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PREFACE

This year we were quite lucky to manage to organize our International Confe-
rence for the fourth time. Usually to conduct the international conference means
to overcome a lot of problems for organizers and especially in post Soviet country
nowadays. But to do this in the conditions of global crisis was a tremendous
problem... More so the very distressing additional factor in this respect was
the swine flue spreading this year all around the world. Many international
conferences in different countries couldn’t overcome the problems and had been
postponed or even cancelled. But in spite of all those extraordinary circums-
tances WE HAVE DONE THIS!

Thanks to the great efforts of all participants and the Organizing Committee
the planned event indeed took place and around 80 participants from 7 countries
has arrived to Katsiveli, Crimea, to discuss the current problems and further
prospects of laser technology development. Congratulations to all of us, cong-

ratulations to the whole laser community!

In the majority of cases those who have come have done that at their own
expense and I am especially thankful to those participants — professors, re-
searchers and students who couldn’t get the financial support from their uni-
versities or from some other sponsors and have done their best to gather at the

Conference.

In the Conference Proceedings which we have the honor to present to you we
tried to publish all the materials discussed at the Conference meetings but to
our great regret not every participant was able to send to us the complete texts

of their presentations.

Keeping in mind that in times of global crisis the increase in efficiency of
manufacturing plays the most important role in economics of any country, in
presented papers the accent had been placed on high technologies, innovations
implementations and technology improvements. Considering as well the incre-
asing lack of different natural resources in the world — energy, material, labor
etc. — the new paradigm in industrial development is coming ahead — <«Com-

petitive Sustainable Manufacturings.



Alongside analysis of global economic and industrial problems we see in pre-
sented papers the new data on development of hybrid laser technologies, on the
use of high power laser in material welding and cutting, on development of
advanced laser technologies for sheet metal forming, on further improvements
of widely spreading now processes of laser surface hardening, surface cladding,
alloying and coating. The new results arve demonstrated in laser micro and
nanomachining, in manufacturing new types of medical stents for cardio surgery
etc. The importance of relying on new modern types of highly efficient lasers —
diode lasers, diode-pumped solid-state lasers, fiber lasers, etc. in implementation
of new advanced technologies in industry is constantly underlined in every

presentation.

From presented papers we may conclude that laser technology is still dynami-

cally developing further and prospects for future are quite bright.

Prof. Volodymyr S. KOVALENKO
Co-Chairman of the Conference
Director of the Laser Technology Research Institute of the NTUU «KPI»
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MODERN TRENDS IN PRODUCTION ENGINEERING
HIGH TECHNOLOGIES DEVELOPMENT

V. KOVALENKO
Laser Technology Research Institute, NTUU «Kyiv Polytechnic Institute», Kyiv, Ukraine

Paper is demonstrating some new solutions in modernization of classic technologies in components manufacturing, today
approaches in improvements of different products assembling and disassembling processes, new moves in decreasing the
dimensions of machines, modern trends in products miniaturization, achievements in micro manufacturing, the latest
results in development and application of nanotechnologies, etc. Special attention is paid to development of new types
of highly efficient lasers — diode-pumped solid-state, diode, fiber lasers and different new technologies based on the
use of these lasers. Some consequences of the global crisis are considered which may positively influence the further
development of new technologies and their implementation into industry.

There are no countries in the world now, which had
not been affected by the global economic crisis. Too
many factors have caused this situation but it is ob-
vious now that those industries had suffered mostly
which didn’t pay the proper attention to implemen-
tation of new ideas and different innovations in their
production process, neglected the demands of further
energy and material economy, the general trends to
productivity increase and production cost decrease.
Even the highly developed industrial countries of the
world had suffered the heavy losses. Such advanced
industries like automotive and electronics have ap-
peared at the edge of bankruptcy at their enter-
prises - GMC, Ford, Chrysler (USA), Citroen,
Renault {France), Sony (Japan), to say nothing about
metallurgy plants in China, Russia, the USA, Ukraine
and others.

At the same time the companies with active inno-
vation policy in spite of economic difficulties are man-
aging still to be afloat — these are for example some
German and Japanese automotive enterprises which
are reacting very fast on market changes. In very
strong competition fights such companies are devel-
oping the new means of improving products quality,
modernizing the design of manufactured machines and
devices, implementing the advanced materials and
manufacturing technologies, widely using the ad-
vanced laser technologies, reducing the cost of final
products manufacturing and assembling. And all this
has to be done in conditions of severe economy of
natural resources excluding the extensive economy
growth.

Evolution of manufacturing. Industrial revolution
has brought to life the enormous development of the
world economy. Industrialization has spread in the
past two centuries from Europe to USA, to East Asia,
to other continents and is still moving [1]. Until
recently the leading paradigm of society development
was the economic growth without any concerns about
environmental problems. But extensive development
has caused the catastrophic decrease of available en-
ergy, natural resources, global pollution etc. So the

© V. KOVALENKO., 2009

«Club of Rome» in 1970s had opened the way to
sustainable development, promoting the study «The
limits to growth» [2].

With time the situation in the world was deterio-
rating. The key challenges became very critical espe-
cially at the end of 1990s and at the first decade of
this century: climate change, ageing population, pub-
lic health, ecological-environmental problems, lack
of energy and mineral resources, poverty and social
problems etc. In this context it is worth to mention
the sad facts that only 1 % of the world population
is able to use the running water and to cover the
mankind demand in nutrition the norm in 1.8 gl
hectares of biological capacity per capita is needed
(at existing level of population today). It goes with-
out saying that there is not such amount of
land on the globe to provide the whole population
with high quality food. The situation with non-re-
newable resources is much worse.

So at this stage of mankind development the new
paradigm is appearing on the horizon — the competi-
tive sustainable manufacturing (CSM). Actually this
is the incoming global technological and industrial
revolution,

CSM. CSM high added value is knowledge-based
CSM depends on and alfects, firstly, manufacturing
industry, i.e. products and services, processes, busi-
ness models, and, secondly, the related education,
rescarch and technological development, innovation
system. CSM generates wealth, sustains jobs, directly
and through related services, manages human and
physical resources, from materials to energy. This has
to enhance human living standards not at the expense
of extensive use of natural resources and the neglect
ing of environmental problems.

To develop the sustainable society one of the main
features has to be persuaded — minimal manufactur-
ing and maximum servicing.

Innovations — means to improve the quality and
to decrease the cost of the product. To follow the
strategy of CSM the accent has to be made on wider
use of innovations in any field of economy and espe-
cially in manufacturing. In many cases many new

fertile
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ideas are mistakenly considered as innovation. But
the main features of innovation are as follows:

e innovation — something new, which after im-
plementing will add the value to the product by the
quality improvement, increase of productivity at
manufacturing and decrease of cost;

» innovations will bring the victory in fight with
competitors;

e innovations may be a stimulus for further ad-
vancement in high technologies.

The main strategy in managing enterprise must be
the stimulation of innovation developments and spread-
ing them in the every field of manufacturing process.

Manufacturing  technologies  improvements.
Among many others there are three main directions
of manufacturing technologies improvements,
namely: modernization of classic technologies, non-
conventional technologies development, and hybrid
technologies.

Modernization of classic technologies is permanent
process which is characterized usually by moderate
changes in manufacturing directed to achieving posi-
tive results at minimal cost. They are as a rule quite
trivial and thus are not considered here.

Non-conventional technologies are based on the
use of electro-physical and electro-chemical effects to
intensify the material processing. They have many
advantages in comparison with traditional (classic)
technologies. The mostly developed and widespread
are the following:

« EDM — electro-discharge machining, using the
energy of electrical discharge between electrode—tool
and electrode—component for material erosion;

« ECM electro-chemical machining, based on
the use of electro-chemical dissolution of material for
its processing;

o USM — ultra-sonic machining, based on the use
of the tool vibrating with ultra-sonic frequency (18—
22 kHz) in abrasive media,

Material
roduction

Product
manu-
facture

Mining P
lining Distri-
bution

Material
recyeling

Figure 1. Product of life cycle with most important end of life
scenarios (/ — maintenance; 2 — repair; 3 — product reuse; 4 —
upgrading, downgrading, remanufacturing, component reuse; 5 —
material recycling; 6 — incineration; 7 — landfill) and refated
processes (disassembly (A), shredding (B), and other processes
(sorting, cleaning, inspection))

e Irradiation technologies, using different types of
beam irradiation for material processing: LBM —
laser beam machining, EBM — electron beam ma-
chining, and IBM — ion beam machining.

Hybrid technologies are usually representing the
combinations of different physical processes in one
process. The result of such combination is the increase
in productivity, quality improvement and /or gaining
some additional special properties by processed ma-
terial (component,. “onsidering that laser itself is
electrically low efficient system the straight addi-
tional use of electric discharge or plasma makes the
processing more efficient. Among different hybrid
technologies there are known the following few com-
binations: electro-laser hole piercing; laser + EDM;
laser + plasma; laser + ECM; laser + USM; laser +
liquid jet; machining + laser; laser hardening (clad-
ding) + mechanical rolling; laser surface alloying +
electro-magnetic field, etc.

Modernization of assembling and disassembling
processes. Considering the necessity to limit the con-
sumption of material, energy, labor at every stage of
product life cycle there must be the carcful monitoring
of the processes to find the new reserves of increasing
the efficiency of product manufacturing and use.

Keeping this in mind it is important to evaluate
various life cycle aspects of products and to optimize
their value and benefits including engineering, assem-
bly, servicing, maintenance and end of life (EoL)
phases {3].An important opportunity in this context
is the possible recovery of products, components, parts
or materials at the end of completed use phase. The
main EoL recovery strategies are direct reuse, reuse
small repairs (refurbishment), remanufacturing and
material recycling (Figure 1).

In product life cycle the share of disassciibling
used to be considered as not significantly important.
At the same time the disassembling is a very time and
energy consuming process. Up to recently the disas-
sembling productivity was almost impossible to in-
crease, to say nothing about its automation.

Efforts are taken to implement automation into
disassembling procedure using diiferent design pecu-
liarities. These are usually specially embedded ele-
ments — innovative fasteners which enable self dis-
assembling procedure without any heavy loading on
the joining parts (Figure 2). These fasteners may be
triggered by different means — mechanically, ther
mally, chemically, electro-magnetically, and electri-
cally. The unlimited number of connections can be
unfastened with the same disassembly action as soon
as the trigger signal is switched on.

Further development of laser technologies. In
modern economy the role of advanced laser technolo-
gies is increasing with every new day. It is really
impossible to name all fields of human activity where
lasers are successfully used. This is becoming possible
thanks to the new types of laser which has been de-
veloped recently — diode lasers, solid-state lasers
with diode laser pumping, high power COs-lasers,



LTWMP'09

U

—

7/

4

b

Figure 2. Disassembly embedded fit, triggered by electromagnetic field (7 — electromagnet; 2 — part to remove; 3 — magnet anchor;
4 — connection element; 5 — basis), and disassembly embedded nut and bolt, triggered by electric current

CO-lasers, excimer lasers and, finally, fiber lasers.
The main advantage of these new lasers is their high
efficiency and, hence, the decrease in dimensions,
shortage of maintenance cost, ability to integrate them
quite easily into robotized system, possibility to im-
prove the reliability and the precision of the performed
processing. It is known alrcady about high power
10 kW fiber laser developed by 1PJ Company for in-
dustrial application in ’anada.

Industrial application is considered now the most
widespread use of lasers. Very popular in industry
became laser welding, sheet material shearing, cut-
ting, hole piercing, surface hardening, alloying, clad-
ding, rapid prototyping, and marking.

Micro- and nanotechnologies development. The
need in micro- and nanofabrication is dictated not
only by the development of sophisticated devices and
structures with new properties and abilities but be
cause of far going trends of decreasing the size, ma-
terial, as well as energy consumption of such products
considering the global lack of natural resources, the
catastrophic pollution of the earth and many other
rapidly rising global problems of society. Rejecting
the paradigm of extensive growth of economy in fur-
ther development of mankind [4, 5] the society has
to develop more intellectually efficient manufacturing
technologies, based on the latest achievements of sci-
ence. In this respect the very logic steps were first to
achieve the mentioned results through the develop-
ment and wide implementation of microtechnologies
and different microdevices and than based on gained
experience to start the new move in advancing further
«deep into the nature» [6-8].

Laser radiation is a unique instrument which may
perform a lot of different functions in realization of
nanomanufacturing — manufacturing of nanoparti-
cles (powders, tubes, wires, etc.), material machining
at nanolevels, production of nanoproducts, devices,
systems, surface super finishing with roughness at
nanolevel etc. [9-13].

3D rapid prototyping is quite well-known and
wide spread process. There are plenty of different
versions of this process. Among them the laser stereo
lithography is considered as very reliable and precise.

9

The further development of this technology is two
photon polymerization (2PP) [11, 12]. For 2PP tech-
nology the special photosensitive materials are used.
They may be the negative resists (solid or liquid),
based on epoxy or acrylate, or positive resists. In
Figure 3 the samples of products manufactured by
using the laser 2PP technologies are demonstrated.

Speaking about nanotechnology in biomedical ap-
plication the following factors have to be taken into
consideration [12]:

e due to the presence of numerous nanostructures
(i.e. proteins) in the body, cells are accustomed to
interact with nano-sized materials;

e today, synthetic materials used in tissue engi-
neering possess conventional surface feature only;

s it is believed that one reason why current ortho-
pedic implants only have a 15 year lifetime is due to
non-biologically inspired surface roughness.

Human factor in further development of high tech.
In spite of heavy losses the economic crisis apart from
negative moral influence on individuals has some posi-
tive effect in mobilizing their opportunities to find
the unused reserves and to start «the new life». The
current crisis has given the chance for socicty to re-
consider its attitude to manufacturing industry.

Attitude reconsideration to the manufacturing in-
dustry:

e in the past it was usually associated with bad
working conditions, dirt, noise, even high level of
danger for life;

» but for young generation of the XXI century
well acquainted witii PC and information technolo-
gies such situation is considered as entirely impossible!

Andrea Gentili, EU’s coordinator for the Manufu-
ture project (Manufuture Conference-2008 in Saint-
Etienne, France: «The factory of the future will no
longer be a hostile, dirty and nosy place, but rather
a super-technology site. It is for us to convince young
Europeans, who are now discovering the limitations
of the world of finance, that there are other ways of
creating wealth.»

The youthful minds has to be inspired by highly
intellectual machines and technologies in combination
with innovation ideas and strong believe in great op
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Figure 3. Samples of products manufactured by laser 2PP: o —
3D panostructuring Venus stature on the top of human hair, b —
nanospider 30 body

portunities and prospects of modern science and tech-
nique.

Some [irst steps in the global crisis recovering.
Countries which made the accent on modernization of
industry and implementing new technologies has started
the gradual process of recovering from economic reces-
sion. They have mobilized all resources, introduced the
regime of total economy, decreased substantially the
import of foreign products and paid the special attention
to growth of manufacturing fields.

Based on this policy China was the first country
in the world which managed even to increase the GNP
at the beginning of this year up to 8 % and the prospect
for the next year is even brighter! Based on the
manufuture technological Platform, initiated by EU
the industry of European countries has reached some
success as well. Manufuture is a pan-European initia-
tive to develop new manufacturing technologies and
integrate them rapidly into European industrial proc-
esses [ 14]. Its role in fostering innovation and regional
collaboration is becoming increasingly important as
companies seek new ways to survive, rethink, and
regenerate their businesses in the economic crisis.

For Ukraine we have developed the national
manufuture technological platform, which will allow

concentrating the efforts and resources on manufac-
turing the advanced produets [15].

CONCLUSIONS

e The main goal of modern economy development
(and especially of industrial field) should be the per-
manent harmonization of human activity with the lim-
ited natural resources of the globe.

o Efforts have to be done to promote competitive
sustainable manufacturing (CSM).

s lnnovations implementation — one of the main
means to create the highly efficient manufacturing.

» Non-conventional technologies bring the latest
achievements of science into manufacturing industry
thus improving the quality of manufactured products.

o [lybrid technologies open the new horizons in
manufacturing by increasing the efficiency of proc-
essing.

o Modernization of assembling and disassembling
save the energy and material resources and is raising
the manufacturing culture.

e Laser technologies are becoming the leading in
manufacturing and have tremendous prospects for fu-
ture development.

¢ Young generation may be attracted to manufac-
turing field only by promoting the highly intellectual
technologies and equipment.
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CALCULATION OF SIZES OF THE WELD AND HAZ
IN WELDING OF TITANIUM WITH A SCANNING
CONCENTRATED HEAT SOURCE

S.V. AKHONIN, V.Yu. BELOUS and A.F, MUZHYCHENKO
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Application of the controlling magnetic field in welding of titanium allows widening of technological capabilities of
traditional argon-arc welding. Owing to application of the external magnetic field generated by electromagnet, the
developed welding technology makes it possible to provide redistribution of thermal energy of the arc in surface-arc
welding and portioned heat input of the arc into the lower wall of the groove, vertical side edges and molten pool in
narrow-gap welding. This ensures reliable fusion of the vertical side walls of the groove to the weld in narrow-gap
welding, change in the weld shape, change in the weld pool and HAZ shape, and decrease in the base metal penetration
depth. The 3D mathematical model of thermal processes occurring in titanium during welding using the scanning heat
source, based on the differential thermal conductivity equation, was developed to calculate the effect of parameters of
the magnetic field and welding process on the weld formation. Modelling made it possible to investigate the effect on
the weld and HAZ shapes by such parameters as the value of displacement of the anode spot from the weld centre,
frequency of displacement of the anode spot, duration of the transition process, speed of displacement of the anode spot,

and value of the heat input.

Development of new combined welding methods,
which are a combination of the welding arc and laser
beam, is currently an active area of R&D efforts. But,
in our opinion, potential of the conventional welding
arc is far from being exhausted. Tungsten-electrode
arc welding in the atmosphere of inert gases, i.e. argon
and helium (TIG), is still the most common, relatively
simple and versatile method for fabrication of struc-
tures from titanium alloys. With this method, welding
can be performed in different spatial positions, and
welding equipment can be easily readjusted if neces-
sary to change type of the welded joint and thickness
of the metal welded. Application of the controlling
magnetic field makes it possible to substantially widen
technological capabilities of the process in narrow-gap
TIG welding of thick pieces and in welding deposition
operations. This is particularly important for welding
of titanium and titanium-base alloys. Arc welding of
titanium is most often performed by using tungsten

Ow

—0 +

electrodes, which is attributable to intensive spattcr-
ing of filler metal and violation of shielding in the
case of using metal electrodes. When necessary to
deposit a wide bead (in repair of worn-out parts), the
deposition process is performed in two, three or more
passes. ‘n this case the base metal is penetrated to a
large depth, and the process itself is characterised by
a low productivity.

As shown by the studies performed at the E.O.
Paton Electric Welding Institute, application of the
controlling magnetic field holds high promise for inw-
proving the quality of deposition. This makes it pos-
sible to control redistribution of thermal energy of
the arc on the lower wall within the preset ranges,
thus ensuring reliable fusion of the weld to base metal
and minimal size of the HAZ. Flow diagram of the
process of deposition of titanium parts with magnetic
control is shown in Figure 1, a.

o

L

Figure 1. Flow diagram of welding with external controlling magnetic field: @ — deposition process diagram; & — flow diagram of
narrow-gap welding with magnetic control: 7 — electromagnet; 2 — tungsten electrode; 3 — fiiler wire; 4 — shielding nozzle; 5 —

workpiece; v,, — welding speed; F, — Lorentz force

@ S.V. AKHONIN, V.Yu. BELOUS and A.F. MUZHYCHENKO, 2009
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Figure 2, Finite-element model used for calculations (@) and result of calculations of penetration zone (b): heating temperature of
35331941 (1), 1941-1233 (2), 1233-1073 (3), 1073-293 () and < 293 (5) K

TIG welding is performed with the tungsten elec-
trode located at the groove centre. Filler wire is fed
normal to the electrode into a leading portion of the
weld pool, and electromagnet with a core induces the
magnetic field. Interaction of the magnetic field with
the arc current generates the Lorentz force, which
diverts the arc and causes displacement of the anode
spot in a direction of action of this force. Special
device was developed to induce the controlling mag-
netic field. This device provides the magnetic field
with a value of the transverse component of magnetic
induction in the arc zone at a level ol up to 12 mT
and reversing frequency of up to 80 Hz.

Experimental study of the principles of the weld
formation in welding with the arc controlled by the
external transverse magnetic field is time-consuming
because of a large number of parameters of the welding
process. Therefore, the authors also carried out analyti-
cal investigations of the welding process with the cor
trolling magnetic tield by using mathematical modelling
of narrow-gap welding with a moving heat source.

Modelling made it possible to study the effect on
the base metal penetration shape and HAZ shape by
such process parameters as the value of displacement
of the anode spot from the groove centre, frequency
of movement of the anode spot, time of the transition
process, speed of movement of the anode spot, etc.

Mathematical model based on a differential ther
mal conductivity equation in the 3D Cartesian coor-
dinate system was used to calculate thermal conditions
that accompany the process of fusion of the groove
walls and metal surface.

The source moves on the perimeter of the groove
under the effect of the external confrolling magnetic
field. The law of variations of magnetic induction in
the arc zone is set by the value of the magnetisation
current flowing through the electromagnet.

The 3D finite-element model of thermal processes
occurring in square-groove welding deposition on ti-
tanium plates using a moving heat source is shown in
Figure 2, a. Temperature fields (Figure 2, b) in a

» .

workpiece were calculated by using software module
ANSYS, allowing for the above initial and boundary
conditions, There are zones where the metal was
heated above the melting points (7), and zones where
the metal was heated above the polymorphic trans-
formation point (2), The calculation results were used
to plot the isothermal lines of maximal temperalures,
from which geometry and sizes of the penetration
zone, HAZ and polymorphic transformation zone were
determined (Figure 3).

Also, welding with the controlling magnetic field
is efficient for joining thick (up to 500 mm) pieces.
The method of narrow-gap welding has currently re-
ceived wide acceptance for fabrication of such struc-
tures. It is advantageous over U-groove welding in
reduction of the amount of the deposited metal (up
to 30 %), lower labour intensity in preparation of
grooves of the pieces joined, and substantial increase
in the process productivity.

Main difficulties lie in ensuring reliable melting of
the vertical side walls and fusion of the weld metal to
side walls, In the case of welding without movement of
the welding arc or oscillations of tungsten electrode,
the major part of thermal energy of the burning arc is
spent for excessive melting of the lower wall in a narrow
groove, or for repeated penetration of the previous-pass
weld metal. To achieve reliable melting of the vertical
wall in the narrow groove, it is necessary to redistribute
heat input into a welded joint.

The work performed by the E.O. Paton Electric
Welding Institute proved a high potential of appli-
cation of the alternating magnetic field for assurance
of the quality of thick (up to 100 mm) welded joints
[1]. This allows redistribution of thermal energy of
the arc between the lower groove wall, vertical side
edges and molten pool to be controlled over wide
ranges, thus providing reliable fusion between the
weld and base metal. Flow diagram of narrow-gap
welding with magnetic control is shown in Figure 1,
b. Welding is performed with tungsten electrode im-
mersed into the groove. In this case, the shielding

4

Figure 3. Elfect of the value of amplitude of displacement of the heat source (anode spot) on penetration of base metal at @ = 10 Hg,

r=3a), 5(b)and 7 (¢) mm
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b

[+ —

Figure 4. Finite-element model used for calculations (&), result of calculations of penetration zone (b), and weld shape without deviation

of welding arc (¢)

] bl...
T e ey B e m—. A

Figure 5. Effect of movement height of the heat source centre {anode spot) on penetration of base metal (a—¢) and of 1 mm displacement
of tungsten electrode from the joint centre on penetration of base metal () at w = 2.5 Hz, x = 0.7 (Al = 5.5 mm) (@), 0.5 (Al =

=4.5mm) (b, d) and 0.3 mm (A/ = 3.5 mm) (¢)

nozzle is placed over the wed edges, this making it
possible to considerably reduce the weld width. Filler
wire is fed to the leading portion of the weld pool.
The magnetic field is generated by the electromagnet
with a special shape of the core, placed into the groove
(see Figure 1, b). Interaction of the magnetic field
with the arc current induces the Lorentz force, which
deviates the arc and leads to displacement of the anode
spot to the side wall.

Application of mathematical modelling with ex-
perimental studies [2] in this case also made it possible
to investigate the effect on the penetration shape of
the base metal and shape of HAZ by the main pa-
rameters of the welding process. The 3D finite-ele-
ment model of thermal processes occurring in square-
groove welding of titanium plates with a heat source
moving on the perimeter of a slot is shown in Figure 4,
a. Results of the calculations of zones of the welded
joint in 3D form are shown in Figure 4, b.

As shown by the calculation resulls, height of
melting of the vertical walls increases with increase
in deviation of the welding arc (Figure 3). It is sig-

nificant that increase in deviation of the welding arc
leads not only to increase in height of melting of the
vertical walls, but also to decrease in volume of the
molten metal due to a greater dissipation of heat of
the welding arc. An intensive heat removal takes place
in a location of intersection of the vertical walls with
the previous pass surface. Position of the tungsten
electrode in the central plane of the groove also affects
melting of the groove walls.

CONCLUSION

Mathematical modelling methods allowed estab-
lishing the main principles of weld formation in
welding with the external controlling magnetic field.
The controlling magnetic field substantially widens
the technological potentialities of TIG welding.

V.P. (1996) Narrow-

1. Paton, B.E., Zamkov, V.M., Prilutskﬁ, | e
ick titanium. Welding

groove welding proves its worth on t
o &, 3741,

2. Belous, V.Yu., Akhonin, S.V. (2007) Influence of control-
ling magnetic field parameters on weld formation in narrow-
gap argon-arc welding of titanium alloys. The Paton Weld-
g J., 4, 2-5.
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NUMERICAL ANALYSIS OF HEATING,
MELTING AND CONNECTIVE EVAPORATION
OF METALS IN PULSED LASER PROCESSING

V.F. DEMCHENKO', 1.V, KRIVTSUN', I.L. SEMENOV' and G.A. TURICHIN?
'E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine
2st, Petersburg State Technical University, St. Petersburg, Russian Federation

Self-consistent mathematical model of gas-dynamic and heat transfer processes at pulsed laser processing of metallic
materials is proposed. This model enables to study processes of metal heating, melting and evaporation together with
gas-dynamic process in metal vapor flow. The detailed numerical analysis of these processes is carried out on the basis
of suggested model. The radiation of pulsed Nd:YAG laser is assumed. The duration of the pulse was 1 ms, and the
intensity of laser radiation varied within the limits of 10°-10° W /cm®. As an example of the metal being processed a
low-carbon steel is considered. One-dimensional and two-dimensional (axisymmetric) cases of the gas-dynamic flow of
vapor are investigated. The scope of applicability of the proposed self-consistent mathematical model is established.
The obtained results demonstrate thai proposed model can be used for numerical simulation of physical processes taking
place during laser processing of metals which involves pulsed and pulsed-periodic laser.

Studying the physical processes that occur during the
interaction of high intensity laser radiation with the
matter plays a prominent part in developing new tech-
nologies of laser welding and processing of various
(primarily metallic) materials [1-4]. The research
into the interaction of metals with focused radiation
of the pulsed and pulsed-periodic lasers [5-8] is of
particular interest for developing such technologies
as microwelding, engraving, drilling etc. The proc
esses referred to in this paper include absorption of
laser radiation in metal; heating, melting and sub-
sequent evaporation (in convective regime) of metal
into the external gas. Most commanly, while analyz
ing the convective evaporation of metals, the model
proposed by Knight [9] is put to use for evaluating
the quantitative characteristics of evaporation process
(density, temperature and vapor expansion rate). This
model includes a premise that the vapor {lux is one-
dimensional and stationary. However, at a high rate
of metal heating by the focused radiation of a pulsed
laser both of the assumptions prove to be wrong, since
above the boiling temperature 7y, the surface tempera-
ture of the melt at the center of the spot keeps raising
up to the temperature, much exceeding Ty, while the
vapor flux flowing from the heating spot undergoes
a side unloading, which disrupts the one-dimensional

Metal sheet Heating spot

Laser beam axis

Figure 1. Layout of the metal sheet heating by laser beam

© V.F. DEMCHENKO, LV. KRIVTSUN, 1.L. SEMENOV and G.A. TURICHIN, 2009

flow assumption taken in [9]. The current work deals
with analysis of applicability of various models of
convective metal evaporation to the case of metal
sheet heating by the focused radiation of a pulsed
laser (without regard for vapor ionization and laser
plasma generation).

Let us consider the metal sheet heating by a single
pulse of the focused laser radiation. Assuming the
spatial distribution of radiation intensity to be sym-
metric relative to the beam axis, the mathematical
model of metal sheet heating, as an axially symmetric
problem, can be formulated as follows. The coordinate
system is chosen to be cylindrical (Figure 1). The
radiation intensity Ty is taken to be uniformly dis-
tributed across the heating spot of radius Ry and con-
stant during the pulse. The radiation intensity /g is
defined by the full pulse energy W, its duration t and
beam cross-section S =nR3 on a sheet surface, i.e.
Iy =W/(18).

For the majority of metals the volumetric nature
of laser radiation absorption may be neglected. Thus
the heating effect of the laser beam on a metallic
specimen can be stated as a surface heat source dis-
tributed over the sheet surface of density q(7):

[A(T)I, at r < Ry,

qtr) = lO at r> Ry, SV

where A(T) is the laser radiation absorption coeffi-
cient depending on the metal surface temperature
T(7r).
The heat conduction in the specimen is determined
by the following equation:
= 2
or 1o arl af, a1
C(Mp(T)y—=—— (m(T) ——) + | M) — |
ot T or orj 0z \ 0z ) 2)
0<rR, 0<z<L,t>0,

ad
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where C(T), p(T) and A(T) are respectively the ef-
fective heat capacity of metal (allowing for the latent
heat of melting;, density and heat conduction coeffi-
cient. The boundary conditions to the equation (2)
are written below:

ar

S o= 0 TO L O =T(R 2,5 =Ty;
-

(3)

_}\’T _
(s)az

209 7 Gre ™ Ge-

Here q,.(Ts) = eo(T% = T§) + alTs — Ty) is the
heat loss due to radiation and heat exchange of the
surface with an atmosphere; € is the emissivity of
metal; o is the Stefan—Boltzmann constant; « is the
heat conduction coefficient; Ty is the temperature of
the environment; g.(7T) = Kq,,(Ts) is the specific flux
of heat removed from the melt surface; x is the specific
heat of evaporation; ¢,(Ts) = Pu is the specific mass
flux of vapor; P, u is the density and the velocity of
metal vapor near the evaporating surface, respec-
tively.

To complete the problem (2)-(3) the model of
convective metal evaporation should be adopted to
calculate the velocity « and the density p.Within the
frame of evaporation model by Knight, the structure
of one-dimensional subsonic vapor flow can be de
picted as shown in Figure 2, namely the shock wave
propagates through the external gas, followed by the
contact discontinuity, comprised as the contact area
of external gas and expanding metal vapor.

Near the evaporating surface the Knudsen layer
extends over the several mean paths, beyond which
(in the gas-dynamic flow region) there establishes
equilibrium over translational degrees of freedom of
vapor particles. In [9] the following expressions were
proposed, which bind the density § and the vapor
temperature T at the Knudsen layer boundary with
saturated vapor density ps and evaporating surface
temperature T:

R (s)
Ll = V'ﬁrme'”zerfc(m)}.

Here m = u/ Ny =Vy/2M; R is the gas con-
stant; ¥ = 5/3 is the heat capacity ratio of vapaor
which is assumed to be an ideal monoatomic gas; M
is the Mach number at the Knudsen layer boundary.
The pressure of saturated vapor is determined by the
Clausius—Clapeyron equation, while_the density is
defined by the ideal gas law p = pRT. The velocity
u and the pressure p are bound with the density po
and the pressure pg in the external gas by the relation
for the shock wave [9]:

7= ,E_Po .
V2 Gy + 1)+ poty = 1)

(6)

The expressious (4)—(6) yield a single nonlinear
equation for obtaining the velocity u. In this regard
it is worth mentioning that applicability of the con-
jugate model (2)—(6) is not restricted to the Knight’s
assumption for the stationary nature of vapor flow.

The non-stationary problem of metal vapor gas-
dynamics, dealt with hereafter, will be approached
by adhering to the previously formulated assumption
of one-dimensional flow pattern. Let OZ" be an axis
in cylindrical coordinate system, perpendicular to the
sheet surface along the vapor phase flow direction.
At a high Reynolds number (vapor expansion rate
being of the order of 500 to 700 m/s) the Euler
equations can be used to describe the gas-dynamics
of vapor mixture:

o oF
ot 9z

=0, 2 €0, H]. (7)

— -

Here U = (p,, 0, pu, E); F = (pyu, pu, pu’ + p,
(E + pu); p, u, p are respectively the density, ve-
locity and mixture pressure; p,, is the density of metal
vapor; E = pe + pu’ /2 is the energy of mixture; e =
=p/p(y — 1) is the internal energy. Equations (7)
are integrated under the following boundary and in-
itial conditions:

aU
, = O, t>0 , (8)
9z '¥=H
u(0, £) = ug, +
+ , . p(07 t) - pﬂ. ’ (}J)
VPo. -
%[p(O, O+ D)+ pouly — 1) |
P00, £ = (0, £), p(0) = p(0, HRT, 20,
pE O =po, wZ,0)=0, P, 0)=po,  (4qy
pm(zlr O) =0, <2< H,

Contact discontinuity

y Shock wave

Knudsen
layer

Z—!
Figure 2. Diagram of one-dimensional vapor expansion [9]
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Figure 3. Temperature dependence of absorption coefficient of
Nd:YAG laser radiation for low-carbon steel

where pos = p(+0, t); pg = p(+0, £); usg = u(+0, t),
while the density p and the temperature T are defined
by conditions (4) and (5), settingp=p, T =7, u =
= u(0, t).

The solution of the problem (2)—(3) was numeri-
cally solved using the Peaceman—Rackford [10]
method with local iterations over nonlinearity in the
finite difference analogue for the local energy balance
on the sheet surface. The non-stationary gas-dynamics
problem (7)-(10) was solved by using the second
order Godunov method [11].

The heating of the low-carbon steel sheet by the
single pulse of the focused laser radiation is considered
with the following parameters: Iy = 5:10° W /cm?,
T=1ms, Ry =0.1 mm, corresponding, for cxample,
to the characteristic operating conditions of the pulse
Nd:YAG laser which is a constituent of the welding,
cutting and deep engraving facilities [12].

The sheet thickness and the radius of an operating
areawereset to L =1 mm and R =2 mm (see Figure 1).
The heat transfer properties of low-carbon steel were
borrowed from [13], and the relevant temperature
dependence of the absorption coefficient was calcu-
lated using the data from [14-16] (Figure 3).

L, °C

3500

2500

T

1500

Iron was chosen as an evaporating material, an air
at normal conditions being an atmospheric gas.

Let us conduct a comparative analysis of the self-
consistent problem of the metal heating (1)—(3) and
convective metal evaporation for the two models of
vapor gas-dynamics, i.e. stationary [9] and non-sta-
tionary {4), (5), (7)—(10) ones as applied to the sheet
heating by pulse laser radiation. The computation re-
sults are presented in Figures 4 and 5 (time in Fi-
gures 4, b and 5 is marked since the commencement
of evaporation). At the specified laser pulse parame-
ters the temperature at the center of the heating spot
reaches the boiling point in 7 pus (Figure 4, @), and
within about 80 ps it continues to grow up to 3800 °C,
followed by its essentially constant value until the
pulse end. In stabilization mode of the metal sheet
surface temperature the heat flux, by virtue of laser
heating, is compensated for by the heat losses due to
evaporation and partially to irradiative heat exchange
with the environment.

By the moment (relative to commencement of
evaporation) when the metal sheet surface tempera-
ture ceases to vary in time, the shock wave moves
over the distance, much exceeding the characteristic
dimension of the solution space of the gas-dynamic
problem (for example, the heating spot diameter),
and does not affect the process kinetics of the metal
evaporation from the melt surface.

If the time of attaining the stationary value of
liquid metal surface temperature tends to zero (at an
infinitely large heating rate), then the gas-dynamic
flow characteristics (velocity, pressure) are consistent
with the Knight model. Despite the fact that in non-
stationary model of convective evaporation these char-
acteristics differ from Knight’s idealized flow pattern
{see Figure 5), the specific vapor mass flux values
obtained using both stationary and non-stationary
models agree very closely (see Figure 4, b). This ac-
counts for the reason that the time of attaining the
stationary value of the surface temperature (see Fi-
gure 4, ) is much less than the characteristic time

g, 8/ (scm?)

120 | =

100

T

80 /
60
40 F

20 1

0 0.2 0.4 0.6 0.8 1.0
b

t1075 s

Figure 4. Variation of vapor mass flux from the melt surface {@) and metal temperature at the center of a laser heating spot (b): solid

lines — non-stationary model; dashed — stationary one
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Figure 5. Distribution of vapor velocity (@) and gas-dynamic pressure (b) in vapor phase at £ = 6.7-10™

non-stationary and stationary model, respectively

of establishing the gas-dynamic processes. Hence it
is expectable that with the decreasing heating rate,
more drastic difference in flow pattern and, accord-
ingly, in amount of specific mass flux g,,(¢), can be
observed.

To illustrate the above statement let us consider
the sheet heating by the laser radiation with lesser
intensity /g = 7-10° W /cm?. In contrast to the heating
conditions mentioned earlier, at a low heating rate
the difference between stationary and non-stationary
evaporation models with respect to the solution of
the heat problem becomes more evident (Figure 6).

The non-stationary nature of gas-dynamic process
needs thus be taken into account at a lower heating
rate.

The models considered above are valid for metal
evaporation from the developed liquid surface (rigor-
ously speaking, from the unbounded flat surface). For
evaporation from the spot surface of small diameter,
as it is the case for the focused laser radiation impact
on metal, the assumption of the one-dimensional pat-
tern of gas-dynamic flow is no longer feasible.

To study an influence of the side vapor expansion,
the 2D gas-dynamics problem will be considered for
gas-vapor mixture in axisymmetric formulation.

g, , 8/(scm?)

wm’

16
14
12

T T

—

1

1

I ui

2 3 4 5 t1074 s

Fxgun 6. Varzlatnon of the vapor mass flux in time at [, =
=710° W/cm

0

L 1

0.5 0.6

1 L 1
0 0.1 0.2
b

0.3 0.4 z', cm

s: solid and dashed lines —

The LEuler equations in cylindrical coordinate sys-
tem (7, z') appear as

- = 2 >
a£+ai+a£:_[_ (11)
ot or 97 r

Here U = (p1, 0, PU, PV, E) f— (pru, pu, pu’,

(_@ + pu); F= (pu, pu, pu? + p, puv, (£ + plu);

= (pnVv, v, pupv, pv? + p, (E + pIv); p, is the
density of metal vapor; p, p are relatively the pressure
and the density of mixture; # and v are the the axial
and radial components of velocity vector, respec-
tively; E=pe + (pu®+pv?) /2 is the energy of mixture;
e = p/ply — 1). Equations (11) are integrated over
the region shown in Figure 7.

The boundaries I'y, T's are external relative to the
flow region boundaries, the boundary I's is the sym-
metry axis, [s is the metal surface beyond the evapo
rating spot. The KKnudsen layer on the surface of liquid
metal pool is modeled as a rectangular projection with
the boundaries I'y, I'y. At the boundary I'y a condition,
similar to (9), is set. A tangent component of velocity
vector at this boundary is redefined from the flow
region by the characteristic correlations. On a metal
surface the boundary non-percolation condition is set,
at the flow axis the symmetry condition is laid down,
while at the external boundaries I'; and I's non-reflec-
tion boundary conditions are established.

Z'h VR

L]

P

Figure 7. Computation region for solution of 2D equations of
gas-dynamics: / — Knudsen layer; 2 — gas-dynamic region; for
designations see the text
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Z', cm

Figure 8, Pressure contours p/p, (@) and density contours (b} at £ = 4107 s:

compression shock

Initial conditions are given by p = pg, u =0, v =
=0, p = po, p1 = 0, where py and py are relatively
pressure and density of atmospheric gas. The formu-
lated problem of two-dimensional gas-dynamics was
solved by the second order Godunov method (TVL
scheme). The dimensions of the calculation region are
determined by the boundary I'y with the length Lo =
=0.015 cm and the Koudsen layer I, with the thick-
ness being equal to 0.4Ly (taking into account the
mean free path in atmospheric gas and in metal vapor
straight above the melt). The dimensions of external
I_)m_mdru ies of the calculation region T's, ['g are equal
to 6Lg. Air at normal conditions is taken as an external
gas. The temperature of evaporating metal surface is
assumed to be constant and amounting to 4000 °C.

The calculation results are charted in Figures 8
and 9. Given the side unloading of vapor flux, the
qualitatively different flow pattern comes to emerge.
The velocity at the Knudsen layer boundary does not
reach the stationary point (as it does in one-dimen-
sional case), but instead grows monotonously until
the Mach number becomes equal to unity (see Fi-
gure 9, b). Thereupon, in the vapor flow region the
stationary compression shock occurs, followed by a
contact discontinuity at a steady propagation rate.
The compression shock originates from the fact that

005 008 0.075

rooem

! — shock wave; 2 — contact discontinuity; 3 —

pressure in the region between the Knudsen layer
boundary and external gas decreases to below atmos-
pheric (see the low pressure region in Figure 9, a).

The shock wave at the current moment is 0.075 cm
away from the Knudsen layer boundary, while the
low pressure region and compression shock arc at a
distance of 0.05 ¢m. The similar flow pattern was
experimentally observed in [5] when studying the
impact of pulsed laser radiation on metal. It is worth
mentioning that the analogous flow structure can also
be evidenced in supersonic gas flow from a nozzle in
underexpansion mode.

We now turn our attention to the conditions of
non-stationary regime of metal heating by laser ra-
diation. It should be noted that the time of attaining
the stationary value of the surface temperature is
about threc orders longer than that which takes for
Mach number at the Knudsen layer boundary to be-
come equal to unity.

Therefore, with the side unloading in action, the
problem of metal heating by laser radiation can be
fairly well approximated by putting Mach number at
the Knudscn layer boundary to unity. Iirsuch a setting
the mass flux can be found from expressions (4) and
(5) without solving the gas-dynamics problem. The
performed numerical stuly of metal heating and con-

p, atm M
1.05
8
7
6 1.00
5
4
3 0.95 1
2
1
L L — L — R 0.90 L ! b L -
0.01 0.02 003 004 005 006 007 x cm 0 01 02 03 04 05 0.6 07 08 0.9 t108 s

a

b

Figure 9. Pressure distribution along the symmetry axis at £ = 4-10" s (@) and peak Mach number value at the Knudsen layer boundary

over the time ¢ (b)
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vective evaporation induced by pulsed laser radiation
effect reveals the fact that such important (from a
technological standpoint) characteristics as the ther-
mal state of metal, the density of metal vapor mass
flux, its expansion rate, heat losses due to evaporation
and the pressure of vapor recoil reaction, are determined
not only by metal heating conditions but also by gas-
dynamic processes that occur in a vapor phase. Gener-
ally, for modeling the case under consideration it is
necessary to utilize the self-consistent model describing
the heating processes in a metal volume, the processes
of heat and mass transfer in the Knudsen layer, as well
as gas-dynamic processes in a vapor flux,
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LASER TREATMENT OF SILICON AND ITO THIN LAYERS

V.P. GARASHCHUK, A.G. LUKASHENKO and V.M. SYDORETS
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Solar batteries are renewable energy sources and nowadays they are more and more used in life. Their structure is a
sequence of sprayed layers of silicon as a semiconductive material, and tin doped indium oxide as electroconductive
material. The last one is identified in technical literature as ITO. In engineering and in life a value of electric voltage
should amount to around several thousands of volts. It poses a problem in the face of manufacturers to joint in series
separated solar elements in a battery. For this purpose conductive and semiconductive tayers should have electric contact.
As soon as their thickness makes up not more than 1 um, this problem is technologically complicated, especially if the
batteries have large area. It is necessary, therefore, to have sich technological process which will allow removing of
spraycd layer in certain places without damaging lower one. It is obvious that mechanical techniques are not possible
for this purpose. In the present work modes of laser evaporation of the sprayed layers of silicon and ITO of the thickness
less than 1 um are investigated and the laser with the necessary wavelength is selected.

Selection of laser beam wavelength. During interac-
tion with the solid surface, one part of electromagnetic
radiation is reflected from it, and other one is pene-
trated and is absorbed by it. In metals the light quanta
are absorbed by conductivity electrons, which transfer
absorbed energy to thermal oscillations of a lattice
approximately for 107'=107' 5. This time is called a
time of relaxation and is marked as T.. This process
occurs in the layer & ~ 10 b ¢m thick, which corre-
sponds to the depth of light penetration in metal [1].

For metal films of 2 > § thickness a light wave,
reflected from the boundary with substrate, can be
ignored and considered that intensity of light flux
reduces on a depth according to Lambert—Burger—
Bert law (LBB law), where /(x) and 1(0) is the light

Wave number-1073, cm ™!
10 15 20 25

T T T T

10°

104

103
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-~ Egt =109eV
Lk
ot — I i L
1.5 2.0 2.5 3.0

Photon energy, eV

Figure 1, Dependence of absorption factor on photon energy for
silicon at 7= 300 K
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intensity on depth x and x = 0 from illuminated sur-
face; A is the absorbing capacity; and oy is the film
material absorption factor. However, a depth of cal-
orification area differs from depth of light absorption
area. Length [ of free path of electron in the film
material makes up several units by 1078 ¢cm. Taking
into account that electron returns its excess energy
as a result of approximately 100 impacts, i.e. on dis-
tance of about 100/ >> §, it is assumed that in metal
thickness 22 > 100/ heat evolution is uniformly. Such
an approximation is acceptable for most metals il their
thickness is less than 5 um, as [ = 0.05 um. If film
thickness exceeds certain values then it is necessary
to take into account inhomogeneity of heat evolution
on thickness.

Heat from layers, directly heated by light, is trans-
fered to the depth by heat conduction, and the main
heat conduction in metal films is an electron one.

Evaporation of thin silicon layers. Amount of free
electrons in a band of conduction is small in semicon-
ductors at room temperature. Therefore, for wave
lengths, for which energy of light quantum is less
than the thickness of baud gap, absorpticn factor is
small and light penetrates to relatively high depths.
For example, for silicon that is for A > 1.137 pum. For
light with the wavelength shorter than i = 1.137 pm,
absorption takes place with the transfer of clectron
from valence into conduction band. This is so called
a proper absorption of semiconductors. Absorption
factor grows with the increase in light quantum en-
ergy, i.e. with shortening of the length of its wave
(Figure 1) [2].

LBB law will be used for calculalion of the part of
beam intensity not absorbed by material of @ thickness.
Light bearn A7(0) enters in illuminated surface and after
passing thickness a beam intensity reduces up to /(@)
= AI(0)e ¢ Part of absorbed intensity will be

B=1 =™ (1)

Non-absorbed part of beam inteusity comes deeper
into material or to a sublayer. In the last case at high
intensity of the beam, which reached the sublayer,
the last one can be destroyed. It is necessary, there-
fore, to select such lengths of laser beam, for which
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absorption factor oy is so high that light does not
reach the sublayer. Criterion of such mode of proc-
essing is being introduced. As in our technological
problem there is a necessity to evaporate material,
then, as it is known from practice, for most of the
material a density of laser beam power of (07—
10 W /em? should be created in a processing region.
It is assumed that at power density of 10°=10* W /cm?
the sublayer will not change its characteristics (i.e.
will not be destroyed). Thus, beam attenuation should
be not less than 10* times. Then at thickness a
=10 em (1 um) of silicon layer, which should be
evaporated, oy = 10° em™ will be received, using
formula (1). It is seen from Figure 1 that silicon has
such a factor of absorption for quanta with energy
more than 3 eV, i.e. A < 0.4 um. For light quanta
with energy of about 1 ¢V (= 1 pm ) factor of absorp-
tion makes up from several units to several tens cm™'.
At such ¢y values several tens of percents of initial
beam intensity come into the sublayer. Consequently,
the first harmonic of beams of neodymium laser (A =
= 1.06 um) is not suitable for this problem. The sec-
ond harmonic, in which energy of quantum makes up
2.35eV (A=0.53 pm), also is not appropriate. Among
well-known lasers, nitrogen laser (L = 0.3371 um)
and excimer lasers on the basis of XeCl (A = 0.308 pum)
and XeF (A = 0.352 um) meet the requirements best
of all. Nitrogen and excimer laser generates pulses of
about 10 and 30 ns duration, respectively. Nitrogen
laser is of a little use. This laser is based on self-re-
stricted transitions and, therefore, its beams are low-
coherent and quality of light beam is low. Moreover,
duration of its pulse is small. Thus, in the case of
necessity to monitor its duration some restrictions can
occur, Therefore, in future in order to evaluate nec-
essary laser beam power the orientation will be made,
in particular, on parameters of excimer lasers,

Evaluation of necessary power of laser beam.
Minimum necessary power of laser beam can be de
termined by a heat-balance equation. It is proposed
that area s of thickness it sprayed layer is illuminated.
It is assumed that sprayed layer is heated adiabati-
cally, i.e. heat transfer to lower-situated lavers is
ignored, as their heat conductivity is unknown. Be
sides, heating takes place for a small amount of time
so that big quantity of heat will not come into lower
layers, However, the attention is paid to the fact that
minimum necessary power is calculated. Density of
power in focused beam at illuminated surface is ¢
(W /cem?). For the time ¢ of illumination the layer
will absorb energy Q = Agst.

In order to evaporate sprayed layer, it should be
heated up to the melting temperature, introducing
energy counting on unit of mass C, (T, — To), and
melted, i.e. introduce of energy into the layer equals
to latent melting heat L, then heated up to tempera-
ture of sublimation or boiling Cp(Tevsp — ), and at
the end introduce of energy in it equals to latent
evaporation heat Le,,,. Taking into account all these
stages, the following equation is written:

Agst = f-“hl.cp(Tln - T(J) + Lyt
& C;.-(T._‘vu;) - Tm) + [-‘ev.mlv

(2
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where p is the density of sprayed layer. So, minimum
necessary density of power in area of illumination g,
mean power in pulse gs, pulse energy gst, mean energy
of laser generation gs/ (where [ is the pulsing fre-
quency) can be determined for silicon using the fol-
lowing values of its thermal-physical quantities [1]:
p = 233 g/cm’ C, 1.05 J/(gK); Ly

= 1.81:10° J /g Levap = 13.7-10° J /g; Ty = 293 K;
T = 1688 K; Teuyp = 2623 K.

Heat capacity of silicon depends on temperature,
and its analytic expressions are represented in [3].
However, in order to simplify calculations the mean
value is taken. Error does not exceed 15 %. Since in
this work all calculations are estimating, then such
accuracy is completely satisfactory.

Absorption capacity of any material is equal (o
A=1-R, where R is the reflection coefficient. The
last is determined by the following relationship [4]:

B (n— 1)3 + 1\
S+ 1)+

¢ (3)
where n and k are the indices of refraction and al»-
sorption of sprayed layer material. Index of silicon
refraction has value [ 5], for example, for wavelength
A = 0.53 pm in amorphous state of n = 4.7 and in
crystalline state of n = 4.1. Sprayed layer is rather
amorphous than crystalline. Index of absorption can
be determined if coefficient of absorption, shown in
Figure 1, is known, using relationship [4]

oo ha

dmp  4Am’ (1)

where A and « is the wavelength and the absorption
factor of sprayed material, respectively, For photon
energy 3 eV (wavelength A = 0.4132 pum) the factor
of absorption is @ = 5-104 em™'; inserting it in (4)
Kk = 0.16 will be received. From relationship (3) the
value R = 0.45 for amorphous silicon is received.
Using this R value, quantity of absorption capacity
A = 0.55 is obtained.

In order to evaluate density of power, pulse power
and mean laser power, the geometrics of focused laser
beam are the following: length of focused beam of
1 em, width of 0.1 em, ie. area of light spot s =
= (0.1t em®. Using (2) and data on thermal-physical
properties of silicon above mentioned, the following
will be obtained:

¢ necessary density of power at pulse durationt =
= 30107 s is 2.8:10° W /cm?;

e power in pulse is 2.8107 W:

e mean power of laser generation at pulsing fre
quency /= 100 Hz is 85 W.

Otlier approach is also possible. In 1970—1980 laser
technology was developed for receiving layout of mi-
croelectronic circuit, adjustment of parameters of re-
sistances, inductances, laser burning off p—n transi-
tions, etc., and investigations of physical processes
which occur at that. In works [1, 6] obtained that
speed of evaporation of thin layer can be described
by formula
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Figure 2 1ange of evapomted layer thickness in time (in 107 s)
at g = 310° (1), 5:10° (2) and 4-10° (3) W /cm”
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where P, Ry, u is the pressure of saturated vapor, gas

constant, molcwlax weight of the evaporated thin

layer, respectively. If assumed that evaporation takes

piace at any temperature, then thickness of evaporated

layer £ for time ¢ is

j POE 4 ©®

Hm [Vevapdt R

0

[ this relationship it is estimated that temperature
increases with time of illumination and pressure of
saturated vapor depends on temperature, and in other
words on time. It is well-known that dependence of
saturated vapor pressure on temperature is described

by relationship P(T) = P(¢) = 10" 0 where o and B
are the constants. [n works [3, 7, 8] data on meas-
urement of pressure of saturated silicon vapor in de
pendence on temperature are represented. During per-
formance of this work, using data indicated above,
the following dependence has been built:

p
o~

lg P(T) ==

Dependence was linear from —. Its approximation

T
by linear function with the MathCAD means after
log-to-linearization is described by expression

Energy

Undoped 1npOy Sn doped by In O3

Temperature

Figure 3. Scheme of energy areas in indium oxide and ITO

18360

11.538 - T , ('h‘_‘)

P(T)y =10

If latent melting heats and evaporations are ig-

nored, then from (2) similar equitation temperature
of illuminated layer is

o Aq
T = pCyh 2

Inserting (6) and (7) in (5) and also using indi-
cated above values of thermal-physical values, rela-
tionships of change of evaporated layer thickness in
dependence on illumination time A(¢) were obtained
with MathCAD means for layer thickness ) = 1 pm.

Results are shown in Figure 2. In the first and
third cases (see curves 7 and 3), thickness of evapo-
rated layer does not reach 1 pm, in the second (see
curve 2) exceed virtually in 2 times. This is evidence
of high scnsitivity of this technological process to
power of density in the area of illumination. Obtained
values are less than 2 times higher than the corre-
sponding ones received from heat-balance equation.
Obtained dependences in this case should be evaluated
only as qualitative illustration of growth of evapo-
rated layer thickness in illumination time because of
the fact that they were calculated at very rough as-
sumptions. Here latent heats were ignored which in
silicon significantly exceeds heat content at heating
up to the evaporation temperature. These dependences
indicate that almost half of the pulse duration comes
for mectal heating up to the temperature at which
considerable evaporation takes place.

Evaporation of thin ITO layers. ITO is an abbre-
viation of English term <Indium Tin Oxides, i.e. it
is the indium oxide, doped by tin. ITO includes 90 %
InyO3 and 10 % SnO,. Indium oxide has very wide
band gap. Band gap of tin oxide equals to 2.5-3.0 eV.
Tin doped by indium oxide provides creation of a
donor level due to which ITO becomes conductive
(Figure 3) [9]. Width of ITO band gap makes up
3.75eV. Theretore, in visible region this layer is trans-
parent as well as conductive at the same time. Width
of band gap is Eg = 3.75 ¢V.

Unfortunately, thermal and physical charac
teristics of these combinations do not enough studied.
Search for in Internet gave the followmg results fur
indium oxide: p = 7.14 g/cm?, T\, = 1800-2000
and p =6.3g/cmd, T, =1333 K for tin oxide. ,\( :
cording to the data of Fire Protection Department of
USA, the last one decomposes without reaching boil-
ing temperature Th. As for the other characteristics
it is indicated that they are unknown. Insufficient
data on thermal and physical characteristics of ITO
components do not allow making for them the same
evaluation as it has been done for silicon.

Data on ITO pass band and absorption factor rep-
resented in [9]. These dependences are shown in Figures
4 and 5. Analyzing two above mentioned illustrations
it is seen that beams of neodymium laser are not suitable
for ITO layers evaporation, since its transparence in the
area 1.06, 0.53 and 0.353 Lun is significant (wavelength
0.353 um corresponds to quantum energy of 3.51 eV).
For this reason excimer Xel” laser with the wavelength
of 0.351 um is also not suitable.

)]
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Data on excimer lasers of LAMBDA PHYSICS Company

315C

| LAMBDA 3X 300C | 200C 100C
 — —— e o e = - _ =1 1 il ]
Wavelength, nm o L 308 |
Stabilized energy range, m] 800—1050 800-1000 | 550670 800-1000 |
| N . 800-900 |
| Maximum stabilized average power, W 315 | 300 200 90 |
| Maximum repetition rate, He 300 | 300 300 50/100
|Energy stability (rms), % | <t <2 <1 <2
Pulse duration (FWHM, tyg) ns 3 29 29 29 29 1
!Beam dimensions @ x /i (FWHM, typ.), mm 35 x 13 35 x 13 35 x 12 35x13 |
”)IV( rgence w x h (FWHM, typ.), mrad | <4.5x1.5 e S
| Electrical, kVA_ 26 ' 26 18 18 |
Dynamic gas lifetime at maximum stabilized energy. mio. pulses >40 1 =40 ] >40 L =20
3-phase 400 VAC, 50 or 60 Hz, 190-480 VAC?2
Weight without transformer, kg | 1400 1400 1370 1300
| Cabinet size I X @ X o, mm_ = — | 2500 x 850 x 1925 -
K, % 021092 cm™2
L2
80 8L
Eg = (3.740.03) eV
6o}
6 -
40
4+
20 |
2+
*
L L I 1 L 1 . *
0 0.4 0.8 1.2 1.6 A um . L T LA ] ]
Figure 4. [TO layer transmission factor versus wavelength 3.2 3.6 4.0 fiv, eV

From technical data of excimer lasers of LAMBDA
PHYSICS Company (Table) it is seen that almost all
their characteristics meet the requirements for evapo-
ration of ITO and silicon sprayed layers. Mean powers
of these lasers exceed 2-3 times calculated values,
accuracy of which is not high. The requirements on
laser beam dispersion are also fulfilled. Shape of the
beam, which goes out from resonator, is rectangular
(35 x 13 mm). If the resonator in laser is stable, then
the beam dispersion of 4.5 mrad will be in the direction
of the side of 35 mm length and 1.5 mrad — of 13 mm.
Such beam can be easily focused in a line of 1 mm
width by cylindrical lens with focal length of several
tens of millimeters. However, a problem with mate-
rials for optical parts is appearing: all the parts should
be made of quartz glass.

CONCLUSIONS

1. Excimer XeCl lasers should be used for treatment
of thin silicon and ITO layers.

Figure 5. Dependence of square of ITO layer absorption factor on
photon cnergy

2. Laser should work in following pulse mode:
pulse duration of about 30-40 ns, power in pulse of
107108 W, pulsing frequency of 100-300 Iz

3. Quartz glass should be used as a material for
optical parts.
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SPATIAL REDUCTION SIMULATION STRATEGY
FOR INCREMENTAL THERMAL FORMING PROCESS

M. GRDEN and F. VOLLERTSEN
BIAS — Bremer Institut fuer angewandte Strahltechnik GmbH, Bremen, Germany

A straight forward FEM simulation of multiple pass thermal sheet forming usually results in an extraordinarily time-
consuming computation. In this paper an approach allowing much faster thermal-mechanical calculation is presented.
The main idea for calculation time reduction is based on spatial partitioning of the sheet in several irradiated and
non-irradiated sections. Each of the irradiated sections is simulated separately using initially set-up boundary conditions.
In order to obtain the boundary conditions on heat flux and mechanical force very few simulated irradiation cycles are
necded, in which the complete sheet metal is considered. Based on the output data of the first irradiation cycles the
boundary conditions for subsequent cycles are estimated. In one last step the simulated sheet sections are rejoined. The
result of the presented simulation strategy is finally compared to experimental results.

The utilization of heat sources in sheet metal forming
provides a flexible metal forming method. This proc-
ess does not require specialized mechanical tools or
big external forces. The use of laser for thermal bend-
ing has been investigated by several authors [1, 2].
Alternative to lasers, a plasma jet can be used for
thermal forming. The use of both heat sources is based
on same bending principles, which are the local crea-
tion of thermal stresses beyond the yield strength and
plastic-elastic deformations. The main difficulty in
thermal bending lies in the prediction of correct proc-
ess parameters like required heal source power, ve-
locity or number of irradiations. In order to avoid
high experimental effort, attempts have been made
to simulate the bending by a (inite element analysis
[3, 4]. The standard approach for this may even re-
quire weeks of computations on powerful worksta-
tions, In order to make iterative thermal forming more
attractive to industrial applications more efficient
planning methods have to be found. In an earlier work
[5] a reduced model strategy for straight irradiation
paths has been discussed. In this paper, more sophis-
ticated approach is presented where also curved paths
can be handled. By the modified method further cal-
culation time shortening and accuracy improvement
can be obtained. The sheet region being irradiated is
simulated partition wise with boundary conditions
referring to stress and heat flux. These explicit bound-
ary conditions are based on frend functions obtained
by automatic analysis of output data resulting from
astraight forward FEM simulation set up for 3 cycles.

For validation purposes thermal forming experiments
have been performed for straight and curved irradia-
tion paths.

Experimental setup. The thermal forming experi-
ments done for the aim of the work discussed in this
paper have been performed utilizing a non-transfer-
ring plasma jet as the underlying heat source. How-
ever the presented optimization to the simulation
strategy is not limited to piasma beim, even more it
is suitable for any energy distribution provided by an
energy beam. The nominal power of the used plasma
current source is 6 kW. The mean absorbance behavior
is 16 £ 3 % at 18 mm distance of the nozzle to the
sheet metal. The effective energy spot has a diameter
of 14 mm with a nearly Gaussian energy distribution.
The velocity at irradiation is 3400 mm /min. The proc-
essed material is the austenitic steel alloy 1.4301. This
type of material has been chosen to achieve a high
temperature gradient over the sheet thickness and also
to avoid effects resulting from phase transformations
due to high temperatures and cooling rates. The used
specimens are of 2 mm thickness. For the purpose of
verification several geometry variants have been con-
sidered, which include straight and curved irradiation
paths. The clamping of the sheets has been realized
by one point fixing, which does not affect the thermal
bending result. The following variant models are con-
sidered (Figure 1):

» quarter-circle path: specimen 125 x 123 x 2 mm,
95 mm path radius (Figure 1, @);

P
==

« b ¢

d e

Figure 1. Geometry of specimens to be processed

© M. GRDEN and F. VOLLERTSEN, 2009
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Plasma

a b

Figure 2. 4-steps schema of the optimized simulation approach: @ — 3-cycles standardt simulation; & — creation of boundary conditions;

¢ — decomposed simulation; d — reintegration

e half-circle path: specimen 150 x 75 x 2 mm,
39 mm path radius (Figure 1, b);

e S-path: specimen 150 x 75 x 2 mm (Figure 1, ¢)

e sheet with and without cut-out: specimen 125 x
x 125 x 2 mm (Figure 1, d)

e one side stiffened sheet: specimen 125 x 70 x
x 2 mm (Figure 1, e)

Optimized FEM simulation method. General
strategy. The optimized simulation strategy is based
on model decomposition combined with an application
of time- and position-dependent boundary conditions.
It can be applied to straight as well as to curved
irradiation paths. Also complex sheet geometries can
be dealt with. The main course of this strategy has
been sketchily described in [6]. However, that pub-
lication did not include specific results because of not
fully developed detail solutions, which are presented
here. Four main steps of the approach are recapitu-
lated in brief (Figure 2):

¢ simulation of the first 3 irradiation cycles using
a straight forward non-decomposed FEM modeling;

e automated output data processing and extraction
of 4 structure partitions from the irradiated sheet re-
gion, as well as automated creation of extrapolated
boundary conditions for decomposed partitions simu-
lation of remaining irradiation cycles;

e simulation of another n process cycles for each
of the 4 partitions in a successive way or in parallel
on different CPUs /computers (purely elastic loaded
sections are not simulated);

e reintegration of the simulated section results into
the removed purely elastic loaded regions into the
initial sheet geometry according to the balance of
forces condition.

[rradiated sheet
partition

Boundary plain

The mechanical and thermal boundary conditions
are defined individually for every element adjacent
to each boundary side of an extracted model partition.
A representative example is provided by Figure 3,
where an individual pressure /tension function
PRESS and heat flux function HFL is applied per-
pendicularly to one side of an element el.

Extrapolation of boundary conditions. The speci-
fication of the boundary functions PRESS and HFL
is based on observed differences between the calcu-
lated values for the 3 simulated cycles. A trend func-
tion calculating the values for higher cycle numbers
k is set up for every element ¢l and point of time ¢
within one cycle ¢. The currently impicmented ap-
proach is based on the behavior of a geometrical series,
but has been adjusted according to the exponent of
the multiplying factor g. The provided equations are
a result of functional behavior matching to averaged
incremental stress and heat flux development ob-
served within a standard non-decomposed FEM simu-
lation. For the extrapolation an asymptotic behavior
has been assumed. The boundary function PRESS is
defined by the following equations (HFL-function
formulation is analogous):

ke {1,2, 3}: PRESS (¢, el, k) = const,, , 1,
k> 3: PRESS (t, el, k) = PRESS (¢t, el, 3) +

£ 2 (Ao,g! TP,

(=4

where

Element of

Part of the
boundary
plain

] PRESS (¢, el, ¢)
HFEL (¢, el, ¢)

Figure 3. Distributive mechanical and thermal load application as boundary condition (for designations see the text)
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Figure 4. Virtual clamping of a decomposed sheet section using displacement constraints
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Figure 5. Quarter-circle (=95 mm), experimental result including
trendline '
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trendline
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Extrapolated values obtained by the given bound-
ary function are in good agreement with respect to
the ones resulting from simulations considering the
complete structure model.

Virtual clamping of decomposed partitions. An-
other task requiring a non-trivial solution is given by
the aspect considering the separately performed simu-
lation of the component part decomposed sections.
Since the boundary planes of these sections experience
an external distributed mechanical load there may
occur a translation and /or rotation of these substruc-
tures. Because these effects do not serve the purpose
of local pressure increase /decrease they need to be
counteracted by a suitable virtual clamping. The main
requirements to such a clamping are the avoidance of
an overall section translation/rotation in/around
the x-, y- and z-axis, no large increase of computa-
tional complexity as well as low clamping force at
individual nodes. To meet these requirements a set of
mathematical propositions on nodes displacement be-
havior has been constructed. Three equations are used
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Figure 8. Straight path on different plate geometries: 7 — rectangular
plate; 2 — plate with cut-out; 3 — edged plate; 4 — trendline
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on

w

Experimental irradiations

Figure 9. Experiment and simulation bending angle matching

thereby to constrain the average displacement of nodes
belonging to selected planes along convenient direc-
tions. Figure 4 provides these equations.

Experimental and simulation results. In Fi-
gures 58 the results of thermal forming experiments
for different shapes of irradiation paths and component
part geometries are shown up to 25 irradiation passes.

So far the discussed simulation strategy has been
tested with the quarter- and half-circle in the partial
range of the first 8 irradiation cycles. Figure 9 shows
the matching degree of experimental bending angles
(trendlines) and the simulated ones with respect to
the irradiation number. The dashed diagonal line marks
the best possible matching. In the depicted range the
deviation in the reference bending angle lie within 18 %.
The optimized quarter-circle simulation provides an 8
times shortening of the time effort per pass than using
a standard FEM approach including a non-decomposed
model. The half-circle simulation was simulated 9 times
faster. This holds for utilizing, on one hand, 4 CPUs to
calculate one irradiation cycle with the complete element
mesh and, on the other hand, having each of the 4 CPUs
simulating one irradiated partition. The obtained time
advantage is in a good agreement to the following corre-
sponding efficiency estimation:

assuming simulation computational complexity to
be O(n'?), a model including 14784 elements, 4 irra-
diated partitions and 1652 elements each, the time short-
4(1652)"° 1
(14784)'> 7
larger time advantage is to be expected for larger models,

ening coefficient amounts Hence, a

N

3 5 7
Simulated irradiations

@ — quarter-circle (r = 95 mm); b — half-circle ( =39 mm)

CONCLUSION

The presented simulation strategy for the incremental
thermal forming is able to handle straight and curved
irradiation paths, as well as complex and large sheet
geometries. It takes advantage of the nonlinear com-
plexity of thermal-mechanical FEM simulations. Ac-
cording to provided results and estimation it provides
a time advantage of more than 8 times regarding
non-decompositive simulation strategy. For larger or
more complex sheet geometries an even higher advan-
tage is expected. Results gained so far possess a high
accuracy with a deviation below 18 % for a limited
range of irradiation cycles.
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TWO-DIMENSIONAL MODELING OF THERMAL ROCK
SPALLATION WITH LASER RADIATION

5. HOSHOVSKIY, Yu. ROGANOV, P.

SYROTEN

KO and Yu. VOYTENKO

Ukrainian State Geological Research Institute, Kyiv, Ukraine

Thermal spallation is one of the untraditional rock destruction methods. lts application in oil-and-gas industry opens
new techinological possibilities in improving quality and performance of perforation and drilling of oil and gus wells.
However, required efficiency of drilling will be achieved only in case of creation of precise models of laser desiruction
process, which should take into consideration all basic internal and external factors. Modeling is based on iterative in
time finite-difference calculation of heat propagation with using heat conduction equation on Crank—Nicolson’s scheme
and application of a finite-dilference scheme at staggered-grid in order to form stresses in a dynamic task of thermo-
elasticity. The boundary conditions of model are updated synchronically with propagation of extreme stresses.

The first mention of application of high power lasers
for destruction of rocks is dated to the end of 1970s
of the last century. Application of lasers for drilling
is possible in two ways: with fusion and with evapo-
ration of rocks. Such mechanism of rock destruction
is more power consuming than traditional mechanical
technique of rotary drilling. It requires up to 120
times more energy than traditional mechanical tech-
niques. At the same time, methods of drilling wells
with the help of thermal spallation with utilization
of fire-jet principle have emerged [1]. This method
of thermal destruction of rock is the most advanced
for drilling shallow wells in field conditions. How-
ever, it has a number of essential technical limitations
connected with work safety measures and complexity
of supplying with reagents (components), which took
place in creating flame jet [2].

Much later it is appeared laser method of spallation
of rocks during their destruction, when the efforts
were made towards development of laser method of
drilling in the US [2—-4], At that time laser technology
was focused on the problem of investigation of physi
cal basement of processes of rocks mooring off and
diminishing energy needed for this process support.

Advantage of laser breakdown of rocks when drill
ing of wells and their perforation is indisputable fact.
Fast control over radiation stream of light energy of
laser allows reaching necessary heating and mechani-
cal stresses for rock destruction within the area of
action of laser radiation. There are three methods of
rock destruction: spallation, melting, and evapora-
tion. These regimes are reached ouly on correct con-
ditions of necessary laser radiation of rock in time
and space. Such task may be solved only on condition
of precise construction of rock destruction simulation.
Laser system of rocks destruction must be adaptive
to changes of conditions during its functioning. For
adaptation realization it is necessary to carry out
monitoring over the process rock destruction and de
fine heat and physical characteristics of rocks in situ.

It should be noticed that at present it was made
some suceess in laser rock destruction modeling of
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rock with the number of organizations in USA [3-5]
(Argonne National Laboratory; Parker Geosciences,
LLC; Department of Petroleum Engineering, Colo-
rado School of Mines), Japan [5] (Now with Kyushu
University) and Ukraine (Laser Technology Research
Institute of NTUU «Kiev Polytechnic Institutes).
Now it is early to declare that the problem of modeling
rock laser destruction was solved fully on the base of
conduction investigations of early mentioned organi-
zations.

Actuality of utilization of laser technology for rock
destruction is rising nowadays lifting up today be
cause of world tendency of enlarging the depth of
oil-and-gas wells. In particularly, already it takes
place gas wells boring at depth of 6 km within the
Dniper-Donetsk  Depression on the territory of
Ukraine at present. In such cases accomplishment of
mathematical modeling is much more simple than to
conduct experimental investigations on rock destruc-
tion with mimicking conditions in the bore at great
depths or conduct the experiment directly in the well.
In addition, the created high-effective mathematical
model of laser process for rock destruction must take
into account practically all important external and
internal factors, which essentially influence the proc-
ess of rock laser destruction. Also the mathematical
modeling of process rock destruction with the help of
laser presents the ability of its optimization upon cho-
sen criteria for various rocks and conditions of their
imbedding in the Earth.

Mathematical model of a spalling process with
the influence of laser radiation. Under the influence
of laser radiation absorption of heal energy on the
surface of the rock and considerable local warming
up of rock lead up to volume dilating takes place. As
a result additional deformation and stress appears. In
the area where stress exceeds permissible limit, it
takes place destruction of substance. As the additional
thermal shifts are not significant, and the process of
destruction is not of those enlarging in time quickly,
therefore it is possible to use decoupled dynamic model
of thermoelasticity for its describing [6]. All the non-
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linearity, which is connected with the process of de-
struction of rock for such model, is taken into account
with the help of dynamic changing boundary condi-
tions.

In accordance with decoupled dynamic model of
thermoelasticity thermal field T(x, t), where x € Q,
is independent of deformation and stress, which ap-
pear during the process of heating. It is estimated
fully with heat source, coefficient of thermal conduc-
tion of medium and thermal conditions on the bound-
ary I' = Q of the area of calculation Q. Practically
heat exchanging is not taking place between this and
exterior area at the boundary I', which is far from the
source. Hence, the lines of temperature gradients are
parallel to I. Therefore it had to fulfill Neumann
convention about mutual perpendicularity of normal
vector, n = (ny, 1y, n3) to the surface I' and vector
(ot ar ar)

A\ :.—’ — ,_l.
\83(1 8%2 8x3/

oT oT o7
ny——+mT—tn

d
o7 _ a
on dx oxy

3 )]
dx3
Within the area of source (laser) action, if it is
switched on, it emits energy ¢ (density of heat flow)
onto the unity surface at unit of time, which is pro-

portional to the power of the laser radiation P, the
coefficient of absorption of material A, and inversely
proportional (o area of cross-section of the laser beam
S = mr
_ba
T

This energy is proportional to velocity of tempera-

ture changing along the corresponding normal to a
surface:
)7 or a1 or )
q=—h, g|Mis—+mo—+tnz—| (2
i Loy axz oxy )
where A, is the coefficient of heat conduction,

W /(mn:K), and ¢ is the density of heat flow, W /m?,
Temperature 7'(xy, x9, x3, ¢) inside the body satis-
fies heat conduction equation

- 2 2y 2
LoT o7 oI oT (3)

ox3  9x5
where ¢ is the specific heat capacity, J/(kgK); p is

A
the density, kg/m% % = ”73 is the thermal diffusion

coefficient. Initial temperature conditions contain in
itself designed temperature field for £ = 0: T(xy, xo,
x3, 0) = Ty(xy, xy, x3). Conditions (1)—(3) define
field of temperature uniquely for all times ¢ > 0 inside
the area Q.

In the presence of various meanings of temperature
inside the media, additional stresses appear. [n that

case the law of Duhamel-Neumann [7] is fair, as to
which of stress tensor @;; is connected with strain
aui

ou;
tensor g;; = L + —L|and temperature field 7(xy,
/ 2 ax]- axi

X, X3, £) with relotionship

Gy (4)

=2ug; + [Mep = (BM + 2)aAT ]S,
where o is the coefficient of thermal linear cxpansion,
K d;; is the Kronecker symbol; Ty is the temperature
of environment; AT =T — T¢; €4, = €11 + €y + €33 =
= div u is the change of unit volume during deformau-
tion €j.

Stresses ojy are coupled with the outside forces f;
and components of acceleration in accordance to for-
mula

%%, do, 0dop 30y
g P TOn s

+ 7, (5)
P 3 ox, i

ax2 8x3

where i =1, 2, 3.
On the surface T, it is fulfilled either condition of
absence of displacement, and then

(6)

lt,'=0,

where i =1, 2, 3, or absence of stresses at the planes,
which are tangent to the surface I', and then

(D

Oty + Gpny + Oiaiy = 0,

where 1 = 1, 2, 3.

Initial conditions for dynamic problem of elasticity
are of designed stresses o;,(xq, 23, x3), (if =1, 2, 3)
at ¢t = 0, which may be different from 0 because of
radiation of the medium with laser during the previous
stages and action of the exterior gravitational field.

So, the mathematical task consists of defining tem-
perature field TCry, xo, x3, ¢ + At) for the not great
stretch of time At proceed from boundary problem
(1)-(3), and thereafter finding field of shift—stresses
proceed from boundary problem (4)—(7).

The area of the points M{(x,, x,, x3) is found at
next stage, in these points maximum stress exceeds
boundary stresses to compression o, and tension o,
for designed rock. The last is fulfilled with transfor-
mation of tensor oj; to its main axis and finding eigen-
values 61 > 6, > o3 of matrix ;. Then the condition
(8) is tested according with Mohr’s criterion

(8)

and o, = (8-10)c, for brittle rocks. Therefore, in such
case condition (8) may be changed with more simple
one oy 2 O

Under the execution relationship (8), points M
are being removed from the area €2, and boundary T
is moving inside the area Q. It smoothing out, and
the problem is starte:l again with already found fields
of temperature an:l shift—stresses. Change of position

Gy~ (0/)/00)03 2 Cp»
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Figure 1. Allocation of variables o;; and v; ; on the staggered grid

of laser and its impulse regime are taking into account
in analogous way.

Let us consider 2D problem of thermoelasticity.
For this, we shall use velocities of displacements v; =

ou;

= gt—z in equations instead of displacements ;.

Using the same notations the system of equations
(4), (5) may be represented for 2D media as

avl _ 3011 8013 /_
Pt "o, o Y
803 8013 8033
p—= + f3;
at  dx, ax3
TP LT B I C DR
0 dx; x3
9033 ., 0o (AT)

1 dvy
=A—+ (A +2u) — - Gh+ 2 ;
5t om, PTG, TOM AT

30,3 du, Jus
—=u|—+—
at aX3 a&ﬁ

Finite-difference realization of 2D mathematical
model. As area Q is not itself complex geometrical
figure, and its boundary I' moving inside Q in time
on the influence of laser radiation and spallation, then
it is desirable to use uniform simple grid of calculation
where meshes are equal. The most suitable is ordinary
rectangular grid and finite-difference algorithms for
parabolic boundary problem of heat conductivity and
dynamic problem of elastic waves propagation.

[n the practice it is used non-explicit schemes of
alternation directions of Crank—Nicolson [8], Douglas
191, Peaceman—Rachford [10] and others for finite-
difference solving of equation of heat conductivity.
In this work absolutely convergent scheme is used,
which reduces to three-diagonal set of equations,
which may be solved with the sweep method:

Initialization of variables

—1
= |
Calculation of temperature field
on domain € for time ¢

Calculation of velocities of displacement v;
and stresses cij on domain O
for time ¢

I

Calculation of spallation area and \
changing of domain &

i

v

Examination of new position boundary T

Exit

Figure 2. Flow chart of calculation process

h+1/2 k k+1/2
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At/2
/ Sx?
+ 6T1+l/2/
5X3
Tk+] T/e+1/2 5 Tk+1/2 (TO)
T+ 1/2, 7 P+ 12, z+|/2/+
At/2 N
/ 8x?
8T
+x———‘/2'/.
ox3

[Here Tf, ; is the temperature field in the point of
the medium M (iAx;, jAxs) at time moment ¢ = RAL;

27k +1/2 k+ 1,2 k+1/2 k+1/2
STiHls, Tids - 2Tt + T8 1//2]
= :and
SX1 AX1
2k + 1,2
6’]z+1//2]. . . A T
——~=7 is defined in analogous way. Temperature
5;153

field for the problem of thermoelasticity is calculated
with the shift along Varmbles x; and ¢ at the half of
steps of grids, that is 77 { 1/2 ; meanings are used.
Finite-difference scheme for system of equ“Lions
(9) is fulfilled within the staggered grid [11], that is
the different components of stress tensor, and vector
of velocities of displacements are placed into different
meshes (Figure 1) . Such distribution of values allows
us construct the simple central finite-difference
scheme of the second order precision on all variables:

k12 1/
(04)i ] Pi= (01): j ((Gl1)z+l/2 J

2

-I pl j Ax
. At .

- (04 ))i - ) 0L Ars ((013)14,” =

— (0130 - 1,2) + 07 f;
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Except free surface, it is satisfied the attribute of
energy absorption at boundaries of calculation, that
is their transparency [12]. Flow chart of calculation

process is presented in Figure 2.

CONCLUSION

2D mathematical model of process of spallation of
rocks under the influence of laser radiation has been
developed. Calculation scheme has been built at the
base of finite-difference approximations of boundary
problem of heat conductivity and dynamic problem
of thermoelasticity. While numerical modeling, all
used basic parameters, which influence developing of
physical process of investigation, are taken into
account. Modeling may be used for forecasting of
destruction of rocks, that depends on selected regime
of laser energy radiation.
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LASERS AND BEAM DELIVERY FOR PERFORATION
AND DRILLING OIL-AND-GAS WELLS

S. HOSHOVSKI1Y, P. SYROTENKO and Yu. VOYTENKO
Ukrainian State Geological Research Institute, Kyiv, Ukraine

The resuits of the research of possibility of transfer high-intensive optical energy using fiber optical cables and conventional
optical sy:tems are analyzed in this report. The perspective of application of such methods for beam delivery in laser
drilling and perforation systems is estimated. It is recommended to divide tasks into creation of laser perforation system
and creation of laser drilling system as far as there is a possibility of using high-power laser diode arrays directly in a
vell in laser perforation systems. The analysis of the reasons and factors that complicate transfer of optical energy for

large distauce in such systems are provided.

Now one of the most important and difficult tasks of
creation of laser systems for perforation and drilling
oil-and-gas wells is the transmission of optical energy
on the large distance into the well. The first proposals
on utilization of lasers for rock destruction appeared
in the 1970s. However, there were no fundamental
investigations on ability to light energy transfer on
large distances at that time. Now it is possible to mark
three types of transmission of light energy which are
suitable for utilization in the well, namely: tradi-
tional, waveguide, and fiber optical systems. Tradi-
tional and waveguide systems have appeared so com-
plex in realization in oil-and-gas wells that they were
finished at the level of technical proposals. At the
same time developers of lasers systems have had a
wrong opinion, which had been borrowed from com-
munication and electric technology that the optical
fiber lines can transfer the light energy to significant
distances. However, further basic research on light
energy transmission from high power lasers on the
long distances with utilization of optical fiber cables
have confirmed the existence of many problems.
Therefore, the task of maintenance of light energy
transmission in laser systems for perforation and drill-
ing oil-and-gas wells is very important. In addition,
it was established that not all of existed types of lasers
are capable to transmit the radiation via optical fiber
cable, and therefore their correct choice of losses is
necessary for their utilization in laser systems.
Modern lasers of high power for utilization in
oil-and-gas industry. During selecting high power
lasers for perforation and drilling oil-and-gas well, it
is necessary to take into account not only their effi-
ciency on rock destruction, but also their ability to
transmit light energy on large distances. Recently
research have been conducted in the USA and Russia
with the purpose to estimate efficiency of rock de-
struction with the help of various types of lasers.
Crystalline solid-state, semiconductor diode, fiber,
gas, chemical and dye lasers have been investigated.
According to results of the investigations, the most
perspective lasers for perforation and drilling of oil-
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and-gas wells are given in the Table. Certainly, diode
and fibre lasers would be the most suitable for creation
systems for perforation and drilling oil-and-gas wells.
Thus, diode lasers because of their small size may be
placed into oil-and-gas wells with transmission elec-
tric power to them from the ground surface. Fiber
lasers will find their utilization at a surface arrange-
ment with transition of light energy from them to the
place of destruction of rocks in oil-and-gas wells.
Characteristics of lasers given in the Table allow es-
timating efficiency of their perforation and drilling
process in oil-and-gas wells. It is necessary to note
that COy- and diode lasers have the least price, as
the price of 1 W of their emitted power equals ap-
proximately $50 US on the average.

Now practically all developed countries are taking
part in creation and development of laser diode arrays
of high power. The leading role belongs to the USA,
Germany, Great Britain, and France. It is necessary
to emphasize three main ways of utilization of high
power laser diode arrays, namely: pumping solid-state
lasers; input of radiation of diode matrix into core of
fiber for subsequent transmission to object of proc-
essing, and utilization laser diode arrays for creation
phased diode matrix. The second and third trends are
of the most interest for oil-and-gas industry. Thus the
iossis of laser radiation at the stage of its input into
core of fiber reach are of about 20-30 %, that forces
to work on their decreasing actively. Also the actual
problem for today is creation phased diode matrixes.
The output radiation of such laser represents a sct of
narrow-directed interference peaks of tight direction
(one peak in a special case) with small divergence
that will allow energy transmission to be supplied on
large distances.

System of delivery of laser beam. The standard
configuration of usual system of delivery of laser beam
assumes the presence of beam expander, set of filling
mirrors, and focusing lens system. Optics of all listed
components is quite simple, as all of them work in
weakly divergent beams. Dimension of laser beam in
usual systems of delivery is usually essentially smaller
than the linear sizes of optical elements that simplifies
the process of adjustment. Besides, internal points of
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Main characteristics of lasers considered

i |
For drilling and Nd:YAG laser : Nd:YAG laser ‘
Parameter perforating oil-and-gas CO,-laser with lamp with diode | Diode laser Fiber lascr
wells required pumping pumping | | |
| N ' _ l _ |
llgutput power, kKW | Up to 5 i) 1-30 1-5 14 =4 1-30
IWavelength. um ‘ Infrared range 10.6 1.064 1.064 or 1.03 | 0.80-0.98 1.07 |
!_Efficif'-nr,y coeffici_enl, % _ > 20 810 2=3 4-6 25-30 20-25 :}
|| Radiation delivery range with Up to 1500 (6000 in = 20-40 2040 10-50 10-300
| fiber, m the long term) | !
.Sfahili.f_v of output power |_As much as possible |  Low Low Low High Very high |
| Sensitivity fo reflection As low as possible High High High | Low LLow \
i - B == T - |
| Dimension ) As low as possible Very large Large Medium Very small Small
| Technical resource, h As much as possible | = 300-500 | 2000-5000 2000--5000 I > 50000 |

focus control over a beam is absent in ordinary deliv-
ery systems that allows a problem of beam strength
to be reduced to a minimum. However, such system
of delivery has not found its utilization in decp oil-
and-gas wells. The basic cause of this is the complexity
of technical realization of such a system of delivery,
and difficulties in maintenance of transparent envi-
ronment for propagation of laser beam, and also sur-
face condition of cleanness components of delivery
system in operation [1].

Proposals to use waveguides for transmission laser
energy into oil-and-gas wells have not found their
ufilization also because of engineering complications.
In addition it is very difficult to guarantee high sta-
bility and accuracy of waveguide dimensions while
its deployment. Utilization of cooled-tubing system
with appropriate overcoat of internal side of tube with
silver as a delivery system for a waveguide simplifies
a little designing of system for delivery of laser beam.
Nevertheless, the problems on delivery laser energy
into the well were not solved because of great energy
losses.

Standard fiber system for delivering laser beam is
the most perspective one for utilization in oil-and-gas
wells [2-5]1. Such system includes in itself system of
beam input into optical fiber, optical fiber of required
length, and fiber-adaptive lens system (Figure 1).
The last one operates in conditions of divergent beam
(the amount of divergence is characterized by numeri-
cal aperture of the fiber). It brings to essential com-
plication of optical system of lenses. Also laser beam
input into the fiber assumes adjustment, and compli-
cate, and expensive system of laser beam input into
the fiber. Besides, the problems, connected with beam
input, and output reliability of fiber may occur while
derivation of focusing laser beam of high power on
the end surfaces of the fiber.

Encouraging information about successful intro-
duction continuous radiation (CW) into fiber with
core diameter of 560 pm and power of 2000 W (US
Lasers Corp.) appeared in 1996, as early as five years
later of about 4500 W CW Nd:YAG laser was declared
in [6] that was fixed on the output end surface of

fiber with core diameter of 300, 400 and 600 um wh:le
numerical aperture was equal to 0.1,

Now the next stage of modernization of bciun de-
livering with laser system will be support as much as
possible remoteness of transmission light energy of
high power. For this purpose let us carry out an analy-
sis on energy losses in the fiber.

The losses of light energy in the fiber are connected
with absorption and dispersion. Possible propagation
of laser beams in a fiber is shown in Figure 2. Ab-
sorption is taking place because of presence of core
(silica) in material, along which the light is propa-
gating, doping agents, various inclusions such as met-
al ions and water, and structural defects in fiber tex-
ture. The last two mechanisms of absorption were
eliminated completely by high quality modern indus
try production.

Beam A, within acceptance angle, propagated in
ternal reflection. Beam B, outside acceptance angle,
escapes into cladding (see Figure 2). Another source
of losses of energy in a fiber is Rayleigh dispersion,
which is proportional to 1,24, where X is the length
of the wave. Mechanisms of absorption in silica and
Rayleigh dispersion are the main ones, and their elimi-
nation is an impossible task. Absorption in the fiber
with low maintenance of O silica is demonstrated

Upcollimator

Iaput
coupling
opLics

Connection

" -.-:k \
L
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coupling optics

Figure 1. System of laser beam delivery by an optical fiber (US
Lasers Corp.)
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Figure 2. Possible distribution of laser beams in a fiber (US Lasers Corp.)
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Figure 3, Attenuation of a low OH silica fiber manufactured by
Polymicro Technologies

in Figure 3. Today the least absorption is reached in
such a fiber with wavelength of 1.55 mm at the level
of 0.16 dB/km [1]. 1t becomes obvious in Figure 3,
why it is impossible to utilize fiber systems for beam
delivery for COy-laser. The fiber systems of laser beam
delivery have very strong absorption of frequencies
within the near infrared range of spectrum.

There are additional losses except ones mentioned
above in fiber channel in the process of light energy
transmission, namely: losses in cable bends and con-
nections or during fiber cable binding, and on the end
surfaces losses during input and output of light en-
ergy. The level of these losses can be controlled by
developer and producer. The level of such losses is
very large and approximately equal 10 dB for the
light energy transmission along the channel with
length of several kilometers. As a result today high
capacity fiber laser energy transmission at a distance
up to 300 m is guaranteed on NTQ <«IRE-PLUS» data.
Multimode fibers are in use for high power laser beam
transmission along a fiber only, which have larger
diameter than single-mode fiber,

Thus, it is prematurely to speak about high power
laser light energy transmission at a large distance (of
several kilometers), and the task was put to reach
light energy transmission up to 6 km along the fiber.

Modern beam control system of high power lasers.
Laser systems of perforation and drilling oil-and-gas
wells possess on advantage that they are controlled
by laser radiation which can not be reached in tradi-
tional systems. With the help of laser system it is
possible to construct the large holes with the help of
utilization a multi of beams of small diameter. In such
case the beams had to be moved at the surface in more
complicate systems, beam focusing is controlled auto-
matically for deep penetration into rocks.

Effective interaction of laser beam with rock is
possible if it moves according to established law for
achievement of the next regimes: spallation, melting,
and vaporization. Spallation of rock requires the most
dynamics of moving of laser beam. Facilities with

electromechanical driving gears (galvanometers) are
of greatest propagation among the ones controlling
space position of laser beam. They ensure scanning of
[aser beam according to arbitrary law with high reso-
lution and precision. 2D (x, y) and 3D (x, y, 2)
scanning systems exist. Critical dimension of scanners
is great achievement together with ability to radiate
laser beam of high power among the problems, which
necessary to solve while creating laser system of per-
foration and drilling of oil-and-gas wells. Therefore
21 scanners have preference for installation.

CONCLUSION

Laser diode arrays of high power are the most
perspective among considered lasers {or utilization in
laser system of perforation and drilling oil-and-gas
wells, Among advantages of such lasers are density,
small external dimensions and weight, absence of
high electric voltages in feed system, rigidity to
vibration, and overload. Minimum coefficient of
absorption of water al wavelength in a range 0.6—
0.9 um, in which diode lasers can operate, is very
important for utilization high power diode lasers in
laser system of perforation and drilling oil-and-gas
wells. Despite of significant improvement of parame-
ters of fiber channels light energy transmission from
lasers of high power, the required parameters for laser
systems of perforation and drilling oil-and-gas wells
are not reached for today. But the perspective exists,
as the main losses while transmission of light energy
take place in joint components and assembly units of
input and output of light energy that can be diminis-
hed with correct designing and adjustment of system.
The modern industrial systems of control for radiation
of high power lasers can be applied appreciably for
utilization in laser system of perforation and drilling
oil-and-gas wells in case of their modernization for
utilization in conditions of oil-and-gas-wells while
processing materials with of 2D and 3D scanners.
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PERFORATING AND DRILLING WELLS WITH LASER
RADIATION IS A PERSPECTIVE TECHNOLOGY
FOR OIL-AND-GAS INDUSTRY

S. HOSHOVSKIY, P. SYROTENKO and Yu. VOYTENKO
Ukrainian State Geological Research Institute, Kyiv, Ukraine

The concept of construction of the laser system for perforating and drilling oil-and-gas wells is proposed. The estimation
of advantages and disadvantages of different laser perforating systems has been done. The comparison laser technique
with traditional technique of rotator-mechanical drilling is provided. Three types of rock destruction (spallation, melting
and evaporation) are described withe the estimation of their efficiency.

The intensive investigations in laser technique of rock
destruction have started since 1970s in the USA and
USSR [1—4]. Today activity of investigations is not
decreasing, that is called by appearance of modern
powerful fiber and diode lasers, and extension of in-
dustry tasks as well, which may be solved with the
help of laser technique only. The tasks of state energy
insurance are going on the foreground nowadays. They
require more complete usage of an energy potential
of the Earth. World resources of oil and gas within
the shallow depth, and geothermal energy resources
are exhausted, that makes it necessary to drill ex-
ploratory and development wells on more large
depths. For example, today in Ukraine it is necessary
to drill gas wells up to 6 km within the most perspec-
tive Dnipro-Donetsk oil-and-gas basin, that compli-
cates conditions and process of drilling considerably
(5]. Though a lot of things are made for development
of modern high hardness materials for drill bits, but
sometimes their technical characteristics can not be
improved anymore, and that leads to increasing of
expenditures during drilling deep wells. Also it is
complicate to provide perforation of high efficiency
of gas-and-oil wells with traditional methods, that
has influence on intensity of inflow of hydrocarbons
in the well. It is possible to solve this problem with
the help of utilization of controlled laser perforation
{or oil-and-gas wells, which guarantees large depth
perforation of rock mass, and permeability, and po-
rosity as woll. Therefore development of new uncon-
ventional effective techniques is an actual task for
geology and oil-ond-gas industry.

Modernindustrial powerful lasers and estimation
of an opportunity of their usage for drilling and
perforating oil-and-gas wells. The primal ideas on
laser power utilization for rock destruction were based
on using of super powerful lasers with power up to
megawatt. [However, the investigations, which nave
been conducted in the USA and Russia, have shown
that such power isn’t required if radiated laser power
is correctly controlled, and necessary density of power
of laser radiation is provided while affecting on the
rocks [5, 6]. There are three types of heat destruction
@ 5. HOSHOVSKIY, P. SYROTENKO and Yu. VOYTENKO, 2009

of rocks, namely: spallation, melting, and evapora-
tion. The specific energy consumption while tradi-
tional rotary drilling, and early mentioned three types
heat destruction of rock in the average are equal with
rotary bit to 100 J/cm?, high pressure jets — 1000
J/cm?, thermal spalling — 1500 J /em®, melting —
5000 J /cm®, and vaporization — 12500 J/em® [1].
Hence, among three types of heat destruction of rock
the thermal spalling is the least power consuming
one, at the same time it refers to as ones which is
most complicate to realize, as it requirc: construction
and realization adaptive model of heat destruction of
rocks. However, to reach such a mode of rock destruc-
tion it is necessary to know precisely and trace change
of thermal-physical and mechanical attributes of rocks
in time while destruction of rocks. Such a model of
rock destruction is based on utilization of heat stresses
which occur in rock, that is the reason of appearance
of cracks and rock spallation.

More simple methods of realizafion of rock de
struction are melting and vaporization. In such case
it is necessary to define required power of laser ra-
diation according to the following equations:

Po= o) G (T =T+ bl (D

.
b, = {p(nrﬁ) Z‘i Len(Ty = T) + k] + Py, (2)
where p is the rock density; 7y is the hole radius of
well or beam; ds/dt is the penetration rate; &y is the
specific heat capacity; k¢ is the heal of fusion; &, is
the heat of vaporization; T is the fusion temperature;
T, is the vaporization temperature; 7, is the ambient
rock temperature; Py, is the power required to heat
the rock to the fusion temperature and convert it to
liquid; P, is the power required to heat the rock to
the vaporization temperature and convert it to liquid
and gas.

Basing on equations (1) and (2), the necessary
capacity Py and P, for melting and vaporization of
rock can be defined approximately. The following
thermal-physical parameters can be used for reservoirs
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(sandstones and limestones): k&, =0.85J /(g-K); k, =
=400J/g; ke=200]/g; p=2.7g/cm® T,=50 °C;
Ty= 1500 °C; T, = 3000 °C; ds/dt = 0.1 cm /'s; r, =
=0.5, 1 and 4 cm.

Then, in accordance with equation (1), we shall
receipt power of laser radiation, which is needed for
rock melting, namely: 0.35, 2.2 and 35.2 kW for n, =
=(0.5, 1 and 4 cm, respectively. Power of laser radia-
tion to get vaporization of rock will be 2 times higher
than that for melting rock with the laser in accordance
to (1) and (2).

Thus, the conducted analysis demonstrates that
industry lasers with radiation power up to 5 kW are
quite enough for rock destruction provided that di-
ameter of laser beam is 1-3 cm, and boring hole of
great diameter in rocks is conducted using of a mul
tiple laser beams that was proposed in the work [6].
This assertion is approved with specified expenditures
of power for heat destruction of rocks mentioned
above,

Support of arranging and utilization both laser
and auxiliary equipment in limited free space and
severity conditions of wells. Invention of powerful
laser diode arrays with several kilowatts power has
opened the ability to place them directly in the oil-
and-gas wells, However, many difficulties arise which
are connected with their utilization, particularly, pro-
tection of laser radiation from the influence of drilling
mud, where the great part of laser energy can be
absorbed, This problem can be solved with design
methods [3].

System of laser radiation control and technical
vision are related to auxiliary equipment of laser com-
plex for perforation and oil-and-gas well drilling. It
is possible to state that today high temperature elec-
tronics has been developed in the US and Norway for
oil-and-gas utilization, and it can be operate at tem-
peratures up to 180 °C (or 225 °C) [5].

Mentioned electronics includes in itself not only
the simple electronic components, but microprocessor
facilities for quick processing, and its transmission to
the land surface. Also it is designed high temperature
microprocessor for the spectrum analysis of rocks, that
will enlarge essentially functionalities of control sys-
tem of laser radiation and computer vision. Now it
will be possible not only to detect the temperature in
the well directly, but a rock composition as well.

The existed large problem of cooling of powerful
diode lasers and power electronics now can be solved
technically, as cooled-tubing systems are exist to feed
liquid and gas into the well for their cooling. It is
forecasted utilization of liquid for cooling in modern
construction of powerful laser diode arrays, that is
simplifying its cooling in the well, however, it is
necessary to keep high standard of liquid quality. 1t
is possible to provide supplementary cooling to diode
laser with the help of thermo-electric technique in
condition of undercooling. Thermo-electric technique
finds usage in modern down-hole equipment. Al
though liquid cooling of lasers in the well is considered

as the best today, combination of various method of
cooling is considered as a solution for the abnormal
requirements. In addition, we are anticipating for the
appearance of technology of thermo-acoustic cooling
of powerful electronics in the long term, which is in
active development for space research today.

Concept of constructing laser complex for perfo-
ration and drilling oil-and-gas wells. For today the
next two variants of constructing laser complex per-
foration and drilling oil-and-gas well are most close
to the success:

e with surface allocation of power fiber laser and
light energy transmission by fiber line to optical sys-
tem which controls laser beam (scanning);

e with high power laser diode allocation in the
well, which is designed as a powerful laser diode
arrays up to some kilowatts with optical laser beam
controlling (scanning), and electrical energy deliver-
ing by standard geophysical seven-cord cable.

The first variant ol concept of constructing of a laser
complex for perforation and boring oil-and-gas wells
has some problems which are connected with transmis-
sion of light energy of high power by fiber line. Today
the works on diminishing Lransmission losses are con-
ducted actively, and they reached 0.2 dI3/km. How-
ever, liber line has many connections, which are the
sources of large losses of light energy. The information
about trials in laboratory conditions of laser for boring
hydro-geological wells on depths from 100 up to 300 m
recently has appeared [2].

The second variant has advantage especially in a
case of its utilization for perforation task only. As it
follows from short process of perforator working in
the well, less laser energy required for perforation in
comparison with drilling, and the ability to high up
the quality of perforation as contrasted to traditional
peiforation with shaped charges.

The important task of laser complexes for perfo-
ration and drilling oil-and-gas wells is a control over
borehole preservation and process of rock destruction.
Today technical means for the control over pressure
borehole preservation are exist. These means control
drilling course and cavity formation in the borehole
while drilling. Undoubtedly, it is necessary to save
traditional casing string in any kind of drilling ap-
pearance. The ability to get casing string with utili-
zation of rock melting may be looked at only as an
additional facility for organizing casing along indi-
vidual intervals of the well. Undoubtedly, laser com-
plexes for perforation and drilling oil-and-gas wells
require of utilization of cooled-tubing system for lig-
uid and gas supplying to the bottom of the well to
clean out the last one of drilling sludge, which was
gotten during the laser destruction of rocks. At present
the construction of cooled-tubing systems are mas-
tered full-scale in some countries.

CONCLUSION

The held analysis of world-wide state of investigations
of laser technology for perforation and drilling oil-
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and-gas wells, and principles of complex constructing
for perforation and drilling oil-and-gas wells demon-
strate that today preproduction model of laser perfo-
ration of oil-and-gas wells has the greatest perspective
for development, construction and testing. The most
perspective method of laser rock destruction while
drilling and perforation of oil-and-gas wells is spal-
lation, as the last one consumes the least energy among
other methods of heat rock destruction. Development
of small-sized laser diode arrays with power up to
some kilowatts allow their allocation inside oil-and-
gas wells, and in perspective they are considered like
a main variant for constructing laser complex for per-
foration and drilling oil-and-gas wells, and their re-
liability would be proved.

Advantages of laser methods of perforation and
boring oil-and-gas well are as follows:

e higher velocity of rock destruction in comparison
with mechanical methods;

e functional capabilities of laser complex for per-
foration and drilling oil-and-gas well, which are un-

attainable in traditional complexes of rock destruc
tion;

e ability to increase and save permeability and
porosity of rock mass at perforation is a prospect for
laser method for oil-and-gas wells.
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OPTIMIZING TECHNOLOGICAL FABRICATION
TECHNIQUES FOR LASER CUTTING OF STENTS

ILNAZ VAHDATINIA, V.P. KOTLYAROV, MOHAMMAD ALI ALIVERDI and HAMIDREZA HAJI MOLLABASHI
Laser Technology and Materials Science Department of the NTUU «Kyiv Potytechnic Institute», Kyiv, Ukraine

According to the results of research based on typical stent production methods such as varying the pulses duration,
achieve various cut quality (kerf width and surface quality on the sidewall and bottom surface quality), productivity,
maintenance, need for post-processing and technological treatment (choosing mode and equipment), and also considering
cost value, for optimizing the cut millisecond laser pulses is recommended.

High quality, productivity, and cost of coronary
stents are determined by improvements and utilized
optimal technological applications and methods that
are using in stent manufacturing processes. The ulti-
mate result depends on related application equip-
ments, procedures for manufacturing the workpiece
(tube), its perforation, and finishing methods.

The limitations in laser cutting of stent (such as
instability of cut width, roughness, and waviness of
sidewalls surfaces, presence of burrs and dross on
contour lines) caused by nonoptimal organization of
this process that would increased the intensity and
cost of finishing methods and post treatments. Hence,
to optimally organize the production process, the fol-
lowing problems should be considered:

e technological scheme should have maximum pro-
ductivity as well as enhanced structural quality;

¢ operating mode (CW or pulsed one by various
modifications) should be in proportion to different
mechanisms of destruction for the particular work-
piece material;

s laser beam parameters (energy, time and spatial
character) and levels of radiation during operation
(pulse range, beam transmission and workpiece ma-
nipulation) should be carefully tailored to fulfill all
requirements for the high precision production of
stents on industrial scales for economical comparisons.

According to these instructions, the laser selec
tively removed the material from the tube by ablation
so that the pattern cut into the tube. Despite how to
position the tubing (vertically or horizontally) it has
longitudinally and rotating movements relative to the
laser during the cut. Due to the thin-wall and the
small geometry of the stent pattern, it is necessary to
have a very precise control on the laser power level,
and also precise positioning of the laser cutting path,
to prevent overheating and warping of the stent struc-
ture and less heat build-up at critical locations (bends
and turns) during the manufacturing process, so that
the material would not be damaged.

The majority of industrial laser cutting of stents
systems are using pulsed processing for generation
mode of a laser; however manufacturers prefer various
types, such as milliseconds pulses [1] or microseconds

durations [2] when others used nanoseconds wave
length duration [3] or even femtoseconds. Increasing
pulse duration, enhanced efficiency of operation
meanwhile the cost value decreases relatively using
cheaper lasers. Shorten pulse duration in free-running
mode (FRM) from t = 0.3-0.5 ms to 50—-100 us at a
constant power lasing output conduces to more inten-
sity of spikes (I 2 108 W /cm?), therefore, deceler-
ates heating process in cutting front that accelerates
vaporization and restricts the HAZ width. Increasing
pressure of vaporized material in the cut zone promotes
self-expel molten material that enhanced cut quality
(stability of cut width, reduce surface roughness and
suppress solidifying of drops on the underside (dross)
or burrs on the distal surface). One such approach
(at t=0.3-0.5 ms and /5 = 10" W /cm?®) to evacuate
molten material, it is necessary to employ additional
equipment such as a stream of gas (air). The HAZ
thickness (which is proportional to the radiation pe-
riod Z ~ (a1)'/?) would be slightly increased. Maxi-
mum cutting speed (that is proportional to the mate-
rial and geometry of stent) approaches to
250 mm /min for both operating modes, while the
identical pulse duration frequency f got less than
200 Hz for pulse mode and the spot size on the work-
piece surface dg = FQ (where I is the focal length of
the lens, and Q is the beam divergence). As well as
practically using similar laser technological equip-
ments (I.TE), there would be a slight difference be-
tween these operations in their production costs. Fur-
ther reduction of pulse duration results in restricts of
liquid amount in molten part and decrease the HAZ
depth, but ast < 1 ps (femtosecond pulses) it would
practically extinguished. However, as intensity grows
up to 10" W /cm? and cut width of b < 40 um, the
pulse energy would not be sufficient to pierce the
material by one single pulse, so the formation of kerfs
cut would be different (Figure 1).

Consequently, cut edge roughness is determined
by the overlap factor of adjacent holes Royertap = S/ d
(where S = V/ is the striation spacing, and f is the
pulse duration frequency), while for fixed values of
f and the default value for surface roughness R, re-
stricts the linear cutting speed v:

© [LNAZ VAHDATINIA, V.P. KOTLYAROV, MOHAMMAD ALI ALIVERDI and HAMIDREZA HAJI MOLLABASHI, 2009
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If a tube with a wall thickness d pierced by N
pulses (Figure 2), then d = NA (A is the raise of depth
width in one pulse), so to decrease the striation spac-
ing to the value of S; = §/N, cutting speed is rela-
tively reduced, while the pulse duration frequency is
fixed v; = Sif.

Cutting with high beam intensity would cause the
ionization of the ejected metal vapor in form of high
temperature plasma, consequently would cause insta-
bilities in the beam-material interaction zone, and
may screen the beam, which is unacceptable. There
fore, the pause between pulse duration frequency
should be settled properly so that the ejection of de-
struciior: products would be occurred, and it should
not be luss than (7~ ¢) 2 Z /v, (where T =1 ,/f, and
v. is the ejection velocity of destruction products of
about 10° cm /s). This model causes a substantial loss
of productivity of cutting operations down to about
2.5 times for picoseconds pulses and more than 10
times for ultrasho-t femtoseconds. In addition, a rise
in cost value would be happened, not just because of
above problem but also due tv the significant appre-
ciation of laser equipment needed for such implemen-
tation. Additionally, in piercing by super positioning
pulses (see Figure 2) formation of continuous contour
lines got more complicated in comparison with a single
pulse piercing (see Figure 1), it also complicates se-
lection of surface roughness level that is relative to
the operating mode.

Studies on stent manufacturing at one of the lead-
ing manufacturers of laser equipments Lasag AG dem-
onstrated that a gas-laser with pulse duration of 0.1-
0.3 ms and intensity of no more than 1 0’ W /cm? may
be efficient to completely remove molten material
from the cut kerfs. Such pulse duration produces an
incident power density at the tubular workpiece sus
face that is sufficient for perforation (see Figure 1).

In this case, edge roughness across the cut de
creased due to «healing» of defects (micro-indents)
by moving melt portions, while longitudinal rough-
ness would be minimized by appropriate K factor of
the overlap ratio (koyeriap). Consequently, plasma for-
mation suppressed, therefore beam caustic region
would be saved during perforation. Although the HAZ
width increased but these consequences can readily
removed by heal trealment, which is usually per-
formed as post treatment in stent manufacturing, that
also enhanced resistance and flexibility of stent. Ob-
viously, further treatments after such cutting have
much more quality with a lower cost value. Thus, in
comparison with other conventional cutting methods
for stent, using a gas-laser with millisecond pulse
duration excelled in productivity, high quality and a
simplified finishing operation.

To provide a restrict mode for laser treatment using
free-running pulses, cutting speed (repetition rate and
peak power of pulses) should be balanced with the

A AT 777N 7o B
AL S AL N A
4 5 e [
N+ \J 7“0
s .
r'x/\zy/// o
LA LY
N

Figure 1. Scheme of edge roughness R, formation

gas flow rate in order to succeed ejecting molten ma-
terial from the cut zone. Considering these as well as
the multilateral technological procedure, utilizing en-
hanced laser technological application equipments
and processing mechanisms, should be set to one of
the methods of experimental optimization [4], which
is a long and complicated procedure.
In assessment, the method developed by J. Steffen
[5] can be used, which as experienced results of its
implementation under certain conditions had given
an impressive prerequisite result. These conditions are
as follows:
e cutting parameters 4d /dy >> 1;
v
T,c
ing point of Ty = 0.5T,, where L, is the volumetric
latent heat; p is the density; T, is the evaporation
point (K); and ¢ is the specific heat;
* pulse duration by 1 << 4.5d%/a, where a is the
thermal conductivity of the material.

¢ workpiece material — metal ~ 5 with melt-

4AF?
Under sufficient depth of focus 2z, Z; =+ =7
LAy
(a2
for TENIQQ and Z[mn == 5%6 9 for TE i\'i“,;‘_‘ that
K2TC1!)1
is greater than the tube wall thickness d, and the

following scheme for formation of the through channel
cut can be adopted (Figure 3), using a single pulse,
which assumes a linear increase in the through channel
cut equal to the tube thickness in the duration of one
pulse radiation ¢.

[n this case, processing mode can then defined as

b2
a
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Figure 2. Scheme of cutting formation by super positioning long-
pulses
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Figure 3. Scheme of through channel formation using single pulses

(here 1. is the estimate value of pulse duration; I, is
the beam intensity; £ is the pulse eunergy; f is the
pulse repetition frequency; P, is the average power;
and dy is the beam spot size on the workpiece surface);

e cutting speed is proportional to the longitudinal
roughness of workpiece (1);

o divergence of the beam is determined by the focal
length of the lens F/Q = dy,/ F, and if it is necessary
to adjusted, optical components would be imple
mented to the beam path.

Generating pulse energy power can be extended
in various lasers by means of either a pulse pumping
or a Q-switching with continuous excitation source.
In optical pumping using, alternating current mode
refers to frequencies in the range up to the several
hundreds of kilohertz, which gives a sufficient pro-
ductivity as well as high quality in culting edges.
However, chaotic character of peak structure in FRM
pulses causes instability in dimensional results, and
overextended it up to 0.25t, would substantially in-
creased the proportion of viscous liquid fraction in
the kerfs width or the HAZ depth. So to eject material
sufficiently, gas pressure up to 1.5 MPa and water
jet under 0.5 MPa would be required to prevent ab-
normal molten regions and formation of dross.

[n addition, pumping lamps under pulse repetition
mode of operation reduces the lamp lifetime. Structure
of pulses could be stabilized by placing additional
Q-switches resonators, which splits them into series
of high peak power intensity I, = 10° W /cm?, that
results in evaporation mechanism for micro-indents
discussed above. The same mode would be achieved
at continuous train of peaks emitted from Q-switching
with continuous excitation source, which has the same
shortcomings and imperfections. Other Q-switch type
modulators placed in resonator, such as acousto-op-
tical and electro-optical modulators, may only ensure
100 % depth of modulation in single radiation, which
limits their energy capabilities. Ultrasonic Q-switch

Figure 4. Swinging mirror modulator (for designations see the text)

modulators based on Doppler effect [6] successfully
utilized in emitters with low excitable active medium
(Al;02:Cr™) in which the accessible linear speed
would be achieved by changes in resonator length, to
be sufficient for the drift of oscillation frequency be-
yond the limits of bandwidth of the excited host center
(Cr*®) as the wave grows up. In order to strongly
amplified active in:dium (garnet doped with neodym-
ium ions Nd*®) by such mode of excitation, trains of
peaks [7] with a manageable total duration and an
average intensity would be achieved that are suitable
to use in gas-laser cutting without rear sections. How-
ever, such modulators are not widely commercial be-
cause of the complexity of reciprocating motion of
mirror by means of piston (without any twisting).

A more efficient and a simplified way in practical
implementing modulators based on a periodic exciting
of active medium to just above a threshold level [8]
would be achieved with a trivial misalignment in op-
tical cavity 2 by periodic actuation of mirror 3 from
normal position within a small angle {up to 10 min)
(Figure 4) [9]. Fully reflecting mirror 3 fixed via the
elastic coupling 7 to the end of the ultrasonic head
6, as it set out in the body 5 at a certain angle o to
the resonator axis. While the ultrasonic head is stand-
ing, mirror 3 pressed to the ends of the adjusiing
screw 4 by means of the elastic element 7, which
constructed the lowest level of gain energy. This leads
to a higher threshold by detuning resonator mirror
from the normal position due to a sharp increase in
diffraction loss of resonator.

During this period, pumped energy would be
stored in the active medium, contributes to raise pulse
power, which formed at the frequency of ultrasonic
head during mirror set back to its normal position.
Changes in frequency and amplitude of oscillation
affcct the pulse duration as well as pulse power.

Q-factor in spherical mirrors (in this case an un-
stable optical cavity) can also periodically change
from a high value to a low value due to the increase
of diffraction losses and hence change the CW radia
tion into the pulse radiation [10]. Once such thing
occurs, fully reflecting miiror 7 may periodically
changed surface curvature, which eliminates possibil-
ity of formation of standing wave between the quies-
cent states of the mirror (Figure 5).

b [ a

- -t e ————

Figure 5. Scheme of mirror-membrane resonator (for designations
see the text)
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At the concave state, mirror 7 has radius curvature
R3 > R{—(a+b+nl), where a, b and I are the linear
dimensions of resonator, and » is the index refraction
of active medium 2. At the convex state, mirror 7 should
have radius curvature [R4| < R{ — (a + b + nl).

Under 50 % curvature of mirror 3 Ry > a + b +
+ nl and the concave state of mirror 7 (stable optical
cavity), it would be capable for forming of standing
wave, hence beam radiation would be happened. At
the convex state of mirror 7 (unstable optical cavity),
energy would be stored to excite active medium 2.
Hence, curvature periodic changes of reflecting sur-
face lead to storing energy for excitation and transi-
tion of this power into radiation pulse at a fixed po-
sition of the mirror in concave state. Engineering de-
sign of such mirror characterized by its simplicity.

Both schemes of modulators with continued exci-
tation of active medium have no restrictions on the
motion speed of mirrors, thus it is possible to control
the frequency and energy parameters of radiation over
a wide range.

CONCLUSION

In the technology of laser cutting of stents it is not
necessary to use expensive and often exotic laser
systems operated with ultrashort pulses or high har-
monics of infrared or visible radiation. It would be
enough highly organized mode of composition and
carefully changes to optical beam transition so that
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by the simplest mode of generation with the use of
special processing techniques to obtain results com-
parable to those received by more expensive means.
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RESEARCH ON LASER REMANUFACTURING
OF STEAM TURBINE BLADES

JIANHUA YAO" ?, CHUNYAN YU" ?, QUNLI ZHANG' %, XIAODONG HU" 2,
CHENGHUA LOU" ? and V.S. KOVALENKO’
'MOE Key Laboratory of Mechanic Manufacture and Automation, Zhejiang University of Technology, China
?Research Center of Laser Processing Technology and Engineering, Zhejiang University of Technology, China
SLaser Technology Research Institute, NTUU «Kyiv Polytechnic Institutes, Kyiv, Ukraine

Elcetric power industry is the basic industry of national economy. About 75 % of power all over the world comes from
boiler-steam turbine-electric generator of heat-engine plant and reactor-steam turbine-electric generator of nuclear power
station. Turbine blade is the key component of steam turbine, which operational life span directly influences the overhaul
life of turbine generating units. Using CO,-laser as the heat resource, this research introduced laser cladding technique
for recovering the failure dimension and laser alloying technique to strengthen the repaired layer, and thus to perform
the Jaser remanufacturing of turbine blade. This paper the method of laser remanufacturing for the stainless 2Cr13 steel
blade is described with analyzing the microstructure, wear and cavitation resistance. The results showed that through
laser remanufacturing technique the microstructure of treated blade was significantly changed, and the hardness of laser
treated layer was changed tremendously from surface to core material, which in the range of HV0.2 737-250, while
the hardness of matrix is V0.2 200-250. The wear and cavitation resistance of the treated blade were increased to at
least twice compare to that of the untreated ones after performances testing. Therefore, the laser remanufacturing
technique may be applied more extensively in the failure turbine blades with its high flexibility, strongly controllable

performance and free of pollution.

Along with the rapid economic development, ques-
tions about power shortage become highlighted.
Steam turbine equipment plays more and more im-
portant role in some main fields such as petroleum,
chemical, light and heavy industries. Turbine blade
is the heart of steam turbine, which operational life
span directly influences the overhiaul life of turbine
generating units [1—4], and it works in high tempera-
ture with high speed. Due to high-speed impact of
the steam and water droplets, the leading edge of
steam turbine blades is often prone to cavitations |3,
6]. This makes blade loss its value and has to be
abandoned. Generally, there are two solutions to the
failure leaves: one is replacement and the other is
repairing. The traditional repair methods, such as sur-
facing, spraying aud mosalc ceramic lining, are diffi-
cult to meet its working conditions. So it is urgent
to find a new remanufacturing method to meet its
requirements.

[ ’ =
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Jr y <> //6
CNC o '
5
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Figure 1. Schematic diagram of laser cladding (a) and laser alloying (b): 7 — laser processing sysieni; 2 —

Since the development of applications of high
power laser in the 1970s, laser cladding technology
has been developing rapidly. Using high-energy and
high-speed laser beam as the heat resource, it can form
a metal coating of dense, homogenous, high perform-
ance with high heating and cooling rates and adjust-
able metal powder material composition [7-9]. With
the growing maturity of laser cladding technique, it
was considered a particularly effective means of re-
manufacturing technology [ 10]. The paper introduced
laser cladding technique for recovering the failure
dimension and laser alloying technique to strengthen
the repaired layer, and thus to perform the laser re-
manufacturing of turbine blade. Based on steam tur
bine blades of 2Cr13 martensitic staiuless steel, this
paper mainly analyzed the microstructure, microhard-
ness, wear resistance and cavitation resistance.

Experiments. In this paper, both laser cladding
(Figure 1, @) and laser alloying (Figure 1, &) were

CNC

b
laser beam; 3 — focusing

system; 4 — temperature detection system; 5 — working table; 6 — selected powder; 7 — alloying layer; 8 — cladding layer
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used on turbine blade to realize the remanufacturing.
First of all, laser cladding was carried out for 3D
restoration through multi-cladding with special alloy
powder. In this process, the interaction time between
the laser beam and powder material plays a crucial
role for the desired successful cladding. Cladding was
accomplished by delivering the selected powder
through the FS-1 powder feeder with a feeding rate
of 3.04 g/min. The main cladding parameiirs were
scanning speed v=0.3 m/min and power density g =
=222 W/ mm?. Secondly, laser alloying method was
used to enhance the properties of the surface of clad-
ding layer, and thus to perform the entire laser re-
manufacturing. The main laser alloying parameters
were scanning speed v = 0.35 m /min and power den-
sity ¢ = 44 W / mm?*. Two processes were carried out
in a laser system consisting of a 7 kW CW COjy-laser
and a CNC controlled working table. The Sonser
Therm MI16 temperature detection system was used
to measure the temperature of both laser cladding and
laser alloying on line. Argon was used as shielding
gas during laser irradiation.

Before remanufacturing, the substrate and selected
powder should be pretreated, so as to meet the de-
mands of laser cladding and laser alloying. At first,
specific mechanical polishing was performed to re-
move the surface oxides and improve the wetling prop-
erty. Secondly, alcohol or acetone was used to clean
the surface oils. The chemistry was as follows, wt.%:
2Cr13 substrate — 0.16-0.21 C, 12~14 Cr, <0.8 Mn,
<0.6 Si, Fe — balance; powder for laser cladding -
20.1 C, 13 Cr, 1.16 Si, 0.77 Ni, Fe — balance; powder
for laser alloying — 76.47 Co, 6.67 W, 6.58 Ni,
5.72 Cr, Fe — balance. The powders should be pre-
heated to 110 °C for 2 h and cooled in the oven to
approximately 50 °C.

Results and discussion. Microhardness and mi-
crostructure of laser-remanufactured layer. Surface
microhardness was tested by HXD-1000 digital hard-
ness tester. The load was 200 g and the action time
is 15 s. The distribution of the cross-section micro-
hardness after laser remanufacturing is shown in Fi-
gure 2. The test result showed that the surface hard-
ness of remanufacturing section increased obviously
to V0.2 800-650, in average being HV0.2 737.
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Figure 2. Cross-section microhardness afler laser remanulacturing

Compared to the microhardness of substrate
HV0.2 200-250, that of laser-remanufactured layer
was 2 times harder. In the experiment, the thickness
of laser remanufacturing layer was controlled in
0.7 mm through controlling the thickness of laser
cladding. Microhardness from laser remanufacturing
layer to the substrate declined uniformly from
I170.2 800-250.

The sample after laser remanufacturing was cut
along the Scanning direction wvertically, inlayed,
marked, polished, burnished and displayed according
to the standard of metallographical sample. The FeCly
was chosen as the corrosive. After croding, the met-

allographical structure was observed using HXD-1000
digital microhardness apparatus. The cross-section is
divided into four regions (Figure 3, «): remanufac-
turing layer, integration layer, HAZ and substrate,
where no pores or cracks were observed. Compared
with substrate (Figure 3, b), the surface microstruc-
ture of remanufacturing layer was much finer and
there is a metallurgical bond between the remanufac-
turing layer and substrate. The remanufacturing layer
was composed of laser cladding layer and alloying
layer.

In order to further research the microstructure of
laser-remanufactured layer, the samples were ob-
served under the FEI SIRION-100 scanning electron
microscope. Figure 4, @ and b showed that the selected
power for ¢ mldmg fed to the molten pool of the
substrate occurred some physical and chemical reac-
tions. Some of the primary crystal of high temperature
melting point first separated out in fir-tree crystal

py ROA R
7.4 7L

Figure 3. Cross-section structure of laser remanufacturing (@) and metallography of substrate structure (b)
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Figure 4. Results of SEM (@) and XRD analysis (&) of laser cladding layer

from the molten pool. With the temperature reduced,
the others solidified between the fir-tree crystals and
then formed multi-eutectic microstructures with non-
equilibrium crystal characteristics, Figure 5 showed
that the physical and chemical reaction of laser al-
loying were more complex than that of laser cladding.
The main changes in alloying process included:

o the surface was melted because of the laser irra-
diating, formed a molten pool, infiltrated the alloying
elements (W, Cr, Ni ete.) instantly and carried some
chemical reactions. Tungsten and carbon formed WC
ceramic particles distributing in the surface of the
substrate dispersedly, increasing the hardness of the
alloyed layer effectively; chromium and carbon
formed Cr;Cy particles, contributing to the hardness,
and nickel enlarged the austenite section and pre-
vented from forming the second-phase particles, in-
creasing the performance of corrosion resistant;

o a few of the austenite could not transform duly
due to the heating quickly and cooling quickly of
laser irradiation. This layer possessed of high hardness
and plasticity because the residual austenite existed
in the surface. Both laser alloying and cladding layer
formed the laser-remanufactured layer and the alloy-
ing layer outside made the laser remanufacturing pos-
sess of excellent wear resistance and corrosion resis-
tance because of its fine microstructure and high mj-
crohardness.

Wear resistance analysis. For some steam turbines
of bad sealing, the blades of turbine could be worn

A
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i GO
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A
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inevitably because of some impurity in cylinder. In
order to analyze the wear resistance, the WM-2002
frictional wear equipment was used. The samples were
cut into disks 8 mm in diameter, the load was 150 g,
and the standard reference sample was Si3Ny ceramic
ball. After 2 h testing, the samples were weighted by
BS-2248 electronic balance made in Germany. The
testing results obtained for substrate and laser-re-
manufactured layer were respectively as follows: mass
loss of 0.68 and 0.31 mg, coefficient p = 0.260 and
0.209. Observed the whole process of wear test, the
wear process between laser-remanufactured layer and
standard reference sample was greatly stable. Coeffi-
cient of friction was reduced by about 20 % and the
relatively wear performance € = 0.456, which indi-
cated that the wear resistance of laser-remanufactured
layer was one time higher than that of substrate, then
prolonged the operational life span of steam turbine.

After 2 h dry friction, the substrate and remanu-
facturing layer were observed under SEM for re-
searching the wear pattern (Figure 6). The wear of
laser-remanufactured layer and substrate were mainly
abrasive particle wear, but the wear pattern was dif-
ferent. Figure 6, « showed that after wear test the
scralch of the surface of substrate was the same di-
rection and the width of furrows was not uniform.
Some adhesive objects were found on the surface with
different size and different shape. Following the trace
of flake-off, the area of the adhesive objects was also
different. Figure 6, b showed the distribution of fur-
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Figure 5. Results of SEM (@) and XRD analysis (&) of laser alloying layer
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Figure 6. Wear morphology of substrate (@) and laser-remanufactured layer (b)

rows of laser-remanufactured layer was uniform rela-
tively and found no adhesive objects. The furrows
were a bit shallow and narrow, which reduced the
contact area of SisNy ceramic ball, so the wear coef-
ficient and mass loss were lower than those of sub-
strate. Some white disperse distribution spots were
found on the wear surface. As EDS analysis showed
these spots were hard WC- and Cr;Cs-phases, which
improved the surface hardness and wear resistance
effectively. The surface of laser-remanufactured layer
owned uniform microstructure, fine grains and high
microhardness of V0.2 737. This makes a great help
to improve the wear resistance.

Cavitation resistance analysis. The JY96-11 ultra-
sonic wave cell breaking machine was rebuilt a ultra-
sonic wave shock cavitation instrument, which in-
cluded ultrasonic wave generator, energy conversion
device and an taper amplitude pole on energy conver-
sion device. The surface of the sample was abraded
by metallographical abrasive, polished by buffing ma-
chine, then the sample was cleaned for 10 min and
weighted by the BS-224S electronic balance. The ex-
perimental solution was 3 % NaCl, test time was
10.5 h, every 90 min the sample was weighted and
cleaned and NaCl solution was changed. The mass
loss—time curve is shown in Figure 7. After cavitation
experiment, surface shape of the substrate and laser-
alloyed layer were observed by SEM SIRION-100.

The mechanism of cavitation has not been identi-
fied by a uniform knowledge until now. The main
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Figure 7, Mass loss—time curve for substrate (1) and laser remanu-
facturing zone (2)

viewpoint is that the cavitation is HF blast wave
coursed by collapsing cavity, which is equivalent to
hundreds or one thousand atmospheric pressure acting
on the material surface. Under the continuous alter-
nating stress, the surface of material was mechanically
damaged, which resulted in the fatigue flake. After
SEM researching the cavitation surface, cavitation
pits were found, which were deep, uniform and mas-
sive, formed by flaking metal of surface. Figure 8
showed that in the same cavitation condition, the
cavitation pits of laser-alloyed zone were a bit shallow
and uniform relatively. No any crack was found on
cavitation surtace and none-cavitation surface because
of the effect of quick heating and quick cooling of
laser beam. The surface hardness was increased and
the microstructure was fined. A mass of diffused car-
bide hard phase restricted the expansion of cracks,
the flaking of surface metal and then reduced the

15.0kV 32,00k SEIM)

Figure 8. Cavitations morphology of substrate (@) and laser-remanufactured layer (h)
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erosion rate, which resulted in increasing the cavita
tion resistance one time higher than that of substrate.

CONCLUSION

Turbine blade was successfully remanufactured by
laser cladding and laser alloying. Laser cladding
technique was used to recover the failure dimension
and laser alloying — to strengthen the repaired layer.
The surface structure of remanufacturing layer was
much finer, There is a firm metallurgical bond be-
tween the remanufacturing layer and substrate. After
laser remanufacturing on 2Cr13 steel matrix, it was
found that the remanufacturing layer was different
from the substrate obviously through adding new
alloying elements and high power laser beam, obtai-
ned finer grains, formed diffused carbide hard phase
and chemical compound, increased surface hardness
2 times higher than that of substrate. Microhardness
and microstructure of laser-remanufactured layer
were changed obviously, which resulted in its better
wear resistance and cavitation resistance than those
of substrate. Laser remanufacturing is an easy proces-
sing with high efficiency and low cost, which has
expansive application on increasing the wear resistan-
ce, cavitation resistance and enlarging the life span
of steam turbine blades.
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HYBRID LASER-PLASMA AND LASER-ARC WELDING
OF VARIOUS ALUMINUM ALLOYS

I.V. KRIVTSUN, V.D, SHELYAGIN, V.Yu. KHASKIN, V.S. MASHIN and A.S. ZATSERKOVNY
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

The authors investigated the technological fcatures of hybrid welding of butt joints of 0.8-6.0 mm Al-Mn, Al-Mg
(AMgS, AMg6), Al-Zn-Mg (1915), Al-Cu-Mg (1216) and Al Mg-Li (1420) on aluminum alloys, and there have
been defined the working ranges of laser radiation welding modes using the pulse arc, consumable elccirode or using
heteropolar pulses of direct action plasma. The mechanisms of joint formation depcnding on laser power (up to 4 kW),
arc current {up to 210 A) or plasma source current (100 A) were cstablished. The influence of alloying elements on the
pecularities of joint formation and the possibility of additional alloying of joints with filler wires (AMg6 and AK5)
was studied. It has been shown that in hybrid welding in heat conduction mode of penetration the main mechanism of
laser radiation influence on arc plasma behavior is evaporation of metal under the focused laser beam and use an electric
arc in laser welding can reduce the temperature of transition from heat conduction mode 1o more effective mode of deep
penetration. The optimum correspondence between time and current of direct and returning pulses at hybrid welding

speed of up to 300 m/h has been also established.

In modern industry it is often necessary to manufac-
ture thin-walled structures made of aluminum alloys.
These structures include the bodies of cars and various
kinds of devices, shape tubes, the aviation and space
technology products etc. The traditionally used arc
(including plasma) technologies may bring about the
residual deformation and internal stresses in welded
structures. Moreover, such technologies do not always
provide the required strength characteristics of the
joints. This fact has stimulated the use of electron
beam and laser welding [ 1].

Recently there has been a substantial advancement
in the study of the hybrid welding processes, including
those combining laser and arc power sources [2]. The
use of hybrid welding allows reducing up to 50 % of
the running meter cost of the welded joint, and im-
proving the process performaice by S0 % for account
of partial replacement of laser power by arc power
[3]. The combination of laser radiation with a plasma
arc is designed to permit preserving most of the ad-
vantages of laser welding and to make the welding
process more attractive to the consumer.

The aim of this work is creation of basic methods
of obtaining the aluminum alloy joints, based on a
study of physical and technological peculiarities of
hybrid welding using laser radiation of different wave-
lengths. To achieve this goal the mathematical mod-
eling of geometrical parameters of the laser-plasma
penetration was carried out, thus providing a possi-
bility to determine an approximate range of welding
mode parametcrs; the experimental studies on welding
of aluminum alloys, enabling the mode parameters
adjustment, were accomplished; the metallographic
and mechanical tests were conducted which facilicated
identification of typical defects and means for their
elimination, and helped establish the scope of the
welding process application.

The data obtained from iiicrature [4—7] made it
possible to determine characteristic change in shape
of laser-plasma penetration depending on such pa-

rameters as radi:tion power 1%, process rate v and arc
current /.

This allowed a mathematical model to be devel-
oped describing dependence of depth 4 and width b
of penetration in aluminum alloys an the following
parameters:

WP, v, 1) =ag+ a P’ + asv + asl +
PI (0
(l’,]r“ [15%¢ gL+ dy ——
; 6 .
(P, v, )=cy+ ¢\ P+ o+ 3l +
52 v e el 4 o FL @

where @ and ¢ denote the coefficients of depth and
width of penetration, respectively. The coefficients
corresponding to Al=Mu alloy were as follows:

a, = 0.578 mm ¢y = 2.369 mm
ay,=0.719 mm /kW ¢, = 0.899 mm / kW
a,=-0.023 mni-h/m ) 0.021 mm-h“m
a;= —0.019 mm /A ¢, = 0010 mm, A
a,=—0.110 mm /kW? ¢y = -0.291 mm ./ kW?*

as=1.25810"" mm-h’/m? c-=-2.396:-10"° mm-h? / m?
ag=0.272 mm/A'? cg = 0.328 mm /A" °

a; = 0.37lmm-m / (h-A-kW) ¢; = 0.095 mmm /(h-AkW)
Since the welding of aluminum alloys is performed
using heteropolar pulses, in (1) and (2) the arc current
is assumed as its average value over the time and
determined as follows:
= Tuta & Tresbrew (3)

Ly + Loy

where I, .., t; and f,., are the currents and the
duration of direct and reverse polarity, respectively.

The calculation of dependences (1)—(3) revealed
that at laser radiation power P = 2 kW and the ratio
of direct and reverse polarity currents 14/l =
=100,/50 A (t4/tey = 0.8,/0.8 s) the hybrid welding
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Figure 1, Scheme of the experiments on hybrid welding using the
integrated direct action plasma torch: / — focusing lens; 2 — laser
radiation; 3 — cathode; 4 — nozzle; 5 — filler wire; 6 — anode

at a speed of 70 m /h provides the penetration depth of
up to2 mm with about twice a width. The main mechanism
of welding with these penetration parameters is of a con-
duction character [1]. The main mechanism of laser ra-
diation impact on behavior of arc plasma in this mode of
hybrid welding is the evaporation of metal under the
focused laser radiation [6, 7].

The use of external ionizer (electric arc) in laser
welding allows reducing the boundary temperature
of the metal surface, at which the transition from heat
conduction mode to more effective mode of deep pene-
tration takes place. Furthermore, such parameters of
hybrid welding as the radiation wavelength and po-
larization influence the process efficiency [8]. To in-
crease the efficiency of laser and hybrid welding it is
appropriate to use laser beams with linear polarization
of radiation in the direction of welding.

h, mm
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Figure 2. Dependences of penetration depth £ on speed of the
laser-plasma welding v,, of AMg3, AMg5SM AMg6 and 1915 alloys
at P=12kW, 1,/I,.,=50/50 Aand U =18 V: ¢ — diode laser
radiation; b — CO,-laser radiation; 7 — laser welding; 2 — plasma
welding; 3 — aggregate value in laser and plasma-arc welding;

4 — hybrid welding

Experiments on laser-plasma welding were carried
out according to the scheme in Figure 1, using the
samples of aluminum alloy AMn, AMg3d, AMgsM,
AMn6 and 1915 of small thickness (§ = 0.6-3.0 mm).
The hybrid direct action plasma torch similar to the
one described in [7] was used in the experiments,
with focused radiation of diode (wavelength A =
=0.808,/0.940 um) and COy-lasers (A = 10.6 um) at
power of up to 2 kW. The thermal effect of the plasma
arc and laser welding on the weld pool was analyzed
by studying the patterns of the joints, as well as the
burnout rate of magnesium and manganese.

According to the results of the experiments the cor-
responding dependences were plotted in Figure 2. From
this Figure it can be noticed that the sum of the depths
of the laser (curve 7) and plasma (curve 2) penetration
(curve 3) is less than the depth of the hybrid penetration
(curve 4). Thus, non-additivity of the sum of the pene-
tration depths with the use of the heat sources that are
included in hybrid process, and the depth that is yielded
by hybrid penetration, takes place. The distance be-
tween curves 3 and 4 proves the existence of hybrid
(synergetic) effect and shows its intensity.

A comparison of the results of experiments with
the use of CO;- and diode lasers revealed that the
presence of synergy, linking of the plasma arc to the
area of the laser beam and the stability of high-speed
hybrid welding is more related to the power density
of laser radiation than its wavelength.

It was experimentally established that in the in-
vestigated range of parameters the optimal welding
speed corresponds te the minimum reinforcing bead
generation at maximum power of the laser and plasma
sources. This mode permits to obviate the use of the
filler wire for obtaining the thin-sheet butll joints.

Selection of optimal durations (¢4 and f,,) and
currents (I4 and I.,) of direct and reverse pulses with
high-speed (up to 300 m,/h) hybrid welding has shown
that both ratios tend to 1:1. The optimization criterion
was ensuring the high-quality cathode surface cleaning
of the oxide film by pulses of reverse polarity. Such
kind of surface refining facilitates preparing of parts for
welding and makes the laser-plasmu process more effi-
cient for industrial use than laser welding.

The mechanical tests of the samples, welded by laser
radiation, plasma and laser-plasma method, showed that

oy, MPa
350 .

300 1

Figure 3. Tensile strength tests of hybrid-welded AMg3 and AMg6
alloy: 7 — AMg3 welded joint; 2 — AMg3 base metal; 3 — AMg6
welded joint; 4 — AMg6 base metal
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the strength of the hybrid welded joints reaches 90 %
of the base metal strength (Figure 3). This allows
recommending the laser-plasma welding solutions for
solving practical problems associated with the weld-
ing of thin-walled structures of Al-Mg-Mn alloys.

To determine the availability of the interior pores
the welded samples of AMg3 and AMg6 alloys (& =
= 0.8-3.0 mm) were exposed to the X-ray analysis.
In some cases, these pores have been recorded. More
detailed studies revealed that the cause of their oc-
currence is a high content of hydrogen, as well as
partial burnout of magnesium and manganese in the
welded joints. Introduction of additives (AMg6
1.2 mm wire) helped completely eliminate the pores.
Metallographic studies have shown that the structure
of aluminum alloy compounds, obtained in hybrid
welding, bears a closer resemblance to the structures
that are characteristic of the laser process than of
plasma one. In the case of utilizing a filler wire the
opposite situation holds true — the structure of hy-
brid joints are much closer to the structures obtained
in plasma welding (Figure 4). This is due to intensive
overheating of metal through the melting of filler
metal in the weld pool.

A comparison with laser welding showed that in
hybrid welding the power of contracted arc partially
replaces the power of laser radiation. For thin-sheet
aluminum alloys, this effect can be roughly estimated
as a replacement for 1 kW of laser power with 1 kW
of plasma power. Thus, the economic effect of replac-
ing the laser welding with its hybrid analog is the
significant reduction in the cost of laser equipmnent.
It is indeed reasonable, since the cost of plasma is
usually much lower,

Welding AMn alloy (§ = 0.3 mm) shaped tubes
utilized as a constituent part of the glass packets pro-
vides the example of an industrial application of the
developed techunology. In the course of experiments
conducted at the CO,-laser radiation power of 1.5 kW
and the welding current Iq/ 1., = 100/50 A, the
high-quality joint of this alloy was obtained at the
welding speed of more than 1000 m/h. It should be
noticed that in the case of CO,-laser welding about
3-5 kW would be required to reach a similar speed.

CONCLUSIONS

1. In the range of parameters under consideration the
optimal welding modes correspond to welding speed
at which the minimum reinforcing bead generation at
the maximum power occurs. In most cases such modes
permit to obviate using the filler material in virtue
of the volume expansion of the penetrated nctal.

2. In hybrid welding with the use of diode laser
radiation the ratio of laser and plasma powers should
approach 1:1 or vary in the direction of increase in
laser power. This is due to improvement in the stabi-
lization process of welding in proportion to metal
evaporation enhancement under the laser radiation.

3. In laser-plasma welding of aluminum alloys with
heteropolar pulses the reverse polarity pulses ensure the
cathode cleaning of oxide film on the samplc surface.
In high-speed hybrid welding in order to achicve high-
quality cathode cleaning the pulse duration vatio of

:
|
i |
Figure 4. Structures of the AMgSM (& = 3 mum) alloy bult juints
obtained using the CO,-laser radiation and AMg6 1.2 mm filles
wire: @ — laser welding (P = 2 kW, v = 30 m/h); & — hyhrid
welding (P=2kW, v=120m /h, I, /1., =100,/50 A, U =20 V)
direct and reverse polarity should approach 1:1. The
reverse polarity pulse current should amount up (o
70-100 % of the direct polarity pulse current.

4. The investigation of the chemical inhomogeneity
of joints revealed the presence of burnout of such
elements as magnesium and manganese in the case of
hybrid welding without additives. This effect leads
to the pore formation in the cast metal joints. More
over, the high content of hydrogen in the welded
joints affects the presence of pores. The use of filler
wire allowed controlling the process of joint alloying
and eliminating the Lf‘e( t of pore generation.

5. Application of Iaser-plasma hybrid w Cltlll'.'_i of
aluminum alloys enables a 2 to 4 fold increase in the
penetration depth com d to the case of laser weld:
ing and similar increase in weldin ompared
to plasma welding,

6. Comparison of effects of CO;- and diode lasers
application revealed that the pre e of synergy,
linking of the ],\Imm 1 arc to the area of the laser beam
action and the stability of high-speed hybrid welding
are rather related to the degree of laser radiation fo-
cusing than its wavelength.

7. Tensile strength and impact toughness tests of
AMg3, AMg5, AMg6 and 1915 aluminum alloy com
pounds have proved the advantage of a hyvbrid method
to the laser and plasma ones.

8. Future prospects of the u ork progress concern
the use of fiber and Nd:YAG laser radiation taking
into account the small wavelength and radiation focus
spot, as well as a {lexible optical fiber feed.

speed, as ¢
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NON-LINEAR MODELLING OF THE DEFECTS GROWTH
DYNAMICS IN LASER WELDS

0.V. KUZKO
Nationa! Antarctic Scientific Center, Ministry for Education and Science, Kyiv, Ukraine

Phenomenological model of the postweld defects growth dynamics in laser welds is developed in wave equation form
of the hyperbolic type to analyze the weld metal strength characteristics. Mathematical modelling gives the opportunity
to predict the conditions of the weld mechanical strength loss as a result of the defects volume growth by mechanical
and climatic disturbances. This approach is intended to use for development of the automated control system of the
functional state of the new welded fuel tank at the Ukrainian Antarctic Station «Akademik Vernadsky» as the compfe-

mentary measure of the Antarctica environment protection.

[t s well known [1-6] that to develop the laser
welding technology and materials processing, in
particular, such matters have great importance
during the welding:

o defect formation mechanisms in welds, in par-
ticular, internal pores, cavities, and cracks;

s morphology of the welds, micro- and macrostruc-
ture of defects.

This article is devoted to the mathematical mod-
elling of the welds defects growth after the welding
that results in loss of the weld mechanical strength.
For simplification we will understand the defects as
the elements of the weld metal structure in the form
of pores (nucleus) with different diameters which
have lower mechanical strength in comparison both
vith other joint zones and with materials to be
welded. We assume that the weld has a constant cross-
section area along the entire weld length and is ex-
posed to the mechanical and climatic disturbances
which result in the defect volume increase in weld
metal and ultimately — in mechanical strength losses.

To analyze the dynamics of the weld defects
growth after laser welding, let us consider a continu-
ous distribution of defects on the weld cross-section
in an arbitrary time ¢ and define the defect state den-
sity p(x, t) as the defect amount on the weld cross-
section with the diameter x per unit of measurement

A0

Gunax e e e _ -

0

e

p max p

Figure 1. Functional relationship of the defect state change g and
defect state density p

© 0.V. KUZKO, 2009

of the defects diameters or as the defects distribution
on the weld cross-section depending on their diameters
[defect amount /unit of the defect diameter measure-
ment]. In addition we define the change of the defect
state g{x, ¢) as the defects amount in the weld cross-
section in an arbitrary time ¢ which change the size
x per an unit time [defects amount,/unit of time].
Then in the proposed terms the rate of the weld defect
state change in time can be defined as V(x, £) =q/p
Junit of the defect diameter measurement,/unit of
time]. Let us assume that the defect total amount in
the weld metal has been retaining und under the ex-
posure of the mechanical and climatic disturbances
their sizes have been increasing. Then the rate of the
defect total amount change with sizes x; > x > xy is
equal to the difference of the change defect states
q(xy, t) and gy, £):

Xy

a’/a’rf p(x, Hdx = qlxy, t) — glxy, t).

Xy

(1)

Supposing that p{x, ¢) has continuous derivatives
and going on to the limit x;, — x, we obtain the
conservation law in the form of the hyperbolic type
equation:

9%, 9

+ = 0.
ot Ox

(2)

the functional relationship exists between g and ¢ in
the form shown in Figure 1.

Here it is assumed that when the dclect stat: den-
sity is p = 0 the corresponding change of the defect
state g is also equal 0. In another extreme case when
p has the value approaching to value of pyay, i.e. to
value of the weld cross-section «saturation» when the
defects occupy practically the entire weld cross-sec-
tion, the value of g also is tended to the «saturation»
maximized value ggyax.

If this functional relationship is written as

g = Q(p), (3)
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then equations (2) and (3) form the closed system
which leads to the equation of the hyperbolic type
solved by the characteristics method [7]:

1 dp OJp

-+
Vp) ot ox

d3Q
op”

Let us take the initial condition of the defect state
distribution in the form of Gaussian distribution (Fi-
gure 2) at time ¢ = 0 which supposes the primary
defects sizes near xp. Solutions of equation (4) in
subsequent moments of time 0 < ¢, < ¢, demonstrate
the defect size growth with the shock wave effect in
the weld defect structure. That is the defect state
distribution changes its shape because the defects with
different sizes increase its volume with the different
rate. It can be assumed that the noted dynamics of
the defects growth determines the dynamics of the
mechanical strength loss in welded joints when the
structure of defect sizes and total defect volume in
the weld metal attain the proper critical values.

The shock wave formation on the right front of
the defect density distribution is stipulated by the
increasing behaviour of dependence g = Q(p) (see
Figure 1). Continuing the wave approach to the analy-
sis of the defects growth dynamics in the welds we
consider now qualitatively the case of the elastic me-
chanical oscillations exposure which affect the weld
metal. Assume that the elastic mechanical oscillations
lead both to an increase in defect sizes in the weld
and to nucleation of new defects along of the entire
weld length. The new defects occurrence on the entire
weld length can be taken into account by the intro-
duction of the corresponding term in the right side of
the equation (3):

=0, (4)

where v(p) =

1 9% %

o0) 3t T ax OO exp (0D,

(5)
where w is the elastic mechanical oscillation fre
quency; G(x) is the mechanical oscillation amplitude.
It should be noted that the new defect nucleation
leads to the changes in the shock wave structure (see
dashed lines in Figure 2).

For the simplification we will assume that we work
on the linear rising part of g = Q(p) and v(p) is equal
to the constant rate of the state change of weld defect
density V.. We will alsoassume that under the exposure
of the elastic mechanical oscillations the defect state
density also will be varied with the frequency w:

plx, £) = plx) exp (iwt). (6)

Taking into account the made simplifications we
rewrite the equation (5) for the convenience in the
integral form by p(0) = 0:

p(x) = V% exp E— ﬁ)—x} [ G(2) exp [1{;32] dz, 7
T g/ gr

xq X2 X

Figure 2. Shock wave formation in the structure of the weld defects
(xy < x, < x,): s0lid lines — effect of shock wave occurrence when
the defects amount in weld metal is unchanged and the area under
lines is constant; dashed lines — shock wave occurrence when new
defects are formed in weld metal

where z is the current integration variable. Now as-
suming that the exposure is the travelling wave in
the weld face direction with the phase velocity \ oser
constant amplitude Gy and frequency w, that is

X
Vusc ,

exp (it — iwx/ V) X

G(x, t) = G exp{iwt — i (B)

and integrating (7) we obtain

G(0
ox, )= S

gr
exp (10, Vy — 10,/ Vy)x — 1
(t0/ Vi =10/ Vo0
and by @/ Vg =w/ Vs the synchronism wave etfect

occurs consisting in the p(x, ¢) growth along the
coordinate x:

(9

G(0 )
= o = x exp (Wt — 10,/ V).

px, 8) =
gr

In this case we have the phenomena both of the
predominant growth of certain defect sizes in the weld
metal and of the predominant growth of defect amount
and sizes in certain weld points which could signifi-
cantly change the points topology of the weld me
chanical strength loss.

In the case of the spread of elastic mechanical
oscillation wave perpendicularly weld length, the syn
chronism wave effect can result in mechanical strength
losses simultaneously along the all weld length, but
not only in the separate weld points.

In the case when the weld will be exposured si-
multaneously by a few waves of elastic mechanical
oscillations, the conditions of the waves synchronism
may be too a few leading to the more complex topology
of the weld mechanical strength loss.

Similar wave approach is proposed to use also for
modelling of the defect growth in arc-welded joints,
in particular, by development of automated control
system of functional state of the new fuel tank at the
Ukrainian Station «Akademik Vernadsky» for the
early warning of a possible fuel leakage from the Lank
due to the loss of mechanical strength of welds.

In addition, for natural extreme seasonal (long-)
and daily (short-periodical) natural disturbances
(wind load, temperature, humidity, salt fog, precipi-
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tation) at the Station «Akademik Vernadsky» it is
proposed to use as the natural testing ground under
the open air for mechanical and ciimatic tests of the
welded joints and coated specimens obtained by the
different technologies of welding and materials proc-
essing. It should be noted that such natural testing
ground unlike from the special test chambers does not
require the specific energy expenditures, has no limit
on the test sample sizes and its quantity, has no re-
strictions on the test duration, will not require special
expenditures for the samples delivery at the Station
and back.

CONCLUSIONS

1. The phenomenological approach is developed in
the form of the hyperbolic type wave equation to
analyze the dynamics of the postweld defect growth
which results in the losses of the weld mechanical
strength. It is intended to use this approach for de-
velopment of automated control system of functional
state of the new fuel tank at the Ukrainian Antarctic
Station «Akademik Vernadskys» as an additional
means for prevention of the fuel leakage from the tank
and for the Antarctica environment protection.

2. The possibility of the shock wave effect is
pointed in the defects growth dynamics in welds under
the exposure of climatic and mechanical disturbances
and the corresponding shock wave effect on dynamics
of the mechanical strength loss of welded joints.

3. The synchronism waves effect is considered
qualitatively during the spread of the elastic oscilla-

tion wave in welds with the new defects formation.
This effect can significantly accelerate the process of
the mechanical strength loss in entire cross-section of
the different zones along the weld length or through-
out its length.

4. 1t is suggested to use the Ukrainian Antarctic
Station «Akademik Vernadskys as the natural testing
ground for climatic and mechanical tests of welds and
processed materials instead of the specialized test
chambers.
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EFFICIENCY
IN ADOPTING HYBRID LASER-ARC WELDING

A.V.LOPOTA', 0.V. VELICHKO', A.A. AFANASIEVA' and G.A. TURICHIN?
i "Laser Technology Center, St. Petersburg, Russian Federation
* Institute of Laser and Welding Technology, St. Petersburg, Russian Federation

The results of economical analysis of efficiency of laser hybrid welding of large-diameter pipes are presented. On the
base of costs and profits calculations the time of recoupmen is determined for the usage of hybrid welding installation
on the pipe welding plant. The number of organizational actions, which are necessary for successful implementation of

hybrid technology, are also discussed.

Finding ways and mechanisms to improve the effi-
ciency of production of goods and services is an im-
portant task of every leader. At the present stage of
development in a market economy, taking into ac-
count the peculiarities of the functioning of the Rus-
sian market (subjective interests of the parties to the
developed market, highly competitive manufacturers
of goods-analogues, imperfect regulatory and legal
base, etc.), it is difficull to overestimate the impor-
tance of the choice of development strategy for pro-
duction and its optimization. A well-reasoned conclu-
sion about the appropriateness of applying new tech-
niques and technology to replace existing ones can be
done only on the basis of comparative economic analy-
sis, which should take into account both quantitative
and qualitative factors of the production process.
The development of modern production facilities
(pipe, machine-building, machine-tool building, ship-
building, etc.) is accompanied by a steady increase
in all kinds of welding technology, equipment and
tools, the rational use of which is the most important
condition for the efficient functioning of an enterprise
as a whole. Today, in the beginning of the XXT cen-
tury, the global welding market, which is increasing
in proportion to the growth of steel consumption, is
not less than $40 bln, about 70 % of which are welding
consumables and about 30 % are welding equipment
[1]. More than half of the gross national product of
industrialized countries is created by welding and re-
lated technologies. Up to two thirds of the world’s
consumption of rolled steel goes to the production of
welded designs and structures [2] In many cases,
welding is the only possible or most effective way of
creating all-in-one combinations of structural materi-
als and achievement of resource-saving procurement,
geometrically close to the finished part or design,
where the choice of an optimal welding method be
comes more difficult and requires a clear methodology
for assessing the efficiency of the applied technology.
One of the most pressing issues in the field of
welding technology is improving efficiency and pro-
ductivity of welding thick-walled structures espe-
cially large-diameter pipes with increased wall thick-

& A V. LOPOTA, O.V. VELICHKO, A.A. AFANASIEVA and G.A. TURICHIN, 2009

ness. The task of welding thick-walled structures
(more than 27 mm) is not new and is solved in dif-
ferent ways through arc and electron beam welding.
Each of these methods has disadvantages, from which
welding pipes at the plant but more so in the field
conditions, do not give the required weld quality and
productivity. Thus, the arc welding technology in-
volves multiple-pass process that does not always
guarantee the desired properties of weld metal. For
example, the root pass does not meet the requirements
for impact resistance. The use of electron beam weld-
ing involves the use of vacuum chambers, which ex-
tremely complicates its use. If electron beam is re-
leased into the atmosphere, protection from X-rays is
necessary. Besides, the use of electron beam requires
a high quality and accuracy in the preparation of
edges, which is almost impossible, for example, in
the manufacture of large structures, such as large-di-
ameter pipes.

All these minke the importance of developing com-
mon approaches to the measurement of expenses and
results to select the best technology and equipment
for a specific production, which transform the calcu-
lation of efficiency from a formal process into a vital
necessity.

Currently, the world’s industrial practice to im-
prove the efficiency of welding metals of large thick-
ness is working on using laser and hybrid technology.
In Russia, serial laser welding equipment with the
necessary capacity and productivity is supplied mostly
by foreign companies, as the domestic firms manufac-
turing similar equipment is single, or do not meet the
needed requirements.

Until recently, the use of laser technology for
welding longitudinal seams and erection joinfs at the
plant and field conditions has been unreliable due to
low laser systems in complex manufacturing condi-
tions. Only in recent years, when powerful fiber lasers
of relatively small dimensions of the desired reliability
were developed, the development of hybrid laser tech-
nological complexes for welding large-diameter pipes
became possible.
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Figure 1. Laser-arc welding of pipe sections

Studies conducted in our country and abroad, have
shown the perspectiveness of hybrid welding proc
esses — a combination of laser and arc welding si-
multaneously. The hybrid laser-arc welding (HLAW)
technology makes it possible to automatically achieve
the desired quality of welds. On the one hand, such
welding processes help to get narrow welds and heat-
affected zones, and also to weld at high speeds. On
the other hand, it is essential to reduce the demands
on the accuracy of the assembly of welded compo-
nents, which in turn dramatically reduces the cost of
production tools and the actual aperations of the as-
sembly, and also improves its productivity. In addi-
tion, HLAW provides weldability of special steel
pipes with an additional electrode wire alloying.

In some European countries, there are already pilot
technologies that are used in producing hybrid-welded
pipes (Figure 1), ship sections, railway cars and con-
struction structures.

In Russia, the development of technology and crea-
tion of equipment for HLAW of large-diameter pipes
is carried out by Laser Technology Center Ltd, St.
Petersburg. Creating this kind of equipment requires
a deep scientific and theoretical work, and so work
is carried out jointly with the Institute of Laser and
Welding Technology of the St. Petersburg State Poly-
technic University (Banks Mud STU), A functioning
model for welding of large-diameter pipes, equipped
with modern 15 kW capacity fiber laser, arc welding
device, systems, guidance and monitoring process
(Figure 2). This given complex helps to weld modern

e J_ T X ) o - L 1
A [} !’i
- ._e_l‘ f

b | h (2 . I.- '

Figure 2. 15 kW fiber laser and experimental facility

steel pipes with a weld root of up to 13 mm thickness
and at speeds up to 3 m/s for a single pass. The
remaining cutting can be filled by means of welding
under a layer of flux, or welding in shielding gases.

The most perspective area of the technology of
HLAW of large-thickness metals is straight-line-weld
on large-diameter pipes. Currently, automatic gas
metal-arc welding (for technological pass) and sub-
merged-arc welding (for the filling passes), which are
labour intensive operations that require highly quali-
fied personnel are used in tlie manufacture of pipes
in pipe factories.

Besides, conventional technologies for arc welding
of domestic grade K65 steel and above grades do not
achieve the necessary values of impact strength of the
weld metal. This hinders the transition of pipe-weld-
ing factories to the production of high quality steels.

Preliminary analysis showed that the adoption of
HLAW technology in the production process of welding
large-diameter pipes, for example, in the Chelyabinsk
Pipe Rolling Plant, will reduce the cost of producing a
unit of product, and significantly improve the mechani-
cal properties of the welded joint that determines the
final operating characteristics of the product, and as a
result, lower production costs of finished product by
more than 30 %, for example, changing the form of
cutting will reduce the consumption of fillers by 2—4
times, apd the transition {rom multi-arc to HLAW, on
a preliminary estimate, would reduce the cost of working
gas by 15 mln rubles per year, with an average produc-
tivity of about 320 pipes a day.

The use of HLAW of large-thickness metals, ac-
cording to experts, will help achieve the following
socio-economic effects:

e increase in productivity by 7 %;

s reduction in energy and material consumption
by 11 %;

e increase in the level of automation of production
processes by 9.6 %;

e increase in the flexibility of production process;

¢ improved warking conditions.

Comparative analysis of the main technical and
economic factors in the adoption of HLAW technol-
ogy in the example of welding pipe 1016 mm in di-
ameter and with wall thickness of 12,4 mm (Table)
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shows that despite the higher capital costs on adop-
tion, the efficiency index is significantly higher than
that of conventional technologies.

In designing and implementing the new technique
and technology in conventional approaches to the sub-
ject of managing procedure, determining the economic
efficiency consists of at least four main stages. The
first stage — determining the necessary expenses for
implementing innovative activities, the second stage
is the evaluation of the economic impact from the
adoption of new techniques and technologies, the
third stage consists of the evaluation of the compara-
tive efficacy of the innovation by comparing economic
factors, the fourth — identifying the possible sources
of funding [3].

Economic efficiency is the ratio of economic effect
obtained in the course of a year to the expenses for
the adoption of innovation. When comparing the vari-
ous options for techniques and technology, the gencral
and specific capital investments, the cost price per
unit of production and other factors are compared.
An option is possible that in the case of innovations,
lower expenses may be accompanied not only by in-
consistent factors of technical level and quality of
innovation, but also by higher specific capitul invest-
ments. A simple comparison of the technical and eco-
nomic factors does not help to identify the most ra-
tional option. In this case, the adoption and identifi-
cation of the total comparative efficacy factor based
on the comparisons of cost savings on expenses is
required. Besides, the identification and taking into
account the main risks arising in the transition to the
use of new techniques and technologies, especially
when considering the latest technologies, is of no
small importance. The probabilistic character of adop-
tion results, the amount of operating costs, the need
to take into account the timeliness of the transition
to new technology, taking into account the competi-
tive position and other qualitative and quantitative
factors, significantly complicate the assessment of eco-
nomic efficiency. This leads to the need for a compre-
hensive detailed review of possible factors affecting
the process of introducing and using new techniques
and technologies, as well as a thorough identification
of the basic technology and equipment for further
comparative analysis.

Calculating the economic impact is carried out in
accordance with the methodology for determining the
economic efficiency of use in the national economy of
the new technology, inventions and rational solutions.
Thus, the annual economic impact of the production
and use of the new HLAW technology and equipment
is defined as follows [4]:

go|z Yo Put By (=) = Eik—k) | (D

87|V, P+ E, P,+E,

Here the indices @ and n denote the data for the
analogue, and the new HLAW technology and equip-
ment respectively; Z = k& + wu are the expenses on

Economic factors of different welding processes

Cost of Time of | trserfadkipg
Welding method welding 1 m welding llf)‘\'f‘l o
of a weld, 3 | 1 joint, min e
Orbital argon-arc 1.32 40 ! ~13=5
| welding |f
 —— — T |
| Tandem CO, welding 0.84 | 20 [ =35
!._Riix‘.;mce welding 084 i | ~02 |
l Laser-arc welding 1.25 3 | ~02-03 |
4 - -1 f i
Manual arc welding 1.53 | 2 h 20 min | - 9-15 |

production with the use of analogue and the use of
new techniques and technologies; k& are the specific
capital investments; u are the specific operating costs;
V is the productivity or integral factor of quality; £,
is the rate of profitability; P is the deduction on full
restoration (renovation) of analogue and new tech-
niques and technologies; A is the annual volume of
praduction.

in calculating the annual economic impact of the
adoption of new technology as a part of capital in-
vestments, all expenses at all the stages of develop-
ment, adoption and exploitation of new technology
are taken into account, namely:

e expenses on scientific research and development
activities, Knr;

e expenses on acquiring, delivery, mounting (dis-
mantling) of equipment, technical training, adjust-
ment and development of production, Ktp;

» expenses on replenishing floating assets of the
enterprise with the creation and use of new technol-
ogy, Kno;

e expenses (profit) from the production and im-
plementation of production during the development
of production, prior to the current year, Kosv.

'then, the total capital investment is calculated
using the formula

Ksum = Knr + Ktp + Kob + Kosv. (2)

In addition to calculating the economic impact of
the adoption of new techniques and technologies, the
calculation of results from innovation in the form of
increased labour productivity, reduction in material
and energy consumption, the release of workers, etc.
is widely practiced. So, the predicted reduction in the
number of staff, P, as a result of the adoption of new
technology is calculated using the formula

_TsiNy  TsN,
| =L

1 qt

(3)

where Ts; is the price of a unit of product in ¢-th year,
ruble; gy is the production per worker up to the adop-
tion of new technology; g; is the production per
worker in the ¢-th year; N, is the production volume
in the ¢-th year in physical units.

Besides the important factors of economic effi-
ciency of production and exploitation of innovation,
the results of sales volume and business commercial
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activity on the implementation of innovations are
rather very strong.

Preliminary assessment of the specific operating
costs showed that for the conventional technology of
welding pipes u, = 1516.3 ruble /unit product, and
for HLAW technology u, = 789.3 ruble /unit product.
Significant reduction in operating costs by using the
HLAW technology explains the possibility of reduc-
ing the number of support staff and, consequently,
the payroll. Moreover, the use of HLAW reduces the
cost of repairs and consumables, as compared with
the use of arc welding technology.

The use of HLAW technology helps to consider-
ably increase the depth of metal penetration, which
makes it possible to change the geometry of cutting
edges (more than 2 times of decrease in the number
of cuts, filled with fillers), and this leads to savings
in filler material. At present, the use of arc technology
helps in the production of 300 pipes per day, thus
B, = 300 unit product,/day. World experience and
research results show that the joint effect of the laser
and arc (HLAW technology) can improve productiv-
ity by more than 7 %, that is B, = 321 unit pro-
duct/day.

As already mentioned, when calculating the eco
nomic impact in the field of welding technology, it
is very important to take into account qualitative
factors (strength of the weld, stability of the process,
number of defects, level of staff training, environ-
mental compatibility, etc.), taking into account that
in monetary terms it is not always possible. For this
purpose it is necessary to introduce a complex factor
of quality and efficiency a. Below is a short list of
factors by our assessment, which have the greatest
specific weight:

e market demand;

e level of automation;

e manufacturability;
flexibility of process;
continuity of processes;
reliability;
safety;
quality of production;
€rgonoInics,
environmental compatibility;
level of demand;
timeliness;
level of accessibility;
adoption experience;

e competitive positions in the use of technology;

¢ image factor.

There are a number of risks arising in the adoption
and use of the new technologies and equipment, which
must be taken into account when evaluating the ef-
ficiency of adoption, as the measures taken to mini-
mize them can significantly affect the cost of adopting
new technologies and equipment, namely:

» technical risk (non-achievement of planned tech-
nical characteristics; qualifications of participants;

anticipating the technical level of production and
technological capabilities to develop new technology
and equipment);

= production risk (equipment failure; violation of
the supply chains; exceeding the permissible defect
level);

¢ commercial risk (risk of not making Contracts;
mistake in the choice of project objectives; non-
achievement of the planned financial factors; change
in the terms of payments; violation of the terms of
implementation);

e market risk (unanticipated competition; changes
in demand; economic crisis).

A comprehensive assessment of the efficiency of
the adoption of HLAW technology in the pipe indus-
try in accordance with the given methodology con-
firmed a high efficiency in comparison with similar
welding methods. The estimated cost recovery period
is less than 3 years.

The analysis of technical and economic factors and
risks of adopting the HLAW technology in the pipe
industry, as well as assessment of the socio-economic
effects, a detailed analysis of the industry and the
factors influencing the efficiency of adopting the tech-
nology and equipment help us to talk about the tech-
nical requirements and economic feasibility of the
adoption of HLAW in firms. The cost of re-equipment
for production is paid off by the production quality
and reliability of the products. HLAW can provide,
in comparison with conventional arc methods, in-
crease in productivity 2—5 times by increasing the
welding speed, reduction in the number of passes and
decrease in labour costs on support operations.

Compared with domestic and foreign analogues,
the range of tasks on the creation of reliable all-in-one
bindings is widening. HLAW technology can provide
high safety levels and environmental compatibility of
welding production processes at low operating costs.
High potential capabilities of the laser and arc weld-
ing sources, the most manifested in their joint use, as
well as the high level of flexibility of the technological
process determine long-term preservation of the com-
petitive advantages of this technology.

HLAW technology can be a powerful tool for the
modernization of industrial production and a tool for
ensuring the competitiveness of domestic goods in
domestic and foreign markets. Thus, the introduction
of HLAW will enhance productivity and improve
working conditions, reduce energy and material con-
sumption, increase flexibility and level of automation
of manufacturing processes.

1. Kazakov, V.A. (2008) State and prospects of development
of welding production. In: Proc. of Ist Int. Sci.-Techn.
Conf. on Electron Beam Welding Technology and Equip-
ment (St. Petersburg, May 19-22, 2008).

2. Shalimov, M.P., Panov, V.I. (2006) Welding yesterday,
today, tomorrow. Ekaterinburg.

3. Safronov, N.A. Enterprise economy.

4. Rebrin, Yu.l. (2000) Fundamentals of economy and produc-
tion management.
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ALGORITHM OF LASER WELDING DESIGNING
FOR AVERTING THE PORES FORMATION

R.D. SEIDGAZOV
Moscow, Russian Federation

[t is shown that verification of melt displacement mechanism, which actual for laser welding, gives the possibility for
developing the method of pore formation predicting. This method consists of the determination of welding conditions,
which guarantee the minimization of pores of hydrodynamic nature appearance in dependence on welding speed, focusiug
conditions and metal properties. The verified model gives dependences of pore volume and frequency versus welding
speed in a good agreement with experimental data. Algorithm of welding designing has to start with the calculation of
value of technological welding speed, which guarantees the absence of pores of hydrodynamic nature.

Three reports at this Conference are presented as a
whole cycle of physical investigations, in which the
determination of basic hydrodynamic mechanism in
deep penetration welding is considered. One report
is devoted to verification of hydrodynamic mechanism
by systematic analysis of a wide range of experimental
data [1]. The proofs of weak intensity of evaporative
process in laser welding are represented in this report.
The conclusion is drawn that the evaporative hypothe-
sis assumiing fusion flow under recoil pressure gener-
ated by vapor jet action is not proved by measurements
for welding conditions. The thermocapillary model of
keyhole formation is proposed in another report, ex-
plaining the melt removal from the beam impact zone
as being due to tangential thermocapillary forces act-
ing [2]. Estimations of different parameters of the
keyhole formation, executed by means of thermocapil-
lary model, correspond to experimental data with high
accuracy.

This report, the third of the presented cycle, is
devoted to application of the research for preliminary
physical designing of welding technology by provid-
ing the minimization of latent defects of hydrody-
namic nature in a weld. It is known that some of
defects of hydrodynamic nature (hamping, undercuts,
etc.) may be diagnosed by visual survey that facili-
tates their elimination procedure, However, if the
defects are of latent forming, the process of their
elimination is accompanied by high labour and finance
consuming with increasing the duration of technology
designing. Such defects are pores (voids). They reduce
the strength of weld metal, therefore their elimination
is important for designing of welding technology for
workpieces of responsible appointment. Pores forma-
tion associates with hydrodynamic fluctuations inside
the keyhole. Researches of these keyhole phenomena
are in progress in all technologically developed coun-
tries. Many of these technological researches are con-
fidential because of the commercial reasons, and it
seems to be the main barrier for progress in physical
understanding of the nature of dynamic processes.
Because evaporative hypothesis of keyhole formation

© R.D. SEIDGAZOV, 2009

is not confirmed by experimental data [1] the using
of evaporative hypothesis in simulation of hydrody-
namic processes in keyhole welding leads not only to
wrong prognostications, but also to aberrations in
planning of research and in analysis of its results.
Such conclusion is deduction of analysis of a number
of experimental data.

The model of hydrodynamic processes which has
correlation with empirical data has to be used in simu-
lating of keyhole welding including the hydrodynamic
fluctuations inside a keyhole.

Dependence of pores (voids) formation on weld-
ing speed. The dependences of pore volume and their
formation frequency in relation of energy input pa-
rameters of welding are reccived in hydrodynamic
model. According to these dependences the dynamic
fluctuations in keyhole completely disappear at some
value of technological speed v, (Figure 1). The fast
growth of the pores volume up to maximum value
should be observe with increase of welding speed from
vw = 0 up to v, = 0 20v;. And then with further
increasing of welding speed the pores volume should
be decrease to zcro at the technological speed v, =
= v,. This dependence of pores volume on welding
specd changes is confirmed by the measurements (sce
Figure 1). The frequency of pores formation should
change somewhat otherwise. It reaches a maximum

Maximum
Maximum frequency of
pore volume pore {ormation
N

Minimuin of pores

CONPEVRRPE.: P SO

Pore volume
Pore formation frequency

I
1
|
|
1
]

(

vw = 0.250¢ Uw vw = 0.8l Yt
Figure 1. Dependence of pore volume (black points) and frequency
of their formation (white points) on welding speed (lines — cal-
culations; points — experiments)
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Definition of focusing
conditions and metal
properties

1st STEP: Determination of
technological speed
(condition of pores averting)

2nd STEP:
Determination of
beam power

k.

Power input parameters for
welding with minimization of
pores formation

Figure 2. Algorithm of preliminary physical express-designing of
laser welding technology

at vy = 0.81v¢, and then promptly reduces to zero at
vy = v This dependence is also confirmed by the
experiment (see Figure 1).

Coincidence of calculated and empirical depend-
ences of volume of pores and also of their formation
frequency versus welding speed confirms the hydro-
dynamic model of keyhole and pores formation. Fall-
ing character of both dependences (especially, of fre-
quency) in the range close to technological speed im-
poses severe constraint on accuracy of definition of
its value.

Algorithm of physical designing of welding tech-
nology. As it follows from the results presented in
Figure 1, the welding speed has to be equal to tech-
nological speed value to avoid the pores formation
completely. In that case, the rigid algorithm of de-
termination of power input parameters for welding
could be determined which guarantee the minimum
pore formation and even the elimination of these de-
fects. Definition of technological speed using the
specified metal properties and conditions of beam fo-
cusing is the first step in designing of welding tech-
nology. Then, using the received definite decision of
the o, value, the beam power for welding with speci-
fied depth should be determined. The complete deck-
sion for power input parameters of welding turns out
as a result of algorithm performance for specificity of
a technological proposition for specified metal with
requirements for depth and width of weld. Efficiency
of prevention of pores formation by means of offered
algorithm depends mainly on accuracy of definition
of technological speed, which, in turn, depends on
accuracy of definition of all initial parameters. The
increasing of method accuracy is the main object of
proceeding research.

Welding process includes many various physical
phenomena, namely heat conductivity, phase trans-
formation, metallophysical, physicochemical, hydro-
dynamic, electrodynamic, plasmous, and optical phe-
nomena. It defines the complexity of technology de
signing, transfers a problem to area of interdiscipli-
nary knowledge where efforts not only technologists,
but also physicists and mathematicians are necessary.
As a result of interdisciplinary interaction there are
three approaches to designing of welding technology,
which should be also a three stages for the most ef-
fective welding designing:

e preliminary physical designing of welding tech-
nology;

s computer modeling by the software for technol-
ogy designing;

e empirical designing of technology.

The traditional empirical designing is widely used
but physical and computer ones are only at the be-
ginning of progress. The maximum reduction of ex-
penses for technology working out is reached by con-
secutive application of all three approaches to design-
ing of welding technology. The offered algorithm
based on predictive definition of technological speed
and other parameters of power input in welding should
be recommended as the preliminary physical express
designing of welding technology (Figure 2).

Application of this algorithm allows sharply re
ducing the work amount on further stage of empirical
designing and the total cost of technology designing.
The offered algorithm is formalized for the application
in software for designing of laser welding technology
as opposed to existing empirical methods of pores
reduction which are not capable for such formalization
and for application in software, remaining the tool of
technological art. The usage of this algorithm in soft
ware form reduces a high qualifying barrier for per-
sonnel, thus facilitating the spreading of technology.

Besides defects of the hydrodynamic nature there
also can be such latent defects of weld metal such as
cold and hot cracks. Because the highest resistance
of laser-welded joints to cracks formation is obtained
at high welding speed, the laser welding with high
technological speed is favorable not only for minimi-
zation of pores formation, but also for cracks preven-
tion. Therefore, the offered algorithm for preliminary
physical express-designing of laser welding technol-
ogy is of universal technological significance.

1. Seidgazov, R.D. (2009) Verification of the melt displace-
ment mechanism in deep penetration laser welding. In:
Proc. of 4th Int. Conf. on Laser Technologies in Welding
and Materials Processing (26-29 May, 2009, Katsiveli,
Ukraine). Kicev: PWI, 62-64.

2. Seidgazov, R.D. (2009) Thermocapillary mechanism of melt
displacement during keyhole formation by laser beam. In:
Ibid., 59-61.
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THERMOCAPILLARY MECHANISM OF MELT
DISPLACEMENT DURING KEYHOLE FORMATION
BY LASER BEAM

R.D. SEIDGAZOV
Moscow, Russian Federation

The thermocapillary model of keyhole formation is proposed in this report, explaining the melt removal from the beam
impact zone as being due to tangential thermocapillary forces acting. It is shown that estimations of different parameters
of the keyhale formation, executed by means of thermocapillary odel, correspond to experimental data with high

accuracy.

A large amount of empirical data have been accumu-
lated today, but complete understanding of the physi-
cal mechanisms involved in formation of the keyhole
in deep penetration welding has not been achieved.
For example, the hypothesis about the recoil pres-
sure-induced melt displacement is widely used in the
simulation of laser welding, despite the existing con-
tradictions with empirical data [1]. It leads to a limi-
tation of the predictive possibilities of simulation.
To resolve these discrepancies, work [2] proposed
a hypothesis and theoretical model explaining keyhole
formation as being due to tangential thermocapillary
forces acting on a non-uniformly heated surface and
the melt being removed from the beam impact zone.
The Marangony thermocapillary effect is well known
and frequently factored in for modelling the vortex
flow of fusion during surface fusion of metals by a
relatively low intensity laser beam. However, it was
noted in [2], a vortex flow with cyclic flow lines is
converted into a shear flow with extended flow lines,
wlien g = gy Thus, thermocapillary divergent shear
flow effectively removes fusion from the beam impact
zone and allows a keylole to be formed.
Thermocapillary model of keyhole formation. The
flow direction dependence on whether do/dT is posi-
tive or negative. Since the surface tension is always
equal to zero at critical temperature and at fusion
point o(Ty,) = og, then do/dT is always negative in
a wide temperature interval and tangential thermo-
capillary stress creates a flow of fusion from the center
of beam action to the periphery. The surface force is
balanced by the viscous friction with the lower layers.
The rotor of velocity will be assigned on the surface

3. door
dy  OT dx

where n is the dynamic viscosity; V. is the tangential
velocity of flow on the fusion surface; x is the coor-
dinate along the surface of the liquid film; and y is
the coordinal: perpendicular to the liquid film sur-
face. ""he motion of viscous fluid is described by the
i Tavier—Stokes equation
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aa—j +(VWV)V = - 5 Vp +oVV.

To find the accurate decision of this equation is
very complicate task. Thus for first approximation let
us assume that the convective term may be considersd
small. Therefore the equation is simplified to the lin-
ear equation

w1 Vp +oVV
ot pr '
Applying the operation rot to both sides of equa-
tion and given that rotVp = 0 we will obtain

i rotV = vArotV.
ot

In this form the Navier—Stokes equation s similar
to the equation of thermal conductivity. This means
that if the characteristic distance of heat propagation
in time ¢ is V¢ (where ¥ is the thermal conductivity),
the analogous distance of the propagation of viscous
forces deep into the melt is Vot. If the thickness of
the moving layer of liquid 4 is small in comparison
with beam diameter d(h << d), then after time ¢ =
~ 1 /v the melt displacement will pass into a mode
of viscous thermocapillary flow:

oT

0x

1]
" lar

V,

n

Disregarding the convective member in the
Navier—Stokes equation means that for metals with
Prandtl numbers Pr = v,/% < 1, nonlinearity (con-
vective heat transfer) in the thermal conductivity
equation can also be disregarded. Estimating tempera-
ture gradient, il is possible to write approximately

11’301@

T lor| A

i

v, (1)

The viscous radial spreading of the thin liquid film
from the center to the periphery will lead to a fall in
the liquid level on the axis of the beam and a reduction
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in thickness of the liquid film, which will in turn
cause the motion of the melting front V, to accelerate.
This motion of the melting front simultaneously with
a lowering of the molten pool level leads to cavity
formation. If we estimate the speed of motion of the
melting front deep into the material as Vy, = \%/t,
then during the viscous spreading of fusion over time
interval t = b /v we may write V, = Vv/h. Accord-
ing to the condition of flow retention, the rate at
which the level of the {ree surface of the molten pool
drops due to viscous thermocapillary spreading can
be approximately written as Vi~ V_ b /d. For a steady

flow Vi, = Vs, and then we will obtain
1|30 gi _Naw

Hence for evaluating the thickness of the moving

layer h we will obtain
:_pl/zlao/a'f'lq

By substituting (2) into (1), we can obtain quan-
titative assessments of the flow speed V.. For iron in
the intensity range ¢ = 0.5+3.0 MW /cm?® we will
obtain the rate of thermocapillary flow in the interval
V,=3.5+8.0 m /s and the speed of the motion of the
bottom V. = 0.24+0.38 m/s. The values obtained
correspond to the empirical observations V,~2.0m /s
[3] and Vi = 0.12+0.40 m /s [4].

Maximum depth of penetration. We will find for
typical laser welding conditions the following char-
acteristic values: # ~10™ m, V, ~ 1+10 m/s. So,
hydrodynamic processes are fairly large Reynolds
numbers Re = V 2 /0 ~ 100+200, when the effect of
viscosity can be considered slight., This makes it pos-
sible to examine the balance of pressures in the sta-
tionary flow of ideal fluid (Bernoulli equation):

2

o pVs
7 + pgz + —— = const.

5 (3)

For the thermocapillary flow (1) we may write
down

J2, 3 (
Zn Xz(fz \\a!/

(o)
—Hpgz+ = const (4)

If we accept the keyhole for a cylinder with radius
R and length L and determine boundary conditions
for the fusion flow (speed V. equal to (1) on the
bottom of kevhole (z = 0) and V, = 0 at the keyhole
outlet z = L), then we will obtain
ay(L) ~ 6,(0) P (9a aT)
2 07 ogL = 2
R PIE =2 ot s
et us estimate the value of each term of this

equation using empirical data [5]. Armco iron was
welded by a 7.2 kW beam. A joint with depth L =

= 20 mm and aspect ratio L /d = 8 was obtained, and
important measurement was taken of the surface ten-
sion of fusion (o = 0.42 J/m?) and pressure inside
the keyhole (0.31 kN,/m?). So, the hydrostatic pres-
sure was pgl = 2 k\/m2 the Laplace pressure was
26/d = 0.336 kN/m? The speed of fusion flow
reaches V. ~ 4 m /s |3] but the dynamic pressure —
values of pV2/2 = 64 kN /m?. Thus, the Laplace pres-
sure and pressure inside the keyhole can be disre
garded and the pressure balance is determined by the
relationship between the hydrostatic and dynamic
flow pressures. Given that 9T /dx = gh/LL we will

obtain
N
29) | lor|

The estimates of depth L(P) are close to the em-
pirical data [6]. The correlation of the character of
dependence (5) and estimates obtained with the re-
sults [6] should be seen as confirmaticu of the prin-
ciples of the thermocapillary model of keyhole for-
mation in deep penetration welding.

Threshold of the keyhole formation. The phenome-
non of keyhole formation is accompanied by an in-
crease in penetration depth when the threshold hgam
intensity gy, is reached. For steel g = 0.5 MW /cm?,
and for copper gg, =2 MW /cm? [7]. When the beam
is at sub-threshold intensity, the thermocapillary flow
has a vortex flow pattern with the cyclic curves of
the flow lines in rotating fluid flow. When the value
gs 1s reached, the structure of thermocapillary {low
changes, that is due to the breaking of the flow lines.
The flow assumes the character of a shear flow and
brings about the more effective removal of fusion from
the beam action zone and, therefore, more effective
dissipation of the beam power compared with vortex
flow.

Let us estimate the value of gy, using the ideas of
the thermocapillary model of keyhole formation. We
will consider that the temperature of the surface of
fusion in the centre of the beam spot is close to boiling
point Ty,. The temperature gradient, directed into the
depths of the material, can be estimated as 0T /dx =
= (T, — Tw) / h and the power density as gy =A(T}y —
— T/ h. 1f value 4 is close to (2), we will obtain

L3
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For iron, factoring in a temperature change in
properties and the characteristic spot diameter d ~
~ (3+5)-1072 cm,  we will obtain gy = 0.3+
+0.5 MW /¢ m which is close to the empirical data
0.5 MW /cm? L J The threshold of the penetration
welding of steel in relation to changes in electron
beam diameter and power of the clectron beam is
empirically determined in [8]. For copper, the calcu-
lated interval gy, = 2.1+3.0 MW /cm” is close to the
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region of a sharp increase of the penetration depth in
copper 1.75+2.25 MW /cm? observed in [7].

Correlation of the calculated values (6) with the
results of experiment [8] confirms the legitimacy of
the underlying principles of the thermocapillary
model.

Intensity interval of thermocapillary keyhole for-
mation. According to the evaporative model of key-
hole formation, at the threshold intensity (for iron
g = 0.5 MW /cm?) we should expect a perceptible
increase in evaporation, which should be manifested
by increased mass loss. It has, however, been recorded
that at higher intensity ¢ ~ 3 MW /cm? [9]. It is
noted that above this intensity the weld quality de-
teriorates, and the increase in mass losses far beyond
the threshold of deep penetration (with ¢
=3 MW /cm?) indicates that there is no any casual
effect between keyhole phenomenon and evaporation.
However, while this position of the region of height-
ened evaporation appears paradoxical from the point
of view of the evaporative hypothesis, it fully con-
forms with the thermocapillary nature of keyhole for-
mation.

The value of the critical intensity can be obtained
from the condition of equality of keyhole growth rates
under the action of comparable physical mechanisms
of fusion movement. Equating the speed of keyhole
growth by thermocapillary melt displacement V, =
=V, h/d (where V, and 4 are found from (1) and
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(2)), and the speed of drop in the molten pool level
in a splash regime by the vapour recoil pressure [10],
we will obtain for iron the value of ¢ = 3 MW /cm?
[2], which coincides with the intensity of the thresh-
old growth of evaporation [9].

Thus, for iron, the thermocapillary mechanism de-
termines the hydrodynamic processes in the fusion in
a beam intensity range of ¢ = 0.5+3.0 MW /cm?.
Application of the evaporative hypothesis for madel-
ling hydrodynamic processes 1s possible for a higher
intensity ¢ > 3 MW /cm?.
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RIFICATION OF THE MELT DISPLACEMENT

MECHANISM IN DEEP PENETRATION LASER WELDING

R.D. SEIDGAZOV
Moscow, Russian Federation

[i i> considered that the intensity of evaporation in keyhole welding is slight, the evaporative model of keyhole formation
is not confirined by experimenis, and all the empirical dala related to keyhole formation have a non-contradictory
interprewacion under the thermocapillary model of keyhole formation, where the weak process of evaporation can be

disregarded.

Accuracy in simulating hydrodynamic processes de-
pends on reliable knowledge about physical mecha-
nism that causes melt removal under a laser beam.
However, there are still fundamental problems in un-
derstanding this mechanism. Laser-induced melt re-
moval was first reviewed in [1], which put forward
the hypothesis of melt displacement by vapor recoil
pressure under laser radiation above 10 MW /cm?.
Demand for the devclupmont of laser technologies
spurred the application of this hypothesis for simu-
lating the hydrodynamic processes during laser key-
hole we dmég m the operative intensity range of about
{ MW /cm Smce these applications were not
substantiated ernplrlcdlly, the evaporative hypothesis
was subsequently found to have numerous discrepan-
cies with empirical data in the operative intensity
range. To resolve these discrepancies, a thermocapil-
lary hypothesis and model were proposed in [3, 4].
This model explained keyhole formation as melt dis-
placement by tangential thermocapillary forces on its
non-uniformly heated surface.

It should be highlighted that the thermocapillary
effect is generally considered to be the basic mecha-
nism of melt displacement with a vortex flow structure
during the surface melting of metals by low intensity
radiation of about 0.1 MW /cm?® [3] or during for-
mation of a weld in the tail section of the weld pool
(at a certain distance from the radiation zone) in deep
penetration welding [G]. In simulation, the transition
to deep penetration mode occurs when the threshold
beam intensity g = gy, is usually reflected in immediate
rejection of the thermocapillary mechanism of melt
displacement in favor of another mechanism — its
displacement by vapor recoil pressure. When g < gy,
the simulation of vortex fusion flow is based exclu
sively on the thermocapillary Marangony effect [5],
but when g 2 gy, the thermocapillary effect is gen-
erally disregarded in favor of recoil-pressure induced
melt displacement. The thermocapillary hypothesis,
however, proposes a different approach, according to
which when g 2 gy, the thermocapillary flow changes
only in structure, so the active range of the evapora-
tive mechanism should move to a region of higher
intensities.

© R.D. SEIDGAZOV, 2009

The conflict between the two approaches to simu-
lating hydrodynamic processes in welding can be prop-
erly resolved only by experiment. To make a valid
choice of hydrodynamic welding model, therefore, a
comparative verification must be made of both hy-
potheses and models based on a systematic analysis
of a broad range of empirical data.

Basic parameters of the cvaporative hypothesis.
According to the evaporative model, fusion displace-
ment occurs under the impact of vapor recoil pressure
» = pV;y (where p and V is the vapor density and
vapor flux velocity, respectively). If evaporation with
a rate of mass loss m /¢ under the action of a laser
beam with focal spot area S causes surface deformation
at velocity Vi, then we can write down Lhe relation-
ship Vg = m/Stp, (where p,, is the melt density).
On the other hand, let us use the condition of mass
flux conservation pV = p,, Vg (where Vi is the rate
of liquid level drop due to evaporation, and p is the
liquid density). The recoil pressure can then be wril
ten as

, m
p=pVi=p,Vs ZEV- (1)

This relationship determines the correlation between
the basic evaporation parameters, each of which can
be determined experimentally.

The following values were recorded in welding
experiments with steel: the rate of mass loss during
welding is m/t = 2-3 mg /s [7, 8], and vapor jet
velocity during penetration is in the range of 10—
30 m /s {9-11]. From relationship (1) we will obtain
arecoil pressure in the order of 100-300 N/ m?, which
corresponds to the experimental measurements [12,
13]. (Indeed, the pressure inside the keyhole during
welding of steel by a 7.2 kW electron beam turns out
to be 310 N/m? [ 12], which corresponds precisely to
the measurements of other evaporation paramctors and
their interdependence according to (1). Pressure in-
side the keyhole during welding of aluminium alloys
by a 1.1-3.85 kW electw“ beam turns out also to be
small: 19-570 N/m? [13].) This value is paradoxi-
cally small compared with the evaporative model pre-
diction of 0.5-1.0 MN,/m? Thus the evaporative
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model prediction does not match the empirical data,
excccding the latter by an order of 3 to 4,

In the evaporative model, vapor jet velocity is
assumed to be equal to the speed of sound {14, 15].
(C=VYyRT/M = 840 m /s at laser radiation of 2-
3 kW and a plasma jet temperature of 3200-3400 K
[16].) Here the calculated vapor jet velocity is 1.5-2
times higher than that in empirical data.

According to calculations using the evaporative
model, it takes around 30 % of beam power to me-
chanically maintain the keyhole by vapor recoil pres-
sure [ 14]. Moreover, during the laser welding of iron
by a 2-3 kW beam we should expect the rate of mass
loss to be in the order of m/t = 0.3P/H = 100
150 mg /s (here /1 is the specific enthalpy of evapo-
ration, J/g). This far exceeds the measurement re-
sults (2=% mg /s). The same conclusions can be drawn
when analyzing other experiments. For instance, ac-
cording to [8, 17], the calculated rate of titanium
mass loss is m /¢t = 80 mg /s with power expenditure
in the order of 40 % of total beam power, but the
measured values also turn out to be 2 orders less
(0.7-1.4 mg/s).

it should thus be concluded that all the actual
evaporation parameters in relationship (1) are con-
siderably less than those of evaporative model predic-
tions. Despite these huge differences, however, the
evaporative model predictions do correspond to (1.
A recoil pressure in the order of 0.5-1.0 MN /m? does
indeed correspond to a vapor jet velocity of 840 m /s
and mass loss rate of 100—-150 mg/s.

The conclusion that pressure inside the keyhole is
low was drawn also in [18] after the discovery of
shielding gas inside the weld pores during welding
with a 25 kW laser beam, which would be impossible
if the pressure inside the keyhole was high. Work
[19], citing the measurements in [20], also noted low
pressure inside the keyhole of about 1073 atm.

Thus, the basic evaporation parameters that figure
in calculations using the evaporative model differ sig-
nificantly from the experimental data. This casts
doubt on the justification for using the evaporative
model to simulate the hydrodynamic processes in laser
welding. Just the opposite — the relative weakness
of the evaporative process accords with the thermo-
capillary model [3, 4].

Deep penetration threshold and intensive evapo-
ration mode. Laser welding moves into keyhole mode
when the threshold radiation intensity is achieved
{lor steel g, = 0.5 MW /em? [21]). According to the
evaporaiive hypothesis, the threshold increase in
penetration depth and evaporation intensity (rate of
mass loss) should occur at the same radiation intensity
of gy,. For steel, therefore, one might expect a surge
in mass loss to evaporation when gy, = 0.5 MW /cm”.
However, this surge in mass loss was found at the
comlderably higher intensity of g, = 3 MW /cm?
(22] (Figure 1). This vast discrepancy between the
transition to keyhole mode and the steep increase in
evaporation does not blend in with the evaporative

*1 Threshold of keyhole formation

Increase of evaporation

Steel

_;
W
—

S

Thermocapillary | Thermocapillary + evaporative
mechanism mechanism

L -1
L 1 l 1

20 3.0 40
Laser beam intensity, MW /cm?

—
<
T

Loss of mass, g

Figure 1. Sharp mcre'tse in evaporation intensity in steel welding
with a 3 MW /cm” laser beam [22]

hypothesis and indicates the absence of any causal
link between the evaporation and the keyhole phe
NOMmenon.

We should note that work [3] provides a calcula-
tion of the transition boundary of the mechanisms tor
steel. This figure was obtained based on the condition
of equality of melt flow velocities due to both mecha-
nisms action, and corresponds precisely to 3 MW Jem?
[22]. Thus, the range of action of the evapomtlve
mechanism for steel is above gy, = 3 MW /cm?. As
noted in [22], weld metal quali ‘y deteriorates at in
tensities above qy,p = 3 MW /cm? due to melt spatter.
This means that the intensity range for quality keyholt
wddmg of steel is g < g < Guap Or 0.5 < g <
<3 MW /cin?, and corresponds to the range of the
thermocapiliary meclianism. Thus, the measurements
[22] should be seen not simply as refuting the evapo-
rative hypothesis regarding welding beam intensity,
but as confirming the thermocapillary model of pene-
tration,

Energy balance in welding. According to the eva-
porative model, the calculated power requirement to
keep the cavity in a stable state is approximately 30 %
of total becin power [14]), but measurements of mass
loss indicate that only around 0.6 % of beam power
is expended on evaporation.

Power absorbed by metal during laser welding is
characterized by a net efficiency M, = g/ P (where
q is the effective thermal power absorbed by the work-
piece, and P is the laser radiation power). It reaches
a value of 0.7 under optimum welding parameters
[22]. The net thermal power expenditure on melting
is defined as the thermal efficiency n; = v FpH /g
(where vy, is the welding speed; F is the cross-sectional
area of the penetration -one; and [y is the specific
enthalpy) and reaches Hy = 0.42-0.46 [23]. Power
losses due to thermal conductivity can be accounted
for by calculation. In [11] it was proposed that nct
efficiency and thermal efficiency could be linked by
the relationship Mg = nr(1 + A//(d o)) (where ¥
is the thermal diffusivity, and  is the diameter of
radiation zone). If the power expenditure on evapo-
ration cannot be disregarded, then we should write
Naet = Nar(1 + 290 (dwy)) + mH /P ( where H is the
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Energy balance of absorbed heat is equal to 1

Figure 2. Energy balance in laser welding

specific heat of evaporation, and m; is the rate of mass
loss in vapor). This relationship enables us to deter-
mine the breakdown of power expenditure on melting,
evaporation, and thermal conductivity.

For steel, measurements provide a figure for ther-
mal efficiency of Ny ~ 0.42-0.46 (y = 0.06 cin’/s,
vy =2.5cm/s, d=0.06cm), and power expenditure
on thermal conductivity under these couditions can
be calculated asnr2Vy/(do,,) = 0.53-0.58 (Figure 2).
Correspondingly, the sum of the net thermal power
expended on melting and thermal conductivity is in
the range of 0.95-1 of the power absorbed by the
workpiece. Hence, the power expenditure on evapo-
ration cannot be greater than 5 % of the net thermal
power or 3.5 % of the incident beam power. Actual
power expenditure on evaporation turns out to be far
less than the calculated power expenditure on me
chanically maintaining the keyhole according to the
evaporative model (=30 % [14]). It means that the
evaporative model calculations are not confirmed by
the actual energy balance. We should note that the
actual measured beam expenditure on evaporation
(3.5 % of incident beam power) within the range of
efficiency measurement error (8-10 %) corresponds
to the previously obtained calculation of power ex-
penditure on evaporation using measurements of mass
loss rate (~ 0.6 %).

Thus, the energy balance in welding leads to the
conclusion that power expenditure on evaporation in
laser welding is so small that it conflicts with the
evaporative model of penctration, but at the same
time accords with the thermocapillary mechanism,
which presumes a low power expenditure.

CONCLUSION

All the above findings mean that the intensity of
evaporation in keyhole welding is slight and the

evaporative model of keyhole formation is not confir-
med by experiments. All the empirical data related
to keyhole formation have a non-contradictory inter-
pretation under the thermocapillary model of kevhole
formation, where the weak process of evaporation can
be disregarded. The range of intensity where the
thermocapillary mechanism of fusion transfer is do-
minant and where the evaporative mechanism can be
disregarded lies between the threshold of keyhole
formation and the threshold increase in evaporation
Gth < g < Guap (for steel 0.5 < g < 3.0 MW /cm’).
The evaporative mechanism may become significant
at intensities above the intensive evaporation thres-
hold (3 MW /cm™ for steel), but at the same time
there is a deterioration in weld quality due to metal
spatter.
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MODELING OF METAL VAPORIZATION
AT LASER PROCESSING

[.LL. SEMENOV, L.V, KRIVTSUN and V.F. DEMCHENKO
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

This paper is devoted to the theoretical investigation and mathematical modeling of convective vaporization of metals
at laser processing. The most detailed study of the vaporization process can be accomplished on the basis of the Boltzmann
kinetic equation which describes evolution of the velocity distribution function of the vapor phase atoms. Since solving
this integral-differential equation is a very complicated problem, the model kinetic equation (BGK-model) is used. The
BGK equation is simpler than the Boltzmann one, but at the same time retains the kinetic approach main advantages.
This equation was solved numerically by a conservative finite-difference method. The characteristics of metal vapor
flow inside and outside of the Knudsen layer were calculated for a wide range of the metal surface temperature (above
the boiling temperature), covering subsonic and supersonic flow regimes. Comparison of two known models of convective
vaporization, proposed by Ch.J. Knight and S.I. Anisimov, with the result obtained was carried out and the bounds of
applicability of these models were established. It is shown that the flow pattern, obtained by solving the kinetic equation,
can differ from the idealized flow pattern used in the Knight model. In addition, kinetic solution provides detailed
information about shock wave and contact discontinuous wave structures. The results of this paper can be used for
mathematical modeling of physical processes (heating, melting and convective vaporization of metals) occurring at laser
processing, which involves CW lasers as well as pulsed and pulsed-periodic lasers.

Process of convective vaporization exerts essential in-
fluence on a thermal state of metal at pulse laser proc-
essing. If intensity of laser emission is high enough, the
surface of a processed product can heat up to the tem-
peratures exceeding boiling temperature that is accom-
panied by intensive evaporation of metal. As show es-
timates [ 1, 2], loss of heat due to evaporation can be in
the order of the energy put in processed metal by laser
emission. In addition, a stream of metal vapor, flowing
out from a heating spot, qualitatively changes process
of interaction of laser emission with metal. At first,
metal vapor can absorb emission, shielding the heated
up surface. Secondly, vapor can be ionized under effect
of emission and, in this case, the absorption of laser
emission is governed by characteristics of metal plasma,
which essentially depend on vapor flow pattern. Thus,
except for definition of heat loss due to evaporation,
the research of gas-dynamic flow structure, arising at
flowing out of metul vapor in surrounding gas, has also
a great sense.

The most detailed description of process of evapo-
ration can be accomplished on the basis of Boltzmann
equation or its simplifications. Boltzmann equation
describes evolution of the velocity distribution func-
tion of the vapor or gas atoms. The statistical ap-
proach, based on consideration of distribution func-
tion, does not depend on a degree of gas rarefaction
unlike classical gas-dynamic approach. The equations
of gas dynamics correctly describe behavior of gas
only then the condition [ = L holds, where [ is the
average length of particles free path, and L is the
characteristic geometrical size of the problem. By vir-
tue of this condition the equations of gas dynamics
cannot be used for research of vapor flow charac
teristics inside Knudsen layer, but also the solution
of these equations does not give the information on
structure of shock waves and contact discontinuities.
Boltzmann equation can be used for research of vapor

® 1.L. SEMENOV, LV. KRIVTSUN and V.F. DEMCHENKO, 2009

flow characteristics in all areas and statement of a
problem for it does not demand attraction of models
of Knudsen layer, such, for example, as the models
offered by Anisimov [1] and Knight [2]. At the same
time, Boltzmann equation is the complex integral-dif-
ferential equation which analytical solutions arc
known only for some simple problems. Generally, for
its solution it is necessary to use time-consuming nu-
merical methods. So, recently the approaches, based
on the numerical solution of simplified variants of
Boltzmann equation, the so-called model kinetic equa-
tions, actively develop. Most known of such equations
is the BGK equation [3]. In this model equation the
integral of collisions is replaced with simplified mem
ber, describing a relaxation of distribution function
to locally equilibrium Maxwell function. In spite of
the fact that BGK equation differs from initial
Boltzmann equation, it keeps the basic advantages of
the kinetic approach and is successfully applied to
study various gas-dynamic flows.

In the present work process of evaporation of metal
is analyzed on the basis of the one-dimensional model
kinetic BGK equation, which has been written for
particles of metal vapor. In case of evaporation in
surrounding gas it is necessary to consider two kinetic
equations: for particles of metal vapor, and for par-
ticles of gas. In the given work for simplicity the
model situation, in which metal vapor scatters in an
atmosphere consisting of atoms of the same metal, is
considered. It allows one kinetic equation instead of
two to be considered.

Statement of the problem and solution method.
Let us consider one-dimensional non-stationary ki-
netic equation BGIK which can be written as follows:

of v O p
at“'ixaxvv(fM ),

(1

where f(¢, x, &, &, €,) is the velocity distribution
function of vapor particles; fy is the local equilibrium
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Figure 1. Distribution of gas-dynamic parameters along axis x by the moment of time £ = 6.7-107 s at T, = 3492 K: @ — temperature;

b — density; ¢ — velocity; d — pressure

distribution function; and v is the collision frequency.
The axis x is perpendicular to the metal surface and
it is directed in the line of vapor flow. Vector
= (€., €, &) is a velocity vector of vapor particles.
If distribution function is known, macroscopic vari-

ables of the vapor are defined as follows:

n=] e )
nu :fg,/dg? (3)
(4)

3kTn 1
o L] merag

where n is the concentration of vapor particles; u is
the macroscopic velocity; T is the vapor temperature;
k is the Boltzmann constant; and M is the mass of
vapor atom.

Integration in formulas (2)—(4) is conducted on
whole velocity space. Equilibrium distribution func-
tion has a following appearance:

3
fr= 1 P B c?
MESnaT | XPL T 24T

where A is the molar gas-dynamic constant of the
vapor; and ¢= &~ ﬂ‘fz is the thermal velocity. Colli-
sion frequency in the equation (1) is defined as fol-
lows: v = p/u; here p = nkT is the pressure, and p
is the vapor viscosity. FFor vapor viscosity we shall

()

accept expression which turns out as a first approxi-
mation of Chapman—Enskog method:

sV M
e 16 71(75”

where o is the effective size of the particle, which
depends on the chosen model of interaction potential.
For example, in the case hard spheres we have o =
= ¢, where d is the diameter of a particle. For power
potential of interaction u(r) = o, /7", where 7 is the
distance between centers of particles; s is the extent
of potential; and o, is the depth of a potential well,
the effective size of a particle is expressed as follows:

[Az(s + )0 - :z/s)jl/2 [2/&’1“\‘ &
Gerf = 2 o, | -
Here T'(4 — 2 /s) is the y-function, and factors A,(s +
+ 1) are calculated in [4]. Let us notice that at such
choice of interaction potential vapor viscosity turns
out to proportional temperature: p1:7%, where ® =
=1/2+2/s. In the limits — e (hard sphere model)
we obtain wNT .

The equation (1) we shall solve in a dimensionless
form. For this purpose we shall pass to dimensionless
variables:

JET/M,

(6)

(7

x'=x/L, n=n/ny, T =T,Ty,

W =uscy, f=fco/ny,

& =E&/c,
8
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where ¢y = V24T, is the thermal velocity of the par-
ticles in surrounding gas (at infinity); L is the char-
acteristic dimension of the problem; ng and T is the
concentration and temperature of vapor particles at
infinity, respectively. Further strokes at dimension-
less variables we shall omit.

Let us lead also standard procedure of dimension
reduction. We shall pass to two new functions, which
are expressed through distribution function as fol-
lows:

f=lragde, p=l@+ e ©

Passing to functions f; and f» also allows consid-
ering problem in spaces (x, £,), that essentially raises
efficiency of numerical solution as in this case 3D
integrals (2)—(4) become 1D. Such manner, however,
demands the solution of two equations for two un-
known functions, but it not strongly affects general
efficiency of the method.

The equation (1) after dimension reduction and
passing to dimensionless variables is written as fol-
lows:

of, o 8 1 B
*l+§x—1:—,7fnrl w(fy'fl)?
ot dx  5vgp Kn (10)
/s ofy 8 1 -
Ly, s = T T - h).
at k ax 5\/—7{ I(Il (f2 f2)
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Equilibrium distribution functions in this case are
defined as follows:

_ 2
/’”ﬁp[@%] froTfr (D

The dimensionless parameter — Knudsen number,
entering into the right part of the equation (10), has
a form

Kn=14/L, (12)

where /j = 1/\/2_72071;02“-0 is the average free path of
vapor particles in surrounding gas.

Vapor macroscopic variables are defined through
required functions as follows:

n=] fdk, (13)
nu :.[ é.\:f:déxv ([/‘)
(15)

1= [ 1€ - Wy + e,

It is necessary to note once again that integrals in
formulas (13)—(15) integrated only by the variable
&, instead of whole velocity space.

Problem for the equations (10) we shall set within
interval [0, 1]. Let us assume that evaporating surface
coincides with border x = 0, and the border x = 1 is in
surrounding gas. On the border x = 0 it is necessary (o
define distribution function of particles leaving the sur-
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Figure 2. Distribution of gas-dynamic parameters inside Knudsen layer by the moment of time ¢ = 6.7-107 s at 7, = 3492 K: a —

temperature; b — density; ¢ — velocity; d — pressure
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face. At that, distribution function of particles falling
to the surface is obtained from the solution of the
problem. Let us assume that all falling particles are
condensed on metal surface, and the temperature T
of the surface has the certain value and does not change
in time. Distribution functions of outgoing particles on
the border x = 0 we shall set in a following form:

s

=0, £> 0,8, > 0) = -2 &
filx =0, v Gx )_\/n[ exp T.|

(16)

2 £
[x=0,¢6>0,6,>0) =T, T exp{ Ts]'
Here ng is the concentration of saturated vapor at
temperature T;. Let us assume that pressure of satu-
rated vapor is defined by means of Clapeyron—Clau-

sius formula
ps=exp gt ——-'Jl
3 T »

S/J
where T is the metal boiling temperature, and g =
= L/ RT,. Here A is the heat of vaporization per mole,
and R is the absolute gas constant. It should be noted
that pressure of saturated vapor p; in the formula (17)
is expressed in dimensionless units, i.e. it is divided
by pressure in surrounding gas po = kngTy. Concen-
tration of particles in saturated vapor is obtained from
T, K
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the state equation of ideal gas which in dimensionless
variables looks like

ng=ny/T;. (18)

On border x = 1 it is necessary to define distribu-
tion function for the incoming particles. We shall
accept that distribution function is equal to equilib-
rium function in surrounding gas:

_ R BN
fl(x-1,t>o,§x<0)—ﬁexp(&,Y), (19)

fla=1,t>0,E <0)=fx=1,t>0E <0).

As the initial condition we shall accept equilibrium
distribution function

_ _L 2
fl(xr t= 0! E,ar) - \/E exp ( g\')r

f2(x! t= 01 E.ar) :f1(xr t= Ov éa)

The equations (10), with initial conditions (20) and
boundary conditions (16), (19), are solved numerically
with the aid of the method which has been offered in
work [5]. The given method is based on splitting of the
equations (10) on physical processes on a small time
increment. Thus the stage of free molecule transfer and
the stage of the relaxation are considered separately.
The basic attention at the numerical solution of the
equations (10) should be turned on the validity of dis-
crete conservation laws. For this purpose in [5] the

p, kg/m3
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Figure 3. Distribution of gas-dynamic parameters along axis x by the moment of time ¢ = 1.7-107 s at T, = 4932 K: ¢ — temperature;

b — density; ¢ — velocity; d — pressure
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technique of Maxwell function correction is offered
on each step on time that provides strict performance
of discrete conservation laws.

Results of modeling. Let us consider results of the
numerical solution of BGK equation for iron vapor.
The temperature and pressure of surrounding gas were
To = 300 K and pg = 10% Pa, and concentration of
particles 7y = poNa/Upe = 2.4-10%°, where Ap, =
= 148.5 J(kg'K) is the gas-dynamic constant for iron;
Upe = 0.056 kg /mol is the iron mole mass; and N, is
the Avogadro’s number. At a given value of tempera-
is co = V2Ar. Ty =298.5m /s. The boiling temperature
of iron was accepted equal T, = 3133 K, heat of va-
porization — A = 415.7 kJ/mol. In all calculations
for simplicity the hard spheres model was used. The
characteristic size of iron atom d = 0.254 nm, thus
average length of free path [y = 1.4-107 c¢m. The char-
acteristic dimension of a problem was accepted equal
L =1 cm, then Kn = 1.5107.

Let us consider in the beginning a flow pattern
which appear at rather small overheat of metal surface
above boiling temperature. We shall result, for ex-
ample, dimensional results of calculations for iron at
T.=3492 K. In Figure 1 distributions of temperature,
density, velocity and pressure along axis x are pre-
sented by the moment of time ¢t = 6.7-1077 s.

As follows from the Figure, at a small overheat
of a surface above boiling temperature the flow struc-
ture with a shock wave and contact discontinuity is
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established which is characteristic for a subsonic re-
gime of vaporization. In the received solution these
areas are not break surface, and have the certain strue-
ture. As the length of free patl is small enough in
comparison with the characteristic dimension of a
problem these areas can be considered as a break sur-
face. By virtue of the chosen scale Figure 1 does not
display distribution of gas-dynamic parameters inside
Knudsen layer which is located directly at an evapo-
rating surface. Therefore in Figure 2 distribution of
temperature, density, velocity and pressure is sepa-
rately shown inside Knudsen layer by the same mo-
ment of time. In addition the distance from a surface
of metal is specified after dividing by average length
of free path. The data presented in this Figure testify
that thickness of Knudsen layer in a considered case
makes approximately 20—30 lengths of free path.

Let us consider now results of the solution of the
kinetic equation at a significant overheat above boil-
ing temperature. In Figure 3 distributions of tempera-
ture, density, velocity and pressure along axis x are
presented by the moment of timet=1.7-10"sat T =
=4932 K, and in Figure 4 distributions of gas-dynamic
parameters inside Knudsen layer are shown under the
same conditions.

The results of calculations, presented in Figure 3,
show that at a significant overheat of a surface above
boiling temperature the supersonic regime of evapo-
ration is realized. In the given Figure the shock wave,
which extends on surrounding gas, a rarefaction wave

p, kg/ m3

1 1 1 - | ! 1

0 200 40 GO 80 100 120 140

RO

L
140 xs 1y

100 120

Figure 4, Distribution of gas-dynamic parameters inside Knudsen layer by the moment of time ¢ = 17107 s at T, = 4932 K: a —

temperature; b — density; ¢ — velocity; d — Mach number
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Figure 5. Comparison of results of calculation using Knight’s model (dashed) and on the basis of kinetic equation (solid curves)

near to the metal surface and area of contact discon-
tinuity are well visible. The data, presented in Fi-
gure 4, show that if the supersonic regime of evapo-
ration is realized, then there is a sound point in a
stream, i.e. a point in which Mach number equals
one. This point also defines border of Knudsen layer,
which is followed by rarefaction wave.

It is interesting to compare results of calculations,
obtained by means of known Knudsen layer models,
with results received by the solution of the kinetic
equation. One of the most known models is the
Knight's one [2]. In Figure 5 dependences of tem-
perature T}, density pg, velocity uy and thermal loss on
evaporation g, on the border of Knudsen layer on surface
temperature in a subsonic regime, calculated on Knight’s
model and received by the solution of the kinetic equar
tion, are shown. From this Figure follows that IKnight’s
model gives enough greater error at definition of tem-
perature on the border of Knudsen layer. Also there is
some crror in definition of density on the border of
Knudsen layer. The least relative error is shown at defi-
nition of velocity, and the greatest (up to 13 %) — at
definition of thermal loss.

In supersonic regime velocity on the border of
Knudsen layer is equal to local speed of sound, i.e.
Mach number equals one. From Knight's model it is
received following values for gas-dynamic parameters
on the border of Knudsen layer:
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K= 0.669T,, p,=0308p, uy=YApT}.

The solution of the kinetic equation gives

T, =10.632T,, p,=0.368p,.

In this case the relative error in definition of tem-
perature makes 6 %, and the relative error in definition
of density is 16 %. In summary it is necessary to list
also values of parameters on the border of Knudsen
layer, received in Anisimov’s models [1]: T, = 0.67,
Or = 0.4ps; T = 0.610T, pr = 0.381ps; and T
= 0.650T, pr = 0.312p,. Here the error in definition
of temperature makes 3—5 %, and in definition of
density — from 4 up to 9 %.
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ANALYZING FORMATION OF CAPILLARY
IN DEEP PENETRATION LASER WELDING

SEYEDALI ETEZAD, ILNAZ VAHDATINIA and A.A. NIKITIN
Laser Technology and Materials Science Department of the NTUU «Kyiv Polytechnic Institute», Kyiv, Ukraine

Principles of the capillary formation, results of analysis of the existent models and main factors influencing on capillary
formation, influence of ultrasonic oscillation on formation and stabilization of the capillary in laser welding with
differing polarization, as well as the efficiency of the deep penetration laser welding, are described in this work.

A gel is a solid, jelly-like material that can have
properties ranging from soft and weak to hard and
tough. Gels are defined as a substantially dilute cross
linked system, which exhibits no flow in the steady-
state [1]. By weight, gels are mostly liquid, yet they
behave like solids due to a 3D cross linked network
within the liquid. It is the cross links within the fluid
that give a gel its structure (hardness) and contribute
to stickiness (tack).

A solid 3D network spans the volume of a liquid
medium. This internal network structure may result
from physical or chemical bonds, as well as crystallites
or other junctions that remain intact within the ex-
tending fluid. Virtually any fluid can be used as an
extender including water (hydrogels), oil, and air
(aerogel). Both by weight and volume, gels are mostly
liquid in composition and thus exhibit densities simi-
lar to those of their constituent liquids. Jell-O is a
common example of a hydrogel and has approximately
the density of water.

Cationic polymers are the positively charged poly-
mers. Their positive charges prevent the formation of
coiled polymers. This allows them to contribute more
to viscosity in their stretched state, because the
stretched-out polymer takes up more space than a
coiled polymer and this resists the flow of solvent
molecules around it. Cationic polymers are the main
functional component of hair gel, because the positive
charged polymers also bind the negatively charged
amino acids on the surface of the keratin molecules
in the hair. More complicated polymer formulas exist,
e.g. a copolymer of vinylpyrrolidone, methacry-
lamide, and hydrogel N-vinylimidazole.

"t here are three types of gels, namely: hydro-, or-
gano- and xerogels. Hydrogel (also called Aquagel)
is a network of polymer chains that are water-insol-
uble, somelimes found as a colloidal gel in which
water is the dispersion medium. Hydrogels are highly
absorbent (they can contain over 99 % of water) natu-
ral or synthetic polymers. Ilydrogels also possess a
degree of flexibility very similar to natural tissue,
due to their significant water content.

Common uses for hydrogels include:

e currently used as scaffolds in tissue engineering.
In this case hydrogels may contain human cells in
order to repair tissue;

© SEYEDALI ETEZAD, [LNAZ VAHDATINIA and A.A. NIKITIN, 2009
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s environmentally sensitive hydrogels, which have
the ability to sense changes of pH, temperature, or
the concentration of metabolite and release their load
as result of such a change;

s as sustained-release delivery systerns,

o provide absorption, desloughing and debriding
capacities of necrotics and fibrotic tissuc;

e hydrogels that are responsive to specific mole-
cules, such as glucose or antigens can be used as
biosensors as well as in DDS;

e used in disposable diapers where they «capture»
urine, or in sanitary napkins;

» contact lenses (silicone hydrogels, polyacry-
lamides);

e medical electrodes using hydrogels composed of
cross linked polymers (polyethylene oxide,
polyAMPS and polyvinylpyrrolidone);

» water gel explosives.

Other, less common, uses include granules for
holding soil moisture in arid areas, dressings for heal-
ing of burn or other hard-to-heal wounds, reservoirs
in topical drug delivery, particularly ionic drugs de-
livered by iontophoresis (see ion exchange resin).

Common ingredients are e.g. polyvinyl alcohol,
sodium polyacrylate, acrylate polymers and copoly-
mers with an abundance of hydrophilic groups.

Natural hydrogel materials are being investigated
for tissue engineering, these materials include agarose,
methylcellulose, hyaluronan, and other naturally de-
rived polymers.

Many gels display thixotropy — they become fluid
when agitated, but re-solidify when resting. In gen-
eral, gels are apparently solid, jelly-like materials.
By replacing the liquid with gas it is possible to pre-
pare aerogels, materials with exceptional properties
including very low density, high specific surface areas,
and excellent thermal insulation properties.

Sound-induced gelation is described in 2005 in an
organopalladium compound that in solution trans-
forms from a transparent liquid to an opaque gel upon
application of a short burst (seconds) of ultrasound.
Heating to above the gelation temperature 7', takes
the gel back to the solution. The compound is a dinu-
clear palladium complex made from palladium acetate
and a N, N'-Bis-salicylidene diamine. Both compounds
react to form an anti conformer (gelling) and a syn
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Figure 1, Principle of laser beam kevhole welding

conformer (non-gelling) which are separated by col-
umn chromatography. In the solution phase the dimer
molecules are bent and self-locked by aromatic stack-
ing interactions whereas in the gel phase the confor-
mation is planar with interlocked aggregates. The anti
conformer has planar chirality and both enantiomers
were separated by chiral column chromatography. The
(=) anti conformer has a specific rotation of -375°
but is unable to gelate by itself. In the gel phase the

dimer molecules form stacks of alternating (+) and
(-) components. This process starts at the onset of
the senication and proceeds even without further soni-
cation.

The power density available from an industrial laser
beam spans many orders of magnitude, attaining 1¢°
W /mm in a high quality focused beam. However, such
a high power density is difficult to control, and keyhole
welding is normally carried out with a power density
on the order of 10" W-mm ®. The surface of the material
vaporizes at the point of interaction. The recoil force of
vaporization from the liquid surface causes a surface
depression, which develops into a deeply penetrating
vapor cavity by multiple internal reflection of the beam
(Figure 1). The diameter of the keyhole is approximately
cqual to the beam diameter.

Lnergy is absorbed by the material through two
mechanisms, which determine the overall energy
transfer efficiency. Inverse bremsstrahlung absorption
(transfer of energy from photons to electrons) takes
place in the partially ionized plasma formed in and
above the keyhole, and it is the dominant mechanism
at low welding speed. Al high speeds Fresnel absorp-
tion by multiple reflections at the walk of the keyhole
dominates, and it is dependent on the polarization of
the beam. Plasma (ionized vapor) and plume (vapor-

Upper part of weld poul

Channel Tormation

= ——

Figure 2. Hydrogel workpieces welded using CO.-laser at pulse pumped power 0.5 (@) and 1.0 (b) kW and 1=0.5s
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View from above

Figure 3. Hydrogel workpicces welded using CO,-laser at P = 1 kW and v, = 100 m/min

ized material) facilitate energy transfer (rom the beam
to the material, but they also defocus the laser beam,
reducing its power density.

The vapor cavity is surrounded by molten material,
The cavity is maintained through equilibrium between
opening forces arising from material ablation and
plasma formation, and forces caused by the surface
tension and hydrostatic pressure of the molten pool,
which act to close it. As the beam and material move
relative to one another, material is progressively
melted at the leading edge of the molten pool and
flows around the deep penetration cavity to the rear
of the pool where it solidifies in a characteristic chev-
ron pattern. The requirement to maintain this balance
leads to practical minimum and maximum traverse
rates for keyhole welding — excessive speed causes
the keyhole to collapse, whereas insufficient speed
results in a wide weld bead that sags. The shape and
size of the keyhole fluctuate during welding. The mol-
ten pool temperature is considerably higher than that
in conventional arc welding. Heat is conducted into
the surrounding material to produce a narrow HAZ.
When the laser beam is turned off, several processes
occur, namely: the plasma inside the keyhole is ex-
tinguished; vaporization pressure decays; and the key-
hole collapses through the effects of surface tension
and gravity.

Keyhole-welded joint exhibit two distinct regions:
fusion zone, and HAZ. Within the HAZ sub-regions
can be identified, extent of which depends on the
material composition and the peak temperature at-
tained during welding. Each region has a specific com-
position, microstructure and set of properties.

In the fusion zone, material is melted and solidified
rapidly. Grains grow epitaxially with the adjacent
HAZ grains in a columnar morphology. Equiaxed

grains may also be formed in the centre of the weld
bead. The grain morphology depends on the welding
speed: a high speed results in abrupt changes in grain
orientation, causing parallel elongated grains to form
along the weld centerline that are susceptible to so-
lidification cracking. The weld bead microstructure
and properties are essentially those of rapidly cooled
cast material. Depending on the nature of the alloy
and the composition of the weld metal, it might be
possible to regain the properties of the base material
through postweld heat treatment. The partially
melted zone is defined as the region in which a peak
temperature between the liquidus and solidus was
attained during welding. Localized melting occurs,
accompanied by segregation on grain boundaries. A
microstructure is produced that is unable to withstand
the compression stresses generated when the weld met-
al solidifies, rendering it susceptible to solidification
cracking.

Figures 2 and 3 illustrate experimental examples.

CONCLUSIONS

1. In modeling the shape of channel for deep pene-
tration laser welding, a natural material was devel-
oped for the X-ray photography and for a close cal-
culation of the mathematical model.

2. The material model was based on hydrogels,
that provides formation of deep penetration channel
in a transparent material.

3. The technological laser Latus provides forma-
tion of the deep penetration channels with different
depth and width, with pulse radiation and with a
continuous generation of radiation length of the weld
and surface roughness.

1. lon, J.C. (2005) Laser processing of engineering materials,
396-340.
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SUPPRESSING THE NEGATIVE EFFECT OF PLASMA
IN DEEP PENETRATION LASER WELDING

SEYEDALI ETEZAD, ILNAZ VAHDATINIA and A.A. NIKITIN
Laser Technology and Materials Science Department of the NTUU «Kyiv Polytechnic Institute», Kyiv, Ukraine

Study on suppressing the negative effect of plasma on the welded joint quality by accelerating voltage betwcen the
electrodes was carried out. A detailed analysis of plasma formation identifies advantages and disacdvantages of method
for eliminate the negative influence of plasma. Some particular experimental results of plasma interaction with electric
field in the working zone (between lens and workpiece) are discussed.

The feature of welding using powerful concentrated
source of energy known as «dagger» melting, which
is characterized by considerable depth at a small width
of the joint. Since the beginning of channel formation,
plasma appears above the workpiece surface, which
consists of products of evaporation and relcases par-
ticles of condensed vapor.

Under certain conditions, the plasma reduces the
intensity of laser beam radiation because of the inter-
action between the beam and plasma in the near-sur-
face plasma and the plasma cavity. Known methods
for declining the negative effect of plasma are reduc-
ing pressure (vacuum), or applying additional stream
of gas flowing directly to the zone of molten metal.
The shortcomings of these methods consist in the facts
that the first one needs to build a vacuum chamber
for welding, and in the second one increasing the gas
pressure by applying additional stream of gas will
increase production costs.

In the research, the behavior of plasma [1] during
the laser welding of metals with different values of
laser power, welding specd, thickness of metal to be
welded and the cost of shielding gas were studied.
Results of study suggested use of short-focal length
lenses, increasing speed of welding, flow rate of
shiclding gas or blowing of plasma torch by special
stream of additional gas which reduces the energy
parameters of .lasma to help effectively clarified
plasma and the dagger melting

[n laser-arc welding the general effect of co-op-
eration is too high. In the interaction zone between
arc and laser, electrical power is supplied to the zone,
when the arc is located on the laser heating arca. Thus
the electrical energy is effectively ionized material
into the depth of melting channel.

The method of laser welding with deep penetration
melting channel is offered, where the DC electric field
between the electrodes (the lens body and metal being
welded) creates a voltage in the zone of the plasma
torch, that has a negative affection on the laser ra-
diation passage. The mechanism of reducing the nega-
tive effect of plasma on the weld quality is because
of the interaction between positively and negatively

© SEYEDALI ETEZAD, IINAZ VAHDATINIA and A.A. NIKITIN, 2009

charged particles of the plasma, and condensed, dis-
persed, electrolyte particles with the electric field.

Electrical particles get movements depending on the
voltage level of electric field in the cloud of ncutral
plasma torch. For welding steel 10 mm thicker it is
necessary to raise the intensity of laser radiation, which
leads to an increase in concentration of electrons in the
plasma, its distribution in the direction towards the
beam and increase in temperature. It causes an increase
in absorption of laser radiation in plasma and an increase
in the beam angle due to the refraction. At the same
time, the temperature of the plasma above the cavity
at a distance of 10 mm arrives to (11-15)-10% K. The
reflection or transparency rates depend on the thickness
of torch. Electron density n, is distributed at the height
of the plasma in thegperipheral zones, and their maximum
value is 3-10'% cm™ [2].

Temperature of the plasma in the axial welding
zones arrives approximately to 14-10% K, and to
7.5-10% I in the peripheral zone, such temperature is
observed in the distance of about 10 mm from a weld-
ing cavity. In plasma there always are such electrons
and ions, which under the influence ¢f the electric
ficld power gain velocity of about 6:10° m /s with the
accelerating voltage U ~ 100 V. The rcgion, which
joins to the cathode and anode, is an interval on which
the current is passed. Such control over the conditions
of the plasma front towards the laser beam using ad-
justable voltage DC power supply enables to move
the plasma front.

Thus, an appropriate selection of electric ficld can
«lecrease the influence of plasma on efficiency of melt-
ing metal during welding. The DC source makes it
possible to change the polarity of electrodes connec-
tion, which in turn changes the direction of current.
At the anode, ionization is almost absent and there is
no positive ions, that is why clectrons, formed in the
cavity of weld pool, attracted to the anode, sharply
increased speed of their movement and, arriving to
anode, stopped and neutralized. While stopping all
elecirons, provided acquire kinetic energy because of
anodc voltage drop. The sharp decrease in the number
of electrons in the cavity axis, as well as in peripheral
areas, leads to transparency of plasma in the cavity
channel. At the same time decreasing density in the
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Figure 1. Test results obtained without (@) and with (b) electric field of 200 V

plasma cavity results in focusing of rays on the axis
of cavity.

Reducing terms of distribution of plasma front in
the direction of laser radiation, using an electric field
of a direct current, provides reduction the energy val-
ues in the surface plasma and the plasma cavity, and
contributes to the effective plasma transparency and
dagger form of melting.

Study on the effect of electrical voltage field on
the plasma torch was carried out on an experimental
setup, Figures 1 and 2 test results obtained are illus-
trated.

CONCLUSIONS

1. In laser welding in shielding gases, two types of
plasma, namely surface plasma and plasma cavity, are
formed.

2. In the near-surface plasma, refraction of laser
radiation occurs when running subsonic radiation
waves and photodetonation waves.

3. Reducing energy character in surface plasma
promotes effective plasma transparency and plasma
dagger melting.

4. While thickness of metal to be welded increases,
it is necessary to increase the power of laser radiation
and voltage magnitude of electric field.

1. Grezev, AN, (2005) Plasma formation in laser welding with
deep penetration. In: Transact. of [PLIT of RAS on Mod-
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Figure 2. Velocity of electrons in the plasma torch before and after
action of electric field in different modes: 1 — photo burning; 2 —
subsonic radiation waves; 3 — photodetonation waves; 4 — teeat-
ment with tension electrical technical field of 220 V

ern Laser-Information and Laser Technologies. Ed. by
V.Ya. Panchenko, V.S. Golubev. Moscow: Interkoutakt
Nauka, 228, 235.

. Grigoriants, A.G., Moryashchev, S.I., From, V.A. (19580)
Effect of gas atmosphere chemistry on eifective penetration
in laser welding. [lzvestiya Vuwzov. Mashinostroenie, 3,
109-112.
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LASER METHOD FOR GENERATION OF MICRO- AND
NANO-PARTICLES AND THEIR SELECTION IN GAS FLOW

C. SIPAVICIUS', K. MAZEIKA', P, VAITIEKUNAS? and J. PADGURSKAS®
"nstitute of Physics, Vilnius, Lithuania
2Vilnius Gediminas Technical University, Vilnius, Lithuania
3Lithuanian University of Agriculture, Kaunas, Lithuania

Laser cutting is a relatively simple and easily controlled method for material processing and is applied here for the generation
of micro- and nanoparticles which can later be separated according their size in the flow of technological gas by using a
filter system. The generation of particles is discussed in the article when a steel strip of thickness of 0.2-0.6 mm is cut by
pulsed Nd:YAG laser. The evaluation of changes in the chemical composition and size of the generated particles collected
in the filter system is accomplished. Gas flow in the tube of smooth surface of the diameter of 30 mm is modeled when the
distance between the generation and collection sites is 0.5, 1.0 and 3.0 m. The analysis of Moessbauer spectra is presented
which show full or partial oxidation of particles being collected in different cascades of filters.

Micro- and nanoparticles of magnetic materials are
used to produce magnetorheological and ferrofluids,
as well as other suspensions. There are many methods
to produce nanoparticles. The application of laser
which can be applied for processing material (cutting,
boring), to form 3D structures and for ablation is one
of such methods. It was shown that the structure and
chemical composition of materials depend on condi-
tions of processing and laser beam parameters [1].
Although to cut or to destroy material by laser is an
easy way to generate the particles butl such a process is
not well studied and definitely controlled. The gener-
ated particles are of different size ranging from hundreds
of microns to nanometers, Therefore to separate
nanosized particles, the filter system is required. When
an inert gas flow is used it is possible to obtain the
particles of same composition as the bulk material. In
the air or oxygen tlow the particles are fully or partially
oxidized. The particles obtained on the base of iron
magnetically interact and may be used to produce mag-
netorheological or ferrofluids depending on their size,
In our study the laser cutting of steel was used for
generation of micro- and nanoparticles which were sepi
rated according to their size in the cascades of filters.
Experimental methods. Optimal laser cutting re-
gime of the strips of stainless steel 7C27Mo2 (SAND-
VIK) and steel 45 of thickness of 0.2-0.6 mm was
used to generate the particles. The LIT-100M laser

e
BN
/NN
5 6 7 8 9 10
Figure 1. Block scheme of equipment applied for Jaser cutting and
selection of particles: 7 — laser; 2 — mirror; 3 — objective; 4 —
chamber; 5 — cyclone equipment; 6 — buffer filter (first cascade);
7 — synthetic filter (second cascade); 8 — AFA filter (third
cascade); 9 — super fine synthetic filter (fourth cascade); 10 —
pump
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was applied. The Nd:YAG laser of about 300 W power
operates in pulsed regime. The duration of pulse, fre-
quency of which is (150+3) Hz, is (2.0+0.6) ms. For
the manipulation of laser beam and its transmitting
to cutting zone, the principle of {lying zone is applied
[2]. The cutting scheme is presented in Figure . In
the experiments the average power of 100-150 W was
used. Average cutting velocity was 100 ¢cm /min. The
air flow was directed to cutting zone by the conical
nozzie, diameter of opening of which is d = 0.8-
1.2 mm. The pressure of gas before the nozzle was
0.35-0.60 MPa.

Moessbauer spectra were measured in the trans-
mission mode at room temperature using > Co(Rh)
source, To find relative contributions of different iron
compounds (o-Fe(Cr), Fe3Oy4) or superparamagnetic
particles, corresponding subspectra were filted to the
experimental spectra.

Results and discussion. Selection of particles in
the process of laser cutting of thin (0.2-0.6 mm) steel
strip of is also shown in Figure 1. The laser beam
melts the surface of steel. The liquid metal from cut-
ting slit is removed by effective gas {low formed by
the nozzle. When optimal cutting regime is cliosen,
the melt is almost fully removed from the cutting slit
[3]. 1t is found that up to 40 % of particles deposit
in the cutting chamber, and the large (>10um) particles
deposit first. The smaller and lighter particles fly further
and reach the cyclone chamber. The whirl in the cyclone
and the buffer filter keep 20 % of particles. In second
cascade the air flow is filtered using synthetic filter,
which keep the particles of the size of 0.5-0.8 um. The
particles smaller than 0.3 wm are kept by synthetic AFA
filter in third cascade. The last fourth cascade consists
of synthetic membrane filter. This cascade kept about
10 % of generated particles, the large part of which can
be of nanometer size.

The dynamic of gas tlow is essential for laser cut-
ting. Therefore, the characteristics (velocity, pres-
sure) of gas flow in the opening of nozzle, between
the nozzle and the surface of destroyed material, and
on the other side of slit were studied [4]. The optimal
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Figure 2. Scheme of erosion products deposited on the lower edge
of the cut: 7 — stainless steel strip; 2 — icicle-like erosion products
with prevailing superparamagnetic and magnetic FeCr phase in
their composition; 3 — bubble-shape erosion products with pre-
vailing magnetic Fe;Q, and (FeCr);O, phases

Figure 3. Scheme applied for simulations of characteristics of gas
flow: 1 — chamber; 2 — tube; 3 — pump; L — length of tube

cutting regime is achieved when only minimal amount
of erosion products remains on the cutting edge (Fi-
gure 2). The optimal regime is obtained at the gas
pressure of 3.5-6.0 bar and sufficient power of laser
beam. The erosion products were studied. 1t was found
that at larger distances the particles are smaller and
more oxidized [5]. ‘

In this study the air flow in the tube of diameter
of 30 mm is studied when the distance from cutting
place and the particle collection place was 0.3, 1.0
and 3.0 m. The scheme used for simulation is shown
in Figure 3. The results of simulation in the case of
3.0 m length tube when the inlet velocity was 80 m /s
is presented in Figure 4. The finite volume method
was used for numerical solving of 21D diffcrential equa-
tions which can be in the common form [6]:

%(ccb) +div (cV® - T'y grad @) = S,
where ¢ is the time, s; @ =1 is the dependent variable;
V is the velocity vector, m/s; ' is the variable @
exchange coefficient; and Sq is the source term for
variable @,

Moessbauer studies showed (Figure 5) changes in
composition of material collected in different filter cas
cades. In the first cascade, the material usually contains
large amount of initial material (Fe, Fe(Cr)). As in the
following cascades the degree of oxidation increases,
material is mainly composed of magnetite. In the Moess-
bauer spectra of material collected in the fourth cascade
last, the superparamagnetic contribution of nanosized
particles (<10 nm) is evident.

— 3.00E:0.2
2P Pipe Flow K E Modol; Re=1.99E05

Figure 4. Velocity vectors and contours of the kinetic energy of
turbulence in the tube inlet at tube length of 3 m, diameter of
0.03 m and section length of 0—0.5 i, inlet velocity of 80 m /s and
velocity vectors scale of 300 m /s
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Figure 5. Moessbauer spectra of material generated by laser cutting
and collected in the first («) and fourth (b) cascade

CONCLUSION

The generation of micro- and nagoparticles using laser
cutting of steel strips 0.2-0.6 mm thick and the
separation of particles according their size was studi-
ed. At optimal cutting conditions (laser power, gas
pressure before the nozzle), the cutting quality is
good when a small amount of fully oxidised crosion
products on the edge of cutling slit is obtained. The
study showed that the cascade filter system can be
used to separate the particles up to nanometers
dimensions, and the simulation of gas flow can be
used for obtaining optimal conditions to collect
generated particles of required dimensions.
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DEVELOPMENT OF INDUSTRIAL EQUIPMENT
FOR LASER HYBRID WELDING OF PIPE STEELS

G. TURICHIN', 1. TZIBULSKY', A. KUZNETSOV'

, 0. GRININ', Ya, PEVZNER' and A. LOPOTA?

"Institute of Lascr and Welding Technology, St. Petersburg, Russian Federation
Laser Technology Center, St. Petersburg, Russian Federation

The article devoted to description of design of automatic laser-arc installation for hybrid welding of thick metal parts.
Division of the equipment on to subsystems and their interaction are discussed as well as technological usage of the

developed machine.

Idea to use together laser radiation and electric
arc for welding and other processing of metals, so
that both of heat sources influence a product within
the limits of one heating zone, was born in the end
of 1970s [1—4]. There were offered some ways of weld-
ing, cutting, drillings and treatment of a surface, at
which a laser beam is directed onto a processable
target, and simultaneously an arc between the elec-
trode and the target is excited in the zone of thermal
influence of laser radiation. Until recently powerful
COy-lasers were applied as a laser source, they gen-
erated radiation with wavelength of 10.6 pm. Inter-
action of radiation of this wavelength with metals is
accompanied by beginning of the optical discharge in
the affected zone that influences essentially the fo-
cused beam parameters and part of the absorbed en-
ergy in the target and plasma in the interaction zone.
Interaction of the 1.06 um wavelength laser radiation
with the target is essentially different. However, pow-
erful laser plants with such wavelength had poor ra-
diation quality and small reliability. Only recently
technological solid-state lasers with continuous radia-
tion power of 10~30 kW were developed, they possess
high beam quality and high reliability. Such lasers
are ytterbium fiber lasers. Solid-state lasers compete
directly with earlier developed and well proved high
power CO»-lasers.

Now in Russia there are problems of modernization
and the further development of key industries such
as atrcraft building, shipbuilding, and pipeline trans-
port.,

The main disadvantages of laser welding are high
requirements on assembling plate edges for welding
and impossibility of obtaining of demanded mechani-
cal properties of welds and heat-affected zone. The
specified disadvantages are eliminated by means of
combined laser-arc influence on metal.

Advantages of laser-arc welding in comparison
with laser welding are as follows:

« greater tolerance in relation to accuracy of as-
sembling;

e opportunity of filling of cutting for one pass;

+ higher efficiency;

» maintenance of steel weldability due to addi-
tional alloying by means of an electrode wire.

Results of the works stated in the report are exe-
cuted within the frames of the project carried out
with the purpose of development of a pre-production
model of the laser-arc technological complex (LATC)
and technology of welding plate providing getting
strength properties of the welded zone as for the basic
metal.

Basic technical features of the LATC. Source of
laser radiation is the powerful fiber laser providing
melting of steel plates 12 mm thick witli an arc source
by one pass with a speed of up to 3 m/min; laser
source power is not less than 15 kW; beam diameter
in focus is 0.3 mm: welding current is not less than
500 A, diameter of the electrode wire is in range of
1=2 mm.

The functional scheme of the complex and its over-
view are shown in Figures 1 and 2 accordingly.

Fiber laser [.5-15 (Figure 3) is manufactured by
SPA IRE-POLUS on the basis of the ytterbium fiber
laser with fiber cable completed with chiller Riedel
PC250 2 (see Figure 2).

Arc equipment complex includes serial power sup-
ply, wire-drive unit and welding torches. In the LATC
there are applied VDU-506dk and PDGO-511 manu-
factured by ITS.

Laser-arc module (working tool) 4 (see Figure 2)
is intended for work in technological complexes for
hybrid laser-arc welding metals of high thickness. It
consists of manipulator 74, laser welding head 13, arc
welding torch 75, sensor 78 of the welded joint moni-
toring subsystem, and sensor 19 of the weld monitor-
ing subsystem. Gas shielding of the weld is provided.

Control and stabilization of position of the hybrid
laser-arc module relative to the joint is [ulfilled by
drives system. It operates the executing devices of the
manipulator 74, such as keep of position of the focus
point of the laser head relative to surfaces being
welded (vertical moving) and to the joint (cross mov-
ing).

Acting devices are made based on linear moving
modules (actuators) of ISEL, namely LES3 20 (ver-
tical moving) and LESS 27 (cross moving), in which
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Figure 1. LATC fu

step motors M 160 22 are used as sources of movement,
line bearings are used as guide ways, and ball-screw
pairs are used as movement transfer devices. Accuracy
of keep of the focus point position of the laser head
in relative to welded surfaces in the vertical direction
is £0.2 mm, and to the joint in the cross-section di-
rection is £0.5 mm

The Precitec laser welding head 73 incorporates a
scanning device to mix the melt in the weld pool. The
arc welding torch 75 provides preliminary heating of
edges, filling of the gap, feeding of filler material
into the welding zone. The torch is set as controlling
position relative the focus point of laser radiation
along the axis. A model of the hybrid welding head
is shown in Figure 4.

Sensors of the welded joint monitoring subsystem
4 (see Figure 2) and the weld monitoring subsystem
5 are the triangulation laser sensors.

Block of preparation and distribution of gases
provides cleaning and feeding of working and shield-
ing gascs with demanded parameters into the laser
welding head 73 and arc torch 75. The block consists
of fine 7 and hyperfine 2 cleaning filters; pressure 3
and gas consumption 5 controllers; pressure indicator
sensors; pneumatic throttle valves 6; electromagnetic
pneumatic valves 7; mixers §; control module 9; power
suppliers 70 and 771 (Figure 5).

The gas feed system is assembled into five gas lines
(channels), namely: 1st channel — for feed of clean-
ing compressed gas into the air shutter of the laser
welding head 73 (see Figure 2) (500 |/min); 2nd
channel — of CO, through the mixer for forming the

nctional scheme

working gas mixture for the arc torch 75 (1-30 x
x 21/min); 3rd and 4th channels - of argon through
the mixer for forming the working gas mixture for
the arc torch 75 (130 | /min); 5th channel — of
argon into protective nozzle of the laser welding head
13 (1-30 1 /min).

In developing, the block there is applied pneu-
matic equipment of FESTO and flow regulators of
the Russian developer and manufacturer EL-
TOCHPRIBOR. Fine cleaning filters are used in the
block, that provides a hysteresis of the chosen pressure
regulators of not more than 0.02 MPa and regulation
error of the gas flow for the used regulators PPG-12
of not more than 3 %. It provides stability of the flow
and composition of the gas mixtures going into the
laser welding head and arc torches, and it is not worse
than 10 %.

Welded joint monitoring system, welds monitor-
ing system and automatic control system. The control
system of the laser-arc complex is realized as a hard-
ware-software complex (HSC). This is a distributed
computing operating system, which manages all com-
ponents of the welding complex and consists of the
welded joint monitoring subsystem, welds monitoring
subsystem and ACS.

The HOC carries out:

e reading of a joint profile of sheets being welded
accurate of not worse than 0.5 mm;

e control of the joint geometrical characteristics;

e tracking coordinates of the joint at welding speed
of up to 6 m,/min with the following parameters:
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Figure 2, Overview of the LATC: 1 — fiber laser L$-15; 3 — complex of arc equipment; 4 — laser-arc module (working tool); 5 —
block of preparation and distribution of gases; 6 — subsystem for welded joint monitoring; 7 — subsystem for weld monitoring; 8§ —

automatic control system (ACS); 9 — compressor plant with refrigerator drier 70 and recetver 11, /2 — technological post; for the
rest designations see the text

10.5 mm in a cross-section direction to the joint, and o control of the welding process parameters and
0.2 mm in a vertical direction: - their documenting;
* positioning of the welding head above the welded *» measurement of the welding head parameters
joint; and protection against invalid modes;
e control of the laser radiation source on all pa- * quality control of the welds by using the neces-
: s aiv 12 . ; Sary sensors.
rmdél;ifers given by the Ianutdctiter of Hhe laser Sqhip- According to solved problems the HSC consists of
o control of the arc source; several subsystems: control of the laser; control of
» control of shiclding gases feed; the arc equipment; control of the gas equipment; weld-

ing head positioning; reading of the metal joint ge-

Figure 3. Fiber laser of 15 kW power Figure 4. Hybrid welding head
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Figure 5. Block of preparation and distribution of gases (for des-
ignations see the text)

ometry; control of parameters and protection of the
laser welding head; module of the central controller;
operating computer.

An industrial computer is used as operating com-
puter. It is placed in 19 inch post together with other
HSC components. It contains the modern dual core
processor providing demanded calculation speed in
real time mode. To communicate with other modules
of the complex a card of CAN interface is placed into
the computer,

Now experimental research of melting ability of
the LATC prototype are carried out. It is shown that
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Figure 6. Weld macrosection

LATC is capable to solve problems in welding of high
thickness steels. Transverse section of the weld with
penetration depth of 15 mm on pipe steel made by
means of the developed device is shown in Figure 6.

CONCLUSION

During work with the project the technology and
laser-arc complex are developed for welding of the
high thickness metals. There was shown an opportu-
nity of welding steels up to 15 mm thick with welding
speed of not less than 2 m /min, and up to 12 mm
thick with welding speed of not less than 3 m/ min.
Now there is a work on producing a LATC pre-pro-
duction model.
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LASER HYBRID WELDING OF PIPE STEELS —
MODELING AND TECHNOLOGY

G. TURICHIN', 1. TZIBULSKY!, E. VALDAYTSEVA' and A. LOPOTA?
"Tnstitute of Laser and Welding Technology, St. Petersburg, Russian Federation
2Laser Technology Center, St. Petersburg, Russian Federation

The article devoted to usage of mathematical modeling for development of industrial technology of pipe steel welding.
On the base of quasi-stationary and dynamic models of weld pool in laser-MAG welding the range of mode parameters
was determine for one-pass welding of pipe steels up to 15 mm thick. Results of welding trials and mechanical tests
approve the results of simulation. The technology of welding with arbitrary gap and influence of edge preparation are
also discussed as well as an influence of beam scanning and welding zone shielding.

[dea to use together laser radiation and electric arc
for welding of metals, so that both of heat sources
influence a product within the limits of one heating
zone, was born in the end of 1970s [1]. Until recently
powerful COy-lasers were applied, they generated ra-
diation with wavelength of 10.6 um. Interaction of
radiation of this wavelength with metals is accompa-
nied by beginning of the optical discharge in the in-
fluence zone that effects essentially the focused beam
parameters and part of the absorbed energy in the
target and plasma in the interaction zone. Interaction
of laser radiation of wavelength 1.06 pm with the
target is essentially different. However, powerful la-
sers with such wavelength had poor radiation quality
and small reliability. Only recently technological yt-
terbium fiber lasers with continuous radiation power
of up to 30 kW were developed, they possess high
beam quality and high reliability.

Now in Russia there are problems of modernization
and the further development of pipeline transport.
The problems in this way can be formulated as follows:

e necessity of increase of working pressure inside
a pipe to increase its capacity;

e construction of pipeline systems in areas where
repair is complex, expensive or completely impossible;

e necessity of order of the ecological safety
norms which excludes pollution of territories and
water areas.

The solution of the listed problems is application of
big diameter pipes with the increased wall thickness
made from new materials with raised strength proper-
ties. Production of such pipes demands new technologies
of welding. Until now the problem of the automatic
welding of thick-walled structures (up Lo 35 mm) with
demanded quality and high efficiency is not solved up
to the end. Available ways of welding have disadvan-
tages because of which welding of pipes does not give
demanded weld quality and productivity.

Arc welding does not provide demanded mechani-
cal properties of welded joints on the new high
strength steels. Application of electron beam welding
is associated with use of vacuum chambers that ex-

© G. TURICHIN, [. TZIBULSKY, E. VALDAYTSEVA and A. LOPOTA, 2009

tremely complicates its application. The main disad-
vantages of laser welding in relative to welding of
pipes are high requirements on assembly of edges for
welding and impossibility of getting of demanded me-
chanical properties of welds and heat-affected zone.
The specified defects are eliminated by means of joint
laser-arc influence on metal.

The laser-arc process in comparison with laser
welding allows providing greater tolerance in relation
to accuracy of assembly, possibility of filling of cut-
ting for one pass, higher efficiency, weldability of
special pipe steels due to additional alloying by means
of an electrode wire.

The analysis of results of the fulfilled research of
laser-arc welding process enables to define a number
of problems which decision is necessary to develop
reliable technology of welding of great thickness met-
als. In particular, it is necessary to eliminate the sharp
increase of the weld width in the top part of its cross
section, unwanted direction of crystals growth, pres-
ence of hardening structures in deep penetration zone,
presence of set of gas pores, and unsatis(actory values
of impact toughness of the axial zone, especially at
negative test lemperatures.

Results of preliminary experiments on laser and
hiybrid welding of pipe steels have shown that de-
manded parameters on impact toughness cannot be
reached without additional alloying of metal of the
cast zone of a weld. During this work alloying was
carried out due to additional metal-particle wire
melted by electric arc. To alloy metal of the bottom
part of the cavity the way of control of the melt flow
hydrodynamics in the weld pool by laser beam scan-
ning was used.

Simulation of process of hybrid laser-arc welding
bv means of computer prograin LaserCAD developed
at ILIST of St. Petersburg State Technical University
has allowed predicting the weld shape depending on
the set parameters of energy sources and material. An
example of simulation of hybrid welding of steel AISI
1330 is shown in Figure 1. There are shown also cal-
culation of cross-section of the melting and heat-af-
fected zones, and the calculated thermal cycles com-
bined with continuous cooling transformation dia-
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Figure 1. Results of mathematical simulation of laser and hybrid welding of steel AISI 1330 at (10 + 4) kW

gram allowing phase-structure combination of metal
to be estimated.

The given model allows estimating demanded pa-
rameters of heating sources, predicting phase-struc-
ture of metal combination after welding and thereby
lowering number of experiments.

Processes of hybrid laser-arc welding with deep
penetration just as related processes of laser welding
are often accompanied by occurrence of porosity and
formation of root peaks in welds [2]. According to
modern conceptions about the physical nature of laser
welding processes the reason of it is propagation of
self-oscillations of the cavity and weld pool in welding
with deep penetration [3] that proves by numerous
experimental results [4-6],

Comparative research of liquid metal movement
on the weld pool surface and process of the root peaks
formation confirm correspondence between peak for-
mation and spillage of molten metal {rom the weld
pool. The same results have been obtained later at
X-ray shooting [7]. The analysis of self-oscillatory
processes at influence of the concentrated energy
sources on substance is based usually on the linear
theory of stability [8, 9] in view of joint development
of thermal, hydro- and gas dynamic disturbances, re-
laxation processes and shielding of the target surfaces
by evaporation products. Attempts to consider real
geometry of the cavity surface in laser welding were
carlier undertaken by authors of [10, 11], but direct
use of the obtained results for a case of hybrid welding
is not obviously possible.

[t is pecessary to note that the linear analysis of
stability allows defining only borders of areca of the
stable welding modes, but it is unsuitable for the
analysis of the case of the developed oscillation of the
big amplitude. For these purposes the description of
time dynamics of the cavity radius based on a reduc-
tion of the problem to one ordinary differential equa-
tion, similar resulted in [12], is more convenient.
Authors of this work consider pressure balance upon
the cavity surlface as motive power of the process and
use axial symmetry of the model problem to reduce
the equations of hydrodynamiics to one ordinary dif-
ferential equation, but the given model predicts only

oscillation damping. Research of the nature of self-
oscillations in laser welding proceed in recent vears
[13]. To understand in detail the nature of the dy-
namic processes in the weld pool in welding with deep
penetration, it is necessary to have dynamic model of
the welding process based on a physically adequate
picture of the process of laser welding with deep pene-
tration. Use of such model in monitoring and control
systems demands a possibility of work in real time
mode. These requirements do not allow creating dy-
namic model of laser welding on the basis of direct
solutions of all interconnected physical problems as
it has been made for stationary model [14-16]. The
most reasonable way of development of dynamic
model is use of variational principles and a formalism
of Lagrange mechanics that allows the model to sys
tem of the ordinary differential equations to be re
duced.

The dynamical model of laser welding process de
scribed in [17] has been improved to take into account
the arc influence and then has been used in the frame
of present work for simulation of temporary behavior
of molten pool in hybrid welding

Experimental research of technological process of
laser-arc welding. In experiments there were used the
hybrid laser-arc technological complexes developed
in ILIST of St.-Petersburg State Technical Univer-
sity. Ytterbium fiber lasers LS-5 with maximum
power 5kW and LS-15 with maximum power 15 kW
were used as laser radiation sources. Radiation was
transported on a fiber cable to the Precitec optical
welding head YWS0 with built in scannator, with
focal distance 350 mm and focal beam diameter
0.4 mm.

The plant is completed by the I'TS arc power supply
VDU-506DK, licensed for welding of pipelines. It
provides demanded values of the inclination of the
external characteristic in MI1G,/MAG mode. In the
range of welding currents of 300-400 A and voltage
of 29-30 V there can be reached effective heat capacity
of the arc source 6500-9000 W. A semiautomatic de-
vice PDGO-511 was used for feeding filler material,
it is a part of the arc module set. The hybrid laser-arc
complex is shown in Figure 2

FAN
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Figure 2. Lnstallation for hybrid laser-are welding: @ — fiber laser LS-15; 6 — two-coordinate product manipulator, hybrid head with
the manipulator, arc source, feed device, and control unit

During experiments the flat samples 8, 10, 12 and
24 mm thick from steels St3, 25G2S, 10G2FBU and
12Kh18N9T were melted and butt-welded. Welding
was carried out by rectilinear butt welds in downhand
spatial position. Argon, carbon dioxide and their mix-
tures were used for shielding weld pool and weld
metal. Distance from a coaxial shielding gas jet nozzle
to sheet was 8 mm. Non-coaxial protection of the weld
pool was used additionally.

Quality ol all welded joints was estimated visually
on their appearance and basing metallographic re-
search of cross-sections. The penetration depth and
other weld geometry parameters were determined.

Results of experiments. Tests of the experimental
complex have shown its high technological opportu-
nities. At joint using the laser of up to 5 kW and the
arc module with consumable electrode, the penetra-
tion in the butt joints was get for steel of not less

Welding modes

than 8 mm thick with filling of the gap 0.5 mm and
more at high weld density (Table).

In the fulfilled experiments, the volume of the
melted ftiller metal was about 30 % from total amount
of the weld pool metal.

Al joint using the laser of up to 15 kW and the
arc module with melted electrode, the butt joint pene
tration was get for steel up to 18 mm thick and filling
the gap of 1 mm and more at high weld density (Fi-
gure 3).

By means of the experiments, influence of welding
speed, arc energy and filler material on the welding
process has been established and accordingly their
influence on the weld formation under conditions of
laser-arc welding process. Nevertheless, theoretical
research and calculations have been carried out to
physically interpret the observable phenomena in de-
tail,

Mt nursbar “L';ifilim Welding Welding Arc voltage, | Wire feed Weld azrca, Penetration Roat gap, Qlt]:i?lt;tj’])‘}f
. speed, mm/s | current, A \% rate, mun /s mm deptli, mm mm =
power, W metal, %
3 4500 20 0 0 ¢} 7.80 6.65 0 0
4 4500 14 v 0 0 11.28 7 0 0
7 4500 13 80 22 68.33 13.95 7.05 0.50 29.5
8 4500 8.5 80 {9 68.33 23.40 8 0.75 311
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Figure 3. Formation of joint in hybrid welding of big diameter pipes (@) and weld metal hardness versus penctration at distance

0.5 mm (b)
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Figure 4. Formation of weld without (@) and with (6) humping

Research of dynamic behavior of the weld pool
in hybrid welding. Technological experiments on
welding low-carbon and stainless steels, fulfilled by
means of the hybrid laser-arc complex described
above, have shown that in some cases formation of
the weld is accompanied by formation of increased
quasi-periodic wave instability on its top and bottom
surfaces (humping effect). Thus, various combina-
tions of the welding mode parameters providing iden-
tical penetration depth are characterized by different
degree of the weld formation stability (Figure 4).

There were fulfilled experiments on measurement
of dynamic behavior of the discharge interval bright
ness to determine time characteristics of dynamic proc-
esses in the hybrid discharge zone above the target
surface and on identification of their connection with
dynamic processes in the weld pool. To except influ-
ence of the heated sample surface there were used
optical collimators, limiting the size of the investi-
gated zone so that the surface was outside field of
view of the optical system. Band optical filters were
used to except influence of the reflected laser radia-
tion. Experiments have shown that dynamic bright-
ness behavior (Figure 5) characterized by presence of
low-frequency oscillations which spectral charac-
teristics coincide with a spectrum of the melt osciila-
tions in the weld pool, and the peaks of brightness
corresponding to luminescence of drops of electrode
metal transferred through the discharge interval.

To analyze the reasons of humping effect in hybrid
welding and to choose ways of its elimination, it is
most expedient to simulate mathematically the proc-
ess on basis of the physically adequate model, allow-
ing analyzing convection between various physical
phenomena responsible for development of the weld
pool instabilities. To determine initial conditions at

SR

CH1.0.02 Volts/div.0.025 s/div,2500 pqints

Figure 5. Oscillogram of dynamic bebavior of the plasma plume
brightness

simulating dynamic behavior of the weld pool in la-
ser-arc welding, there has been used a quasi-stationary
model of this process with LaserCAD.

To verify model in welding by the fiber laser a
series of experiments on welding of low-carbon steel
was fulfilled at various welding modes. Examples of
the experiment results are shown in Figure 6. Comr-
parison of calculation and experimental results has
confirmed applicability of the model and the high
accuracy of calculations.

The dynamic model of hybrid welding process
based on the Lagrange mechanics was used to simulate
dynamic processes in the weld pool in hybrid laser-arc
welding,

The developed mathematical formalism has been
built in the CAE system LaserCAD that allows using
it for the dynamic analysis of occurrence of porosity
and spiking (Figure 7).

Technological experiments on melting samples of
stainless steel confirm unstable character of formation
both for top and bottom weld surfaces predicted by
the theory (Figure 8). This character is described by
formation of quasi-periodic melt waves on these sur-
faces.

[n addition, there are results of simulation of time
behavior of the penetration depth and the area of the
cavity cross-section (Figure 9).

Thus, it is possible to conclude that the dynamic
model of the weld formation process in hybrid laser-
arc welding is effective way of the analysis of non-

Figure 6. Samples sections welded at welding speed 30 (@), 25 (b) and 15 (¢) mm /s at laser radiation power of 4.5 kW for verification

of the calculation model
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Figure 7. Simulation of dynamic beliavior of the weld pool in hybrid laser-are welding for steel 10, laser radiation power 4.5 kW,
welding speed 12 mm /s, beam focal radius 0.2 mm, focal distance 30 cm and arc power 2.5 kW
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Figure 9. Results of simulation of the penetration depth oscillation (a), arcas of the cavity cross-section (8) and formation of the weld

bottom surface (¢)

stationary processes and can be reasonably applied to
selection of stable technological modes. Results of
simulation and experimental research show that sta-
bility of the weld formation is determined, basically,
by values of the laser beam focal radius and the shape
of laser radiation intensity distribution. At the same
time, increase of the welding speed up to the values
exceeding 1 m/min leads to increase in the weld
formation stability. Also, increase of the arc current
and electrode wire feed rate stabilize the process.

CONCLUSION

Laser-arc welding is a complex multi-parameter proc-
ess. It is described not only by the laser welding
parameters (wavelength, power and quality of laser
radiation, sizes and position of the focused beam) and
arc welding ones (current, voltage and length of the
arc, electrode extension, wire feed rate) but alsa by
specific parameters, which are typical for laser and

are joint influence, for example, position of the laser
beam relative to the arc spot on the target surface.
Besides the composition of gas shielding atmosphere,
chemistry of filler material, preparation of edges to
be welded is important.

During this work there were been carried out re-
search of influence of some parameters on geometry
of the penetration zone. It is established that in the
examined ranges of parameters it is probable to obtain
penetration zones providing small specific energy con-
tribution and sufficient for monolithic weld forma-
tion. Thus the heat-affected zone, which can be a
source of origin of such defects as cracks, is narrow
enough and does not exceed 1.0—-1.5 mm at weld sam-
ple thickness of 8 mm.

There was shown possibility of formation of sin-
gle-pass weld at which the filler material penetrated
into all melt depth. The fictor promoting penetration
of the filler material into the weld root can be scanning
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of laser beam inside the weld pool. o reveal optimum
scanning frequencies during the work there were inves-
tigated peak-frequency characteristics of plasma plume
oscillations flowing from the zone of interaction of the
beam and material being welded. There was shown pres-
ence of typical oscillation frequencies in a range of tens,
hundreds and thousand hertz, which coincide with fre-
quencies of moving of the liquid phase inside the weld
pool and ones of the interaction zone of the laser beam
on a forward wall of the cavity. The possibility of the
weld metal formation due to filler material in combi-
nation with possibility to control part of the base metal
in this process due to scanning provides its demanded
mechanical properties.

To prevent pores formation and gas dissolution
(nitrogen, oxygen) in liquid metal, reduce metal
splashing and finally provide quality of the welded
joint, it is necessary to operate the welding process
in the shielding gases. It is rational to use argon or
mixtures of argon with small additives of carbonic-
acid gas (5-10 %) as shielding atmosphere.
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RUSSIAN-GERMAN CENTER
OF LASER TECHNOLOGIES — GOALS AND PROSPECTS

AT, ZELNICHENKO
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Advantages of laser welding over the arc one, such
as avoidance of straightening and trimming, high pre-
cision (precondition of easy fit-up and automation),
high, productivity etc., considering a sheer fall in
prices and rise in power of fiber lasers, increased in-
terest of the welding community in new capabilities
of the laser technologies. This is confirmed by a grow-
ing number of workshops, conferences and symposia
dedicated to this subject, which are held in Ukraine
and Russia [1-4], as well as by opening of the Rus-
sian-German Laser Center.

On August 3, the opening of Russian-German Cen-
ter of Laser Technologies, founded on the base of
Institute of Laser and Welding Technologies (ILWT)
of Faculty of Technology and Research of Materials
took place at St.-Petersburg State Polytechnic Uni
versity (SPSPU). The purpose of founding the Center
is the search for ways of effective application of laser
technologies in industry and research works, The fur-
nishing of the Centre with the most advanced equip-
ment allows its direct participation in realization of
definite projects in aerospace branches, shipbuilding,
metallurgy, in chemical, oil-gas-production industries
and other sectors of industry.

At the opening ceremony of the Center Prof. M.P.
Fyodorov, Corr. Member of RAS, rector of SPSPU;
Prof. Karl-Dieter Grueske, rector of Erlangen-Nurn-
berg University; Prof. V.A. Lopota, Corr. Member
of RAS, President of RSC «Energiya»; Prof. Michael
Schmidt, director of Bavarian Laser Center;
Prof. G.A. Turichin, director of Russian-German
Center of Laser Technologies of SPSPU, took part.

~ 1

Speech of Prof. V.A. Lopota, Corr. Member of RAS, President of
RSC «Energiya»

© A.T. ZELNICHENKO, 2009

In the presentations the honorary guests and offi-
cial persons outlined mainly the role of the Center in
scientific-educational and industrial cooperation be-
tween Russia and Germany.

Prof. Fyodorov, after receiving the symbolic key
for the newly opened Center from the hands of
Prof. Schmidt, said: «This key is going to open the
new pages of our cooperation and never to close
thems.

Prof. Grueske said: «It was a pleasure for us to
work on founding this Center togetlier with Russian
colleagues. This project united the efforts of Ministry
of Science and Education of Germany and a number
of German companies-producers of laser equipment.
I foresee a great potential of cooperation between our
universities to be developeds.

Prof. Lopota said: «The equipment, presenfed to-
day, is a result of almost 30-year work of Russian and
German scientists. The technological processes which
could be realized on its basis can provide success of
one of the main problems of machine building, i.e.
making the structures lighter. Before us now there
are real technologies capable to make revolution in
machine building, create systems providing the vital
activity of a man».

Holger Junge from the Ministry of Science and
Education of Germany, expressed the following: «We
have been cooperated already over 20 years. Russia
has strong science, Germany has strong machine build-
ing, and we can achieve a lot by common efforts. The
main purpose of this Center is teaching of students.
The future technologists, designers can use the equip-
ment for teaching and practicing. This Center will be

A

Prof. G.A. Turichin, Director of Russian-German Center of Laser
Technologies of SPSPU, making a tour around the Center
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Demonstration of robolic system of remote-control laser welding
ROFIN SW5

the demonstration site for medium and small enter-
prises as well. Besides, the Center will be able to
earns».

Prof. Turichin, Director of the Center, said: «This
Center is visible embodiment of dream of a big group
of people working on the performance of the project
on founding the Center. It is equipped with the most
updated laser technological complexes covering as to
its possibilities almost all spheres of application of
laser technologies in machine building. Together with
[LWT, the SPSPU forms the largest structure in
Europe in the field of machine building laser tech-
nologies. The Center will not only provide teaching
of students, performance of research works and de
velopments, and orders of industrial enterprises, but
also will serve as «the crystallization center» for in-
novation of companies working in the field of laser
and related technologiess.

After the opening ceremony Prof. Turichin made
technical excursion for honorary guests, repre
sentatives of science and industry and journalists. The
equipment of the Center allows realization of the fol-
lowing technologies:

¢« ERLASER® HARD+CLAD — the robotic laser
powder cladding and thermal strengthening;

e JENOPTIK VOTAN C-BIM — the laser 3D
cutting of non-metallic materials and thin metals;

* ROFIN SWS — the robotic remote-control laser
welding of metallic materials;

¢ ROFIN StarWeld 500 — the laser pulsed mi-
crowelding and deep engraving;

e ROFIN StarShape 300C — the laser perforation,
holes drilling, marking of non-metallic materials;

¢ ARNOLD — the laser welding and cutting of
3D metallic billets including thick-walled and large-
size ones;

o LIMO-LASER WORKSTATION — the laser
welding of plastics.

The flexibility of the presented equipment and
high level of its automation allows quick resetting of
technological complexes and change of technologies
being used, thus processing the wide range of mate-
rials and workpieces.

In the same day the Agreement was signed on the
cooperation between SPSPU and High School of Ad-

Laser thermal strengthening of press-form (Erlaser Hard+Clad)

vanced Optic Technologies of Erlangen-Nurnberg
University. In accordance with the Agreement the
universities will conduct research works on the trends
of mutual interest. The Agreement implies the stu-
dents and post graduate students exchange; realiza-
tion of common research projects; participation of
professors, engineers and students in conferences,
seminars and trainings which will be held in both
universities; organization of different mutual events,

On August 4, the excursion to ILWT of SPSPU
took place headed by G.A. Turichin who outlined the
following trends in ILWT activity:

e investigation of processes of interaction of laser
radiation with substance;

e technological investigations and developments
in the field of laser and electron beam technologies;

e development of hybrid technologies and laser-arc
welding and cladding;

e construction of mathematical models of laser,
electron beam, laser-arc and light-laser welding.

ILWT is equipped with two unique continuous
ytterbium fiber lasers of the capacity of 5 and 15 kW
of the company PG (IRE-Polus Group). The output
beams divergence of these lasers is much lower than
that of other lasers having the same range of capacity
allowing the use of long-focal focusing optics with a
large working range. I.A. Tsybulsky, Deputy Director
on Production, noted that considering simplicity of
supply of laser radiation to the object the main fields
of application of fiber lasers can be 3D cutting, re-
mote-control welding, pipe welding, body welding,
cladding and other related technologies of material
treatment.

1. (2003) Proc. of Int. Con. on Laser Teclinologies in Weld-
ing and Materials Processing (Katsiveli, Ukraine, May 19—
23, 2003). Kiev: PWI.

2. (2005) Proc. of 2nd Int. Conf. on Laser Technologies in
Welding and Materials Processing (Katsiveli, Ukraine,
May 23-27, 2005). Kiev: PWL

3. (2006) Proc. of 5th Int. Canf. jn Beam Technologies and
Application of Lasers. St. Petersburg, SPbGPU.

4. (2007) Proc, of 3rd Int. Conf. on Laser Technologies in
Welding and Materials Processing (Katsiveli, Ukraine, 29
May—1 June, 2007). Kiev: PWI.
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