 T6 joint with
thickness 30 + 30 mm at α = 45°.
Here too, as with butt joints in Figure 1, it is seen
that most significant are longitudinal normal stresses
σzz, whose value in the geometric concentration zone
may exceed material yield point 1.5—1.7 times because
of volumetric character of stressed state, i.e. when
quite significant in value are constituents σxx and σyy,
which is easily seen in Figure 7, b and c, where maximum values are σxx = 400, but σyy = 200 MPa.
More detailed information for this joint on residual
stresses σzz on the wall surfaces (on the back and face
of the weld) is entered in Figure 8, a and b. In Figure 9, a for α = 45°, and in Figure 9, b for α = 30°
are entered data on residual dislocations Uy. Such
dislocations define value of angle βw. It is seen that

increasing wall bevel angle from 30° to 45° markedly
increases βw (Table 3) from 4.32⋅10—2 to 10.96⋅10—2 rad.
Characteristically that as for the butt joints, steel
properties (for the ferrite-pearlite steels considered),
produce a marked effect on values of residual stresses,
and an insignificant one on distortions.
Based on the data for T-joints T6 and T8, the
following conclusions can be drawn:
• residual stresses depend to a small degree on the
wall bevel angle within α = 45—30° range;
• transverse shrinkage, as well as angular distortion of the wall βw, grows with increasing volume of
deposited material, i.e. here minimum value of angle
α is preferred;
• angular distortion of web βweb depending on the
web thickness, can either grow with increasing α, or
get reduced. The latter occurs at comparatively small
thicknesses of the web (compared to wall thickness),
i.e. at βweb ≤ βw.

Figure 7. Distribution of residual stresses σzz (a), σxx (b), σyy (c) and σxy (d) in section z = const for the steel 20 joint T6 with thickness
of 30 + 30 mm at α = 45°
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Figure 8. Distribution of residual stresses σzz in the steel 20 joint T6 with thickness of 30 + 30 mm at α = 45° (a) and 30° (b) on the
surfaces corresponding to the weld reverse (1) and face (2) side on wall

Investigation, similar to that for T-joints T6 and
T8, was conducted for corner joints C6 and C8.
Figure 10 shows typical results for the σzz, σxx,
σyy, σxy stress distribution in section z = const of the
steel 20 joint C6 at δ = 20 + 20 mm and α = 40°.
Here too, one can note predominance in magnitude
of longitudinal residual stresses σzz in the weld zone.
These stresses may exceed yield point of the material,
which is due to quite noticeable volumetric character
of stressed state observed at δ = 20 mm and over,
when residual normal stresses σxx and σyy in the weld
zone are of the same sign with σzz, while values of
tangential stresses σxy are quite small. More detailed
consideration of distribution of longitudinal residual
stresses σzz on the wall surfaces (face and reverse) is
possible using the data of Figures 11, a and 12, a
corresponding to C6 and C8 joints of steel 20. Typical
feature of C8 joint as opposed to one-sided C6 joint,
is a marked concentration of residual stresses in the
zone of transition from the web to the wall on the
surface, conditioning deposition of the second series
of welds, i.e. from the inner surface of the corner
joint. Such a phenomenon can be explained by rather
high rigidity of the corner joint C8 at δ = 40 + 40 mm
after welding up the groove from the face (first series
welds).

Figure 9. Residual dislocations Uy on surface y = const corresponding to the wall reverse side for the steel 20 joint T6 30 + 30 mm
thick at α = 45° (a) and 30° (b)

Table 3. Aggregate results of calculation of residual angular distortions for wall and web in tee and corner joints depending on wall
bevel angle α
α, deg

Number of passes

βw⋅10—2, rad

βweb⋅10—2, rad

Steel 20

45

15

10.96

0.32

Same

30

9

4.32

0.43

Steel 12GN2MFAYu

30

9

4.52

0.42

T8 (40 + 40)

Steel 20

45

14

5.61

0.19

Same

30

8

2.6

0.26

C6 (20 + 20)

Steel 20

40

6

6.7

—

Same

30

4

4.15

—

Steel 20

40

12

4.15

—

Same

30

8

2.3

0.13

Steel 12GN2MFAYu

30

8

2.12

—

Joint type (thickness, mm)

Material

T6 (30 + 30)

C8 (40 + 40)
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Figure 10. Distribution of residual stresses σzz (a), σxx (b), σyy (c), σxy (d) across section z = const for the steel 20 joint C6 20 + 20 mm
thick at α = 40°

Note also that angular distortions of web βweb
occur in welding of corner joints, however their values
compared with βw are small, which is well substantiated by data of Table 3. Influence of α on βweb
values is ambiguous, as is the case for T-joints.

There too, in Figures 11, b and 12, b are given
data on residual dislocations Uy, controlling angular
distortions βw (see Table 3). It is seen that here wall
bevel angle α is becoming more manifest, i.e. as is
the case for the butt and tee joints, value α is little
affecting residual stresses, but essentially residual distortions.

Figure 11. Residual stresses σzz (a) and dislocations Uy (b) correspond to α = 30° (1, 2) and 40° (3, 4) on the wall reverse (1, 3)
and face (2, 4) for the steel 20 joint C6 20 + 20 mm thick

Figure 12. Residual stresses σzz (a) and dislocations Uy (b) correspond to α = 30° (1, 2) and 40° (3, 4) on surface after first (2, 4)
and second (1, 3) series of filling the groove for the steel 20 joint
C8 40 + 40 mm thick
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CONCLUSIONS
Numerical studies of the influence of the groove angle
of butt, tee and corner joints types B17 and B25, T6
and T8, C6 and C8 as per GOST 14771—76 from steels
VSt3, VSt5, St20, 20GS, 09G2S, 17GS, 17G1S,
10KhSND, 12GN2MFAYu in arc welding in argonbased mixture using wires Sv08G2S, OK Autrod
12.51, OK Autrod 12.64, OK Autrod 13.26, OK Autrod 13.28, OK Autrod 13.29, having 1.2—1.6 mm diameter, for thicknesses of 10—40 mm with groove angles varying within 60—30° range have revealed the
following:
1. For B17 and B25 butt joints, reduction of groove
angle from 60° to 30° is conducive to reduction of
deposited metal volumes by approximately 2 times;
in so doing approximately proportionally decreases
transverse shrinkage and angular distortions, which
is quite essential from the point of view of reducing
expenses on welding and provision of accuracy in manufacturing.
2. Residual stresses in B17 and B25 joints with
changing angle α change little. Most notably influ-

ence on residual stresses depends on mechanical properties of the material in welding zone (mainly yield
point σ0.2).
3. For T-joints T6, T8, as well as for corner joints
C6 and C8, change in bevel angle α of «wall», adjacent to the «web», from the point of view of residual
stresses and transverse shrinkage, have much in common with butt joints of respective thicknesses.
4. As to the angular distortions, whose magnitude
is defined by the sum of wall angular distortion βw
and web angular distortion βweb, βw value steadily
increases with growing bevel angle α, while βweb value
with growing heat input into the web first increases,
and then diminishes. Within the conditions and thicknesses considered, reduction of angle α leads to the
reduction of heat input into the web and increase of
summand βweb, whose absolute value is usually much
lower than βw.
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PHYSICAL-MATHEMATICAL MODEL OF MULTIPLE
REFLECTION OF RADIATION IN LASER WELDING,
CUTTING AND DRILLING THE METAL*
A.V. ZAITSEV and O.B. KOVALEV
Institute of Theoretical and Applied Machines, RAS SB, Novosibirsk, Russia
Results of numerical simulation of laser radiation with metals as applied to laser cutting, welding and drilling are
described. A mathematical description of interrelated physical processes is suggested in the form of coupled formulations
of adjoint problems of mechanics of continuous media with moving boundaries. The effect of radiation polarization
(linear, elliptical, and circular) on the absorption factor and surface shape being formed is analyzed. The current methods
of modeling of forceful radiation fluxes interacting with metals are based on the assumption that only a single radiation
absorption is considered. Therewith, one assumes that a reflected radiation does not substantially contribute into
destroying the material and dissipates in metals at the expense of thermal conductivity. Visual observations of the laser
processing show that a multiple radiation absorption and reflection take place at its propagation inside the laser cutting
or cave, especially in case of thick materials (≥10 mm). A physical-mathematical model of multiple reflection of laser
radiation propagating in a narrow channel is developed. The model describes the mechanism of radiant energy transfer
inward the channel, which is important in simulating laser cutting, welding and drilling of thick materials.

The problem of physical-mathematical simulation of
interaction of laser radiation with metals, as applied
to laser cutting processes, is complicated by the variety of interrelated physical processes. The most important of them are local heating, material melting,
and removal of products by a gas jet [1]. The description of gas-laser cutting of metals involves a number of adjoint heat- and mass-transfer problems: thermal interaction of laser radiation with the metal surface, formation of the melt, and melt flow in the form
of a thin liquid film; exhaustion of the gas jet and its
dynamic interaction with the melted metal; heat transfer in a solid body, and material melting. Solving
these problems in the full formulation seems to be
extremely complicated. In the approach proposed in

Figure 1. Interaction of a beam and a gas jet with a metal plate

*This work was supported by the Russian Foundation for Basic
Research (Grants No. 04-01-00798, 05-01-00311.
© A.V. ZAITSEV and O.B. KOVALEV, 2006

the present paper, the overall formulation of the problem is divided in terms of physical processes into subproblems. Each subproblem is considered in 1D, 2D,
or 3D approximation.
It has been known that a focused laser radiation
is moving as electromagnetic oscillations, and has the
from of a Gaussian beam, which corresponds to an
approximate particular solution of the Maxwell equations. The Gaussian beam reflecting from an arbitrary surface can significantly change its form, in which
case the wave properties of radiation are meaningful.
A correct state of the problem on interaction of the
electromagnetic emanation with a free metal surface
is complicated by the necessity to solve the complete
equations of electrodynamics.
By virtue of complexity of the processes one suggests a simplified model allowing one to calculate an
influence degree of multiple radiation reflection and
absorption on a surface form in the laser drilling,
cutting and welding the metals. One obtained an analytical expression for the absorption coefficient of laser radiation and developed a computer program of
3D modeling of laser radiation propagated in the channel with taking into account a multiple reflection. It
allows one to describe the process of energy transferring into the depth of the channel and, consequently,
to simulate its structure more correctly, especially in
welding, cutting and drilling thick sheet materials.
Gas flow. A sketch of interaction of a laser beam
and a gas jet with the surface of a metal plate is shown
in Figure 1.
We consider a simplified formulation of the problem, where the nozzle-exit diameter is much greater
than the cut width. In this case, the gas parameters
are assumed to be constant in each cross section of
the cut front. The gas pressure P0 in the tank and the
322

ambient pressure Pa being known, the gas parameters
at the nozzle exit are calculated by the following
isentropic formulas:

Here, U and V are the velocity-vector components;
E = cmT; T is the temperature; κm, ρm, cm and μm are
the thermal diffusivity, density, heat capacity, and
viscosity of the liquid metal, respectively.
The condition of continuous velocity of the liquid
and the Stefan condition are satisfied on the moving
boundary «solid body—liquid» z = zm(t, x), which
moves with a normal velocity Vn:

kg/kg — 1
⎛
kg — 1 2⎞⎟
P1 = P0 ⎜⎜1 —
λ1⎟
,
⎜
kg + 1 ⎟⎠
⎝

1/kg — 1
⎛
kg — 1 2⎞⎟
ρ1 = ρ0 ⎜⎜1 —
λ1⎟
,
⎜
kg + 1 ⎟⎠
⎝

⎛
kg — 1 2⎞⎟
T1 = T0 ⎜⎜1 —
λ ⎟,
⎜
kg + 1 1⎟⎠
⎝

U(t, ξ, 0) = Vc cos α, V(t, ξ, 0) = Vc sin α,
λm

(1)

∂TS
∂T
— λS
= ρmHmVn,
∂η
∂η

(8)

T(t, ξ, 0) = TS(t, ξ, 0) = Tm.

λ21

kg — 1/kg
⎛
⎞
⎛ Pa ⎞
⎟
kg + 1 ⎜
⎟
⎜
⎜1 — ⎜ ⎟
⎟,
=
⎟
⎜ P0 ⎟
kg — 1 ⎜⎝
⎠
⎝ ⎠

V1 = λ1ac,

ac =

Here, λm and λS are the thermal conductivities of
the liquid and solid metal; Tm and Hm are the melting
point and the phase-transition heat; and Vc is the
cutting velocity.
The other moving boundary «liquid—gas» η = H(t,
ξ) is subjected to the conditions η = H(t, ξ):

2k
⎯⎯⎯⎯⎯⎯
√
R⎯T .
k +1 g
g

g

∗

Here, P1, ρ1, T1 and V1 are the gas pressure, density, temperature, and velocity at the nozzle exit,
respectively; kg and Rg are the ratio of specific heats
and the gas constant; λ1 is the reduced velocity; ac is
the critical velocity of sound; and T* is the stagnation
temperature. If λ1 > 1, the gas flow is supersonic,
and a normal shock wave arises between the nozzle
and the plate. The parameters behind the shock wave
are
⎛
⎞
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1
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Vg = V2(1 + 0.5ξ/L),

ρ = ρ2/(1 + 0.5ξ/L), Tg = P/(ρRg).
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′ξ
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Here, γ is the angle of incidence of the beam onto
the liquid surface; A(γ) is the radiation-absorption
⎯⎯⎯⎯⎯⎯⎯⎯
μ∗gρ∗gV3g/L is the shear stress at the
factor; and τ = √
boundary on the side of the gas [2].
Heat transfer in solid metal. The scale of material
heat conduction in the direction perpendicular to the
optical axis of the beam is small as compared with
the longitudinal scale. This allows one to ignore heat
transfer across the plate and, in addition to (4)—(11),
to consider the 1D heat-conduction equation at each
point ξ in the region η ∈ (—∞, 0):

(4)

(5)

(9)

cos ϕ = 1/√
⎯⎯⎯⎯⎯⎯
1 + H2 ,

γ = α — ϕ.

⎛ ∂E
∂E
∂E ⎞
⎟=
+U
+V
ρm ⎜
∂η ⎠
∂
ξ
⎝ ∂t
=U

∂U
= τ,
∂η

cos α = 1/√
⎯⎯⎯⎯⎯⎯⎯
1 + (z )

Liquid metal flow. The motion of the melt film
is considered in a coordinate system fitted to the cutfront surface (see Figure 1):
∂U ∂V
+
= 0,
∂ξ
∂η

μm

⎛ 2(ξ cos α + H(ξ) sin α — ω )2 ⎞
⎜
0 ⎟
× exp ⎜—
⎟,
2
⎜
⎟
ω
0
⎝
⎠

If the pressure gradient —dP/dξ = k ≈ ΔP/L =
= 0.5ρ2V22/L (L is the plate thickness) is constant,
we obtain
P = P2 — 0.5ρ2V22ξ/L,

(7)

(12)
(13)

In the steady case, Eqs. (4)—(13) are readily integrated [1], which allows one to evaluate the liquid
film thickness (Figure 2), and obtain the temperature
distribution in the melt layer and in the solid metal
(Figure 3). The normal component of velocity of the
melting front Vn acquires the form [1]
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The density of radiation intensity is described by
the Gaussian distribution [4]
I(x, y, z) =

ωz =

Figure 2. Thickness of liquid layer H versus the cut depth ξ and
cutting velocity Vc = 500 (1), 250 (2), 160 (3), 80 (4) and 20
(5) mm/s

vn = ρmHm + c0s ρ0s (Tm — T0) +
⎛

× ⎜⎜h —
⎜
⎝

cmρm(Tm — T0)

ω0

×

⎞
kh3
⎟
2 ⎟,
6(μmVc cos α + τh + kh ) ⎟⎠

(14)

where I is the density of radiation intensity; ω0 is the
radius of the Gaussian beam; and h = H/ω0 is the
dimensionless thickness of the liquid film. As h tends
to zero, the angle ϕ also tends to zero, the angle γ
tends to the angle α (see Figure 1), and formula (14)
transforms to the known local law of conservation
[3] Vn = A(α)I cos α/(ρmHm + c0Sρ0S(Tm — T0)).
Description of the cut-surface shape. The traditional formulation of the problem with motion of the
free surface of a material subjected to laser radiation
reduced to the equations [3]
∂zm
∂t
∂zm
∂x
∂zm
∂—b

— Vc

∂zm
∂x

(t, —a, y) =

(t, x, —b) =

= —Vn
∂zm
∂x

∂zm
∂y

⎛ ∂z ⎞ ⎛ ∂z ⎞
⎯⎯⎯⎯⎯⎯⎯⎯
√
⎟ ,
⎟ +⎜
1+⎜
⎝ ∂x ⎠ ⎝ ∂y ⎠
2

m

—b ≤ y ≤ b, (16)

(t, x, b) = 0,

—a ≤ x ≤ a, (17)

zm(0, x, y) = 0,

2

2
0

f

0

0

r=√
⎯⎯⎯⎯⎯⎯
x2 + y2 ,

where W is the radiation power; zf is the distance
between the focal surface and the plane z = 0; ω0 is
the beam radius in the focal plane; and λ0 = 10.6 μm
is the radiation wavelength.
Let us analyze the effect of radiation polarization
on the absorption
factor.→The wave vectors of the
→
incident k and reflected kR radiation and the unit
→
normal vector N form the incidence
plane. The vector
→
of electric field intensity E→
is decomposed into two
projections. The projection Ep in the incidence plane
corresponds
→ to the reflection factor Rp, and the projection Es aligned normal to the incidence plane corresponds to the reflection →
factor RS. Let β be the
angle between →
the vector E and the normal to the
incidence plane Nkn. The expression for the absorption
factor is written [5] as

In the case of elliptical polarization
of the beam,
→
when the end of the vector E in the plane (X, Y)
describes an ellipse with semi-axes a and b (a2 + b2 =
= 1), the absorption factor is written as the sum A =
= a2Ax + b2Ay, where Ax and Ay are the absorption
factors, for studying the linearly polarized radiation
parallel to the OX and OY axes:

(15)

(t, a, y) = 0,

⎛ (z — z )λ ⎞
⎯⎯⎯⎯⎯⎯⎯
√
ω + ⎜ πω ⎯ ⎟ ,
⎠
⎝

(19)

A(β, γ) = 1 — R(β, γ) = 1 — cos2 βRS — sin2 βRp.

2

m

⎛ 2r2 ⎞
⎜— ⎟,
exp
⎜ 2⎟
⎜ ωz ⎟
πω2z
⎝
⎠

2W

Ax(γ, βx) = 1 — RS(γ) cos2 βx — Rp(γ) sin2 βx,
Ay(γ, βy) = 1 — RS(γ) cos2 βy — Rp(γ) sin2 βy,

(18)

where z = zm(t, x, y) is the free-surface equation; and
a, b characterize the plate size.

where βx and βy are the
→ angles between the normal to
the incidence plane Nkn and the OX and OY axes
(cos2 βx = N2y, cos2 βy = N2x). In the case of elliptical
polarization, we obtain the following generalized formula for the absorption factor:
A(γ, Nx, Ny) = 1 — RS(γ)(a2N2y + b2N2x) —

(20)

— Rp(γ)(a2(1 — N2y) + b2(1 — N2x)).

Figure 3. Distribution of temperature T(η) in solid metal (η < 0)
and melt layer (η ≥ 0) at Vc = 20 (1), 160 (2), 250 (3) and 500
(4) mm/s

For b/a = 0, we have a linear P-wave; for b/a =
= 1, there is circular polarization; for b/a = ∞, we
have a linear S-wave. Eqs. (15)—(20) were solved
numerically by a pseudo-transient method with an
explicit finite-difference scheme. The calculated
maximum cut depth L is plotted in Figure 4 in dimensionless variables (L/ω0, b/a) as a function of
the ratio b/a; the value of the following dimensionless
aggregate was varied:
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Figure 5. Shape of the cut surface z = zm(∞, x, y) at σ = 300, b/a =
= 0.75, ω0 = 100 μm
Figure 4. Maximum cut depth L/ω0 as a function of beam polarization b/a at σ = 50 (1), 100 (2), 150 (3), 200 (4) and 300 (5)

σ = 2W/[πω20Vc(ρmHm + ρ0Sc0S(Tm — T0))].

Figure 4 displays a clear maximum corresponding
to the value b/a = 0.75÷0.8. Typical shape of the
laser cut is shown in Figure 5. The calculations show
that radiation with elliptical polarization (b/a =
= 0.75÷0.8) aligned with the beam direction is most
effective.
Model of multiple reflection of radiation. For
most materials, the radiation absorption factor is rather low (A = 0.01—0.50). In this case, emission of
reflected waves can play an important role, especially
for deep and thin cuts, where multiple reflections
make the main contribution to absorbed energy. Currently available methods for modeling the interaction
of laser radiation with metals are based on approximation (15)—(20), which takes into account only

single absorption of radiation. Focused laser radiation
is known to propagate as electromagnetic oscillations
and has the form of the Gaussian beam, which is a
particular solution of Maxwell equations [4]. The
correct formulation of the problem of interaction of
electromagnetic radiation with an arbitrary metal surface is rather complicated because it involves solving
full equations of electrodynamics.
The physical model suggested in the present paper
for calculating the shape surface, which takes into
account multiple reflections of radiation, differs from
the traditional model (15)—(20) by the fact that the
normal component of velocity of the surface points
Vn is expressed via the sum of the entire power Q
multiply absorbed by each surface point. The function
Q(x, y, zm(t, x, y)) is calculated by a trajectory
method, which implies finite-element discretization
of the density distribution of the Gaussian beam intensity. Each element is a light beam containing a

Figure 6. Radiation propagation in channel in laser drilling (а) and cutting (b) at W = 1 kW, Vc = 0.17 m/s, zf = 0.25 mm and ω0 =
= 100 μm
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radiation energy dEki = I(xki, yki, zki)dxdy, which has
→
coordinates xki, yki, zki and velocity Vki along the wave
→
vector ki. Under interaction with the surface, the
trajectory of each light beam changes its direction
according to the laws of geometric optics (the angle
of incidence equals the angle of reflection). The energy of the light beam decreases by the value of energy
absorbed by the surface.
Figure 6 shows a 3D pattern of laser radiation
propagating in a channel during laser drilling and
cutting of a metal plate. The horizontal level lines
correspond to the contour of the resultant surface. It
is seen that the light beams are multiply reflected
from the inner surface of the channel.
CONCLUSION
It is shown that the description of gas-laser cutting
of metals is complicated by a large number of physical
parameters; some of them have to be chosen to ensure
optimal performance. For this purpose, the problem
is formulated mathematically in the form of adjoint
problems of mechanics of continuous media with moving boundaries. Under certain simplifying assumptions (in the 2D case), these problems can be solved
analytically. A local law of conservation of energy
(14) is derived, which relates the radiation parameters, beam velocity, melt-film thickness, and thermodynamic parameters of the gas and metal to the melting-front velocity.
The influence of radiation polarization (linear, elliptical, and circular) on the absorption factor and

surface shape is analyzed. The effect of radiation parameters on the surface shape and cut depth is considered numerically. It is shown theoretically that elliptical polarization of radiation aligned with the
beam direction is most beneficial for practical use
because it provides an optimal shape of the cut.
A physical model of multiple reflection of laser
radiation propagating in narrow channels is proposed,
as applied to laser cutting, welding and drilling processes. It is shown that multiple reflection of radiation
is most efficient in cutting thick materials if a beam
with the TEM00 mode and circular polarization is
used. The model of multiple reflection of radiation
allows one to describe energy transfer inward the
channel, which is particularly important in processing
thick materials.
The developed numerical algorithms and codes can
serve as a basis for computer simulation of laser cutting, welding and drilling of metals.
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