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DIFFUSION WELDING OF FINELY-DISPERSED
AMg5/27 % Al2O3 COMPOSITE WITH APPLICATION

OF NANOLAYERED Ni/Al FOIL

A.Ya. ISHCHENKO, Yu.V. FALCHENKO, A.I. USTINOV, B.A. MOVCHAN, G.K. KHARCHENKO, A.N. MURAVEJNIK,
T.V. MELNICHENKO and A.E. RUDENKO

E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

It is shown that the presence of an interlayer between the surfaces being joined leads to formation of a strong (about
70 % of strength of the base metal) welded joint with no change in uniformity of distribution of the reinforcing particles
(Al2O3). An activating effect of the interlayer on the process of diffusion welding is provided by the reaction of synthesis
to form the NiAl3 intermetallic phase within the joint zone, the phase being fragmented and dissolved in the composite
matrix phase under the conditions of heating under pressure.

K e y w o r d s :  diffusion welding, composite, electron beam
deposition, nanolayered foil, solid-phase synthesis

Application of composite materials (CM) in develop-
ment of complex mechanical systems (aircraft engines,
hull components, missile stabilizers, connecting rods,
and other car engine components) in a number of cases
is limited by unsatisfactory weldability [1]. Use of
the traditional methods of material joining by fusion
usually leads to weld metal saturation by gases and
(or) to disturbance of the uniformity of distribution
of the CM strengthening component (for instance, in
laser or electron beam welding). In addition, during
the welding cycle time CM components usually enter
into chemical interaction with each other and the ma-
terial loses its strength properties.

Fusion welding of dispersion-strengthened alu-
minium-based CM is hindered also by the high vis-
cosity of the metal in the weld pool, effects of ag-
glomeration of the reinforcing particles (at application
of Al2O3 as reinforcing particles), dissociation of the
reinforcing particles at application of SiC particles.
Conglomerates of strengthening particles or alu-
minium carbides forming in the weld in this case lead
to lowering of strength and corrosion resistance of
welded joints [2--4].

Use of the process of vacuum diffusion welding
(VDW) for producing permanent joints of aluminium
composites allows avoiding some of the above diffi-
culties and producing sound joints of CM with the
metal matrix [5].

Analysis of the phenomena running at VDW shows
that the values of the welding process parameters
(temperature, pressure, time of welded joint forma-
tion, etc.) strongly depend on the conditions providing
activation of the surfaces being welded, i.e. breaking
up of the oxide film, plastic deformation of the surface
layers of the edges, etc. It is known that at VDW of
high-strength materials the conditions for surface ac-
tivation are greatly facilitated at introducing inter-

layers from ductile alloys between the surfaces being
welded, namely from aluminium, copper, nickel, silver
or gold, as well as in the form of galvanic or thin-film
coatings. Powder-like materials are also used as inter-
layers in VDW, their effectiveness being associated
with a highly developed free surface of the powders,
and, consequently, their high diffusion activity [6].

Additional activation of the welded surface was
achieved when using interlayers, consisting of two
foils based on different elements, in which contact
melting processes developed at temperature rise,
which were accompanied by appearance of a liquid
interlayer, promoting activation of the surfaces being
welded at lower temperatures and pressure [7].

Thus, analysis of the studies devoted to develop-
ment of the methods of producing permanent CM
joints shows that using interlayers capable of plastic
deformation and acceleration of diffusion process run-
ning (for instance, due to a high density of the inter-
faces), provides activation of the surfaces being
welded and formation of the welded joint. From this
viewpoint, laminated materials based on highly reac-
tive elements can be used for this purpose.

It is known that at heating solid-phase reactions with
intermetallics formation run in such laminated materials,
which are accompanied by heat evolution. It may be
assumed that under the conditions of external pressure
application these processes will promote development
of plastic deformation in the material subsurface layers
and removal of oxide film from the surface.

The rate of running of solid-phase reactions in lami-
nated materials depends on the layer thickness. With
their reduction, the rate of running of the synthesis
reaction increases [8], so that use of nanolayered ma-
terials is preferable for the most effective action of
the interlayers on the surface being welded.

In view of the above, the possibilities for formation
of welded joints using a nanolayered interlayer con-
sisting of nickel and aluminium layers were studied
in this work in the case of AMg5/27 % Al2O3 CM.
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Procedure of sample preparation for investiga-
tions. Nanolayered foil based on Ni/Al system was
produced by the method of layer-by-layer electron
beam deposition of elements on a horizontally rotating
substrate fastened on a vertical shaft of UE204 unit,
by the procedure described in a number of works (for
instance, [9]). Schematic of the process of foil forma-
tion is shown in Figure 1. In order to perform layer-
by-layer deposition of elements the vacuum chamber
was separated by a vertically mounted continuous
screen into two equal parts, in each of which copper
water-cooled crucibles were installed. A nickel ingot
was placed into one of the crucibles, and aluminium
ingot into another one. The substrate was fastened to
a vertical shaft, the axis of which is located above the
separating screen. Heating electron beam guns were
used to heat the substrates up to the specified tem-
perature, which was controlled during deposition by
a thermocouple, the junction of which was fastened
so that it was as close as possible to the surface, on
which the condensate was deposited. Before the start
of the condensate deposition, a thin layer of CaF2
(1--2 µm) was deposited on the substrate surface,
which promoted separation of the foil from the sub-
strate furtheron. Then the evaporation guns were used
to create on the ingot surface a molten pool, from
which evaporation was performed, the intensity of
which was adjusted by electron beam current. Sub-
strate rotation and presence of the separating screen
allowed successively depositing layers from pure ele-
ments. The proportion of the thickness of individual
element layers was determined by the proportion of
the intensities of ingot evaporation, and their total
thickness was varied by changing the rate of substrate
rotation. The total thickness of foil at the specified
intensity of element evaporation was determined by
the duration of the deposition process.

CM welding was performed in P-115 unit by the
VDW process in forming matrices with forced forma-
tion of the contact zone.

CM samples of 15 × 15 × 4 mm size were ground,
degreased and scraped immediately before welding to
remove the work-hardened layer formed during roll-
ing. The prepared samples were fastened in forming
matrices, which were mounted in a massive case be-
tween the upper and lower dies to ensure the coaxiality
of welding pressure application and equalizing of the
temperature field around the samples.

Heating was performed by plate heaters from mo-
lybdenum. For convenience of unit maintenance and
access to the item, the heater consists of two halves,
fastened on water-cooled copper brackets on vacuum
chamber doors. In the working position with the closed
chamber doors the heater forms a ring.

Welding temperature was measured by MPShchPl-
54 potentiometer. A chromel-alumel thermocouple
was used as the sensor, which was fastened in the case
in a special clamp.

Welding pressure was applied from a manual press
through a wedge located below the vacuum chamber

and lower die contacting the billets to be welded. The
applied pressure was controlled by ICh type indicator
mounted in the dynamometer between the press and
the wedge. Vacuum in the chamber was evaluated by
the readings of ionization-theromocouple vacuumeter
of VIT-3 grade.

After completion of the welding process and case
cooling to the temperature of 100 °C the samples were
taken out of the chamber. Sample cutting up for met-
allographic examination of the structure and mechanical
testing was performed in electric erosion machine tool.

In order to prepare the metallographic sections of
CM with reinforcing particles, the hardness of which is
much higher than that of the matrix materials, elastic
diamond discs with the grit between 125/100 and
3/2 µm were used with subsequent polishing with dia-
mond paste. Composite structure was revealed by elec-
trolytic etching in acetic-chloric electrolyte of the fol-
lowing composition: 1000 cm3 of glacial acetic acid
CH3COOH and 70 cm3 of chloric acid HClO4, as well
as chemical etching in 10 % solution of H3PO4. In order
to reveal Ni/Al layers in nanolayered foil methods of
selective chemical etching in Vasiliev reagent were used.

Mictrosturctural studies were performed in MIM-8,
«Neophote» microscopes, and CamScan4 scanning mi-
croscope fitted with energy-dispersive microanalyzer
«Energy 200» for determination of the composition of
the studied area of the microsection. Sample hardness
was measured in «Rockwell» instrument at 600 N load,
microhardness ---- in PMT-3 instrument at 0.2 N load.

Samples of the initial AMg5/27 % Al2O3 CM, as
well as the welded joints, were subjected to tensile
testing using standard MI-12 samples (type 1 to GOST
6996--66).

Results and their discussion. Figure 2 gives the
microstructures of multlayered Ni/Al condensate of
77Ni--23Al, wt.%, composition consisting of nickel

Figure 1. Schematic of the process of electron beam deposition of
condensates with a laminated structure: 1 ---- heating electron beam
guns; 2 ---- substrate; 3 ---- evaporation electron beam guns; 4 ----
crucibles with evaporation ingots; 5 ---- separating impermeable
screen
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and aluminium layers of 0.05 and 0.07 µm thickness,
respectively. It is seen that the boundaries between
the layers are quite sharp, i.e. electron beam technol-
ogy enables production of laminated condensates with
separated elements capable of reaction diffusion.

In addition, the contact between the layers creates
the conditions for running of the synthesis reaction
in such materials, which propagates at a high rate.
Figure 2, b shows the microstructure of the foil after
running of the solid-phase reaction in it, which propa-
gated by the schematic of self-propagating high-tem-
perature synthesis. As a result of running of this re-
action the foil forms a consolidated compact structure
with less than 1 µm grain size.

AMg5/27 % Al2O3 CM was produced by casting
method ---- mixing the dispersed strengthening parti-
cles of Al2O3 with the matrix material melt with sub-
sequent compacting [10]. In the initial condition (Fi-
gure 3, a) CM is α-solid solution of aluminium with

uniformly distributed dispersed intermetallic inclu-
sions inherent to the matrix aluminium alloy and re-
inforcing particles of aluminium oxide. Al2O3 particles
of an angular shape, dark-grey colour, 3--15 µm size
with 3--20 µm inetrparticle distance are quite uni-
formly distributed in the matrix volume. The CM
main defects are pores and discontinuities in the region
of particle accumulation, which has an adverse effect
on material properties. Compared to fusion welding,
in solid-phase welding such defects of the base metal
have a weaker influence on the joint quality.

Figure 3, b gives the microstructure of the zone of
CM welded joint produced by VDW process using
multilayer Ni/Al foil. Heating temperature in weld-
ing was 520 °C with subsequent soaking for 5 min.
Unlike the initial material structure (Figure 3, a) a
chain of precipitates formed in the joint zone. Local
probe analysis of their composition showed that they
are close in their composition to that of NiAl3 inter-
metallics (39.5Ni--60.5Al, wt.%). In addition, in
VDW process the nature of distribution and morphol-
ogy of the reinforcing Al2O3 particles in the regions
adjacent to the weld is not disturbed, and no agglom-
eration of the reinforcing particles is observed.

It should be noted that compared to the initial
composition of the foil, synthesis of intermetallics en-
riched in aluminium, results from the high diffusion
mobility of nickel in aluminium. Therefore, solid-
phase reactions in the nanolayered interlayer, initiated
by heating up to the welding temperature, activate
reaction diffusion not only in the film proper, but also
in the surface layers of the blanks being joined.

To clarify the possible influence of Al2O3 particles,
strengthening the CM, on dispersion of the intermet-
allic interlayer resulting from the synthesis reaction
at nonuniform plastic deformation in the joint zone
and their local mechanical impact on the interlayer,
experiments were conducted on VDW of an aluminium
alloy close in its composition to matrix CM ---- AMg6
alloy.

In the initial condition AMg6 alloy is α-solid so-
lution of aluminium, which contains dispersed parti-
cles of β-phase (Al3Mg2), and can also include
AlMg2Mn, Al6(FeMn), Mg2Si, α(FeSiMn), Al3Fe
usually of less than 1 µm size (Figure 4, a).

Figure 4 gives the microstructure of the joint zone
of samples from AMg6 alloy produced using multi-

Figure 2. Microstructures of the cross-section of multilayered foil (light-coloured layers ---- nickel, dark-coloured ---- aluminium) in the
initial condition (a ---- ×20000) and after running of high-temperature synthesis reaction in it without pressure application (b ---- ×10000)

Figure 3. CM microstructures in the initial condition (a) and in
the welded joint zone (b); ×300, in the right upper squares ----
×1500
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layered Ni/Al foil of the above composition. During
VDW the reaction of solid-phase synthesis runs in the
multilayered foil, which is accompanied by foil frag-
mentation into individual inclusions of 2--5 µm size,
uniformly distributed along the weld. Comparison of
microstructures of welded joints of CM and AMg6
alloy shows that the degree of fragmentation of inter-
metallic inclusions is close in both the cases.

Thus, during welding of AMg6 alloy, similar to
CM, the interlayer is fragmented into individual dis-
persed particles, which is due to the features of run-
ning of the solid-phase reaction under the conditions
of intensive plastic deformation of the material, which
develops under the impact of pressure and is localized
mainly in the joint zone, and is unrelated to the pres-
ence of strengthening Al2O3 particles in CM.

Mechanical testing of CM welded joints produced
using nanolayered Ni/Al interlayer showed that their
strength is 249 MPa, which is equal to 76 % of the
base metal strength (Figure 5). The obtained results
are indicative of the fact that interlayers with such a
structure not only activate the processes providing
diffusion welding of CM, but also do not lead to any
essential lowering of the strength properties of CM
welded joint.

Analysis of the obtained results shows that vari-
ation of the structure and properties of the interlayer,
thermal cycle of diffusion welding and pressure ap-
plication allows optimizing the VDW parameters to
achieve the required level of mechanical charac-
teristics of CM welded joints.

CONCLUSIONS

1. CM, based on aluminium alloy AMg5 strengthened
by dispersed Al2O3 particles in the amount of 27 %,
is used as an example to demonstrate that nanolayered
interlayers in the form of foil, having a high diffusion
activity, provide permanent joints at VDW without
disturbance of the continuity and uniform distribution
of the strengthening phase in the joint zone.

2. Activisation of the joining process proceeds due
to running of a solid-phase reaction of synthesis of
NiAl3 intermetallic phase in the nanolayered interlayer
volume, which is fragmented and dissolved in the base
material matrix phase under the conditions of heating
under pressure.

The work was performed with the financial sup-
port under the national program «Nanosystems,
Nanomaterials and Nanotechnologies» (Project
#11/06-N).
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EFFECT OF ELECTRODYNAMIC TREATMENT
ON STRESSED STATE OF WELDED JOINTS ON STEEL St3

L.M. LOBANOV, N.A. PASHCHIN, V.P. LOGINOV and V.N. SMILENKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The effect of electrodynamic treatment (EDT) with electric current pulses on the stressed state of low-carbon steel St3
and its butt welded joints was investigated. The experimental procedure was developed to study the mechanism of a
discrete drop of the loading force on flat specimens under a single electrodynamic impact. EDT of butt welded joints
on steel St3 was found to provide a more than 50 % decrease in the level of residual welding stresses.

K e y w o r d s :  welded structures, low-carbon steel, electrody-
namic treatment, current pulse, base metal, welded joint, tensile
force, flat specimen, evaluation of stresses, residual stresses

The progress of modern engineering is determined by
the application of welded structures with high preset
technological and service characteristics. In this case,
the problems of reduction in costs and consumption
of metal for the fabrication of weldments are very
important. Low-carbon steels are widely applied to
manufacture welded members of critical structures,
this requiring development of new approaches to im-
provement of mechanical properties of their welded
joints.

Residual welding stresses (RS) are one of the
causes of decrease in performance of metal structures.
They have a negative effect on strength of the struc-
tures under cyclic loads, their corrosion resistance,
etc. This leads to the need to investigate the efficient
methods for controlling the stressed state of welded
joints.

The impact by current pulses on metal subjected
to tension to a level of ductility is known to lead to
relaxation of its stressed state [1]. Tensile stresses
close to the yield point of a material are effective in
a welded joint. Treatment of the welded joint with
the current pulses may initiate decrease in the level
of RS in the weld metal and near-weld zone (NWZ).

Electrodynamic treatment (EDT) is one of the
methods for affecting metals and alloys. It is based
on initiation of electrodynamic forces in a material,
which are induced during the transient processes ac-
companying propagation of the current pulses through
the material [2]. Summing up of the electrodynamic
forces and RS in the welded joints on a structure
treated may cause formation of local regions of macro-
plastic strains in it, which leads to decrease in a general
level of the stressed state of the material.

The purpose of this study was to investigate the
effect of EDT on the stressed state of low-carbon steel
St3 and its welded joints.

Flat specimens of the blade type were subjected
to EDT to evaluate its effect on relaxation of mechani-
cal stresses in a material [3]. The laboratory unit built
on the base of a capacitor-type machine, the principle

of operation of which is described in [1], was used to
generate single pulses of the electric current. Dis-
charges of the capacitor bank were supplied to a speci-
men through contact of a copper electrode with the
metal surface within the EDT zone.

Materials were tested using the tensile testing ma-
chine TsDM-10 with a maximal tensile force of 10 t
at a strain rate of 6 mm/min. Variations in the tensile
force were recorded during the entire cycle of loading
of the specimens up to reaching the required stressed
state in the material.

Peaks of the electrodynamic effect observed in the
form of decrease in deformation resistance of the ma-
terial under the effect of the current pulses were ex-
amined in the present study. The electrodynamic effect
showed up as characteristic drops of the deformation
force in tension diagrams.

During the experiments, a specimen held in grips
of the testing machine was subjected to preliminary
tension to a preset value of preliminary stress σpr, and
then a discharge was applied. Drop of the deformation
force, ∆σn, was fixed by a recorder, which was part
of the tensile testing machine TsDM-10. Tension was
applied in a discrete manner with an interruption for
EDT using n quantity of single pulses of the electric
current, as well as fixation of the drop of the defor-
mation force, ∆σn = σn -- σn + 1, where σn and σn + 1

are stresses in a specimen material before and after a
single pulse, respectively.

Characteristics of the drop of the deformation force
were studied in a wide range of preliminary loading.
The main consideration in this case was given to in-
vestigation of the electrodynamic effect at preliminary
stresses, which were close to RS in welded joints on
steel St3. Parameters of the treatment were as follows:
electrode current Ie = 3200 A, voltage Ue = 480 V,
current pulse duration tp = 0.0012--0.80036 s, and
capacitance of the capacitor bank C = 4400 µF.

Discrete characteristics of the drop of the tensile
force were investigated on the base metal and butt
welded joints, the geometry features and treatment
scheme of which are given in [3]. Samples of the
welded joints were made in one pass by manual weld-
ing with 4 mm diameter covered electrodes of the
ANO-4I grade under the following conditions: arc cur-
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rent Ia = 150 A, arc voltage Ua = 70 V, and welding
speed vw = 5 m/h.

The data on preliminary stress σpr and its discrete
drop in the base metal and welded joints on steel St3
in EDT are given in the Table. It can be concluded
from the Table that EDT of the samples of steel St3
with sequential current pulses causes a drop of the
tension force in a material over all loading ranges.
Maximal values of the drop of the tension force, ∆σ%,
are achieved in this case at the first current discharge
(n = 1) in the EDT cycle. With subsequent effects by
the current pulses, decrease in the efficiency of the
treatment of a material occurs in such a way that at
n ≥ 5 the values of ∆σ% in the EDT cycle are not in
excess of 1--2 %.

The total relative drop of the tension force in an
elastic range, Σ∆σ%, in samples of the St3 base metal
is about 40 %, and that in the welded joints is up to
36 %. This is attributable to the fact that an insignifi-
cant hardening of the overheated NWZ region sub-
jected to EDT takes place in welding of low-carbon
steels [4], which decreases the efficiency of this treat-
ment. Under preliminary loads, which are much in
excess of the elasticity limit of steel St3 (σpr =
= 310 MPa), the base metal and welded joint expe-
rience strain hardening, which also leads to decrease
in the efficiency of EDT in the plastic loading region,
where Σ∆σ% ≤ 18 %.

Stress of a flat specimen at σpr = 230 MPa corre-
sponds approximately to the level of residual tensile
stresses in NWZ of a welded joint on steel St3. There-
fore, the electrodynamic effect on a specimen loaded
to 230 MPa may cause a total drop of the tensile force,

Σ∆σ%, in it, that is similar to decrease in the level of
RS in real welded joints of metal structures. As follows
from the Table, EDT can lower the level of tensile
stresses of the «active» zone of welded joints on steel
St3 to 40 % of the initial one.

To prove the effect of the electrodynamic treatment
on variations in the stressed state of thin welded metal
structures, the treatment was performed on plates
500 × 500 × 3 mm in size, having a longitudinal butt
weld at their centre.

The level of RS was determined by the non-de-
structive ultrasonic inspection (USI) method, which
is based on the dependence of propagation of ultrasonic
waves upon the stresses in metal [5]. This method
allows analysing the plane stressed state, the test ob-
ject remaining intact.

The USI method made it possible to conduct mul-
tiple measurements of the current values of RS after
each pulse in the EDT cycle. This method was used
to evaluate the efficiency of EDT depending upon the
quantity of the current pulses. Residual stresses were
measured in the central cross section area of the plates.
Longitudinal component σx of the plane stressed state
of the plate material was determined before and after
EDT. Each plate with the longitudinal weld was
treated under conditions used earlier for EDT of flat
specimens. A plate at the EDT moment was in a free
state, i.e. without the application of static loads on
it. This allowed evaluation of the pulsed effect by
discharges of the electric current on relaxation of RS,
which were formed as a result of the thermal welding
cycle. EDT was performed by spot effects on the weld
metal in a direction from its centre to ends with a step

Variations in the stressed state parameters of specimens of steel St3 base metal and welding joints after EDT

Type of
specimen

n σpr, MPa σn, MPa ∆σn, MPa ∆σ% = 
∆σn
σpr

 ⋅100 % Σ∆σ%, MPa Type of loading

Base metal --
1
2
3
4

186.0 --
144.3
130.4
116.6
111.0

--
41.7
13.9
13.8
5.6

--
22.40
7.47
7.42
3.00

~40

Elastic

--
1
2
3

230.0 --
180.37
155.40
141.52

--
49.63
24.97
13.88

--
21.57
10.85
6.03

~38

Elasto-plastic

1 310.0 --
255.0

--
55.0

--
17.74 ~18

Plastic

Welded joint --
1
2
3
4

205.0 --
185.90
155.40
141.52
130.42

--
19.10
30.50
13.88
11.10

--
9.31
14.80
6.77
5.41

~36

Elastic

1
2
3

230.0 --
183.15
160.95
144.30

--
46.85
22.20
16.65

--
20.36
9.65
9.09

~39
Elasto-plastic

--
1

310.8 --
255.3

--
55.5

--
17.85

~18 Plastic
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of 90--100 mm. Totally, four discharges were per-
formed, which corresponded to the conditions of treat-
ment of blade-type flat specimens. The choice of the
EDT direction was based on the fact that, according
to the Table data, the first and second discharges in

a series are most effective. So, it is expedient to apply
them to the central part of the plate, where the RS
level is maximal.

Distribution of longitudinal residual welding
stresses σx on treated and non-treated plates is shown
in the Figure. It can be concluded on the basis of the
RS diagram that EDT of butt welded joints leads to
a more than 50 % decrease in longitudinal component
σx of the plane stressed state.

The above data prove the efficiency of application
of EDT to control the stressed state of steel St3 and
its butt welded joints.

Distribution of longitudinal residual stresses σx in welded joints
on steel St3 without (1) and after (2) EDT: b ---- half-width of
welded joint
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(2006) Influence of electrodynamic treatment on the stress-
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(1985) Theory of electric apparatuses. Moscow: Vysshaya
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Change of the stress-strain state of welded joints of alu-
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ton Welding J., 6, 7--14.

4. Grabin, V.F. (1982) Metals science of fusion welding.
Kiev: Naukova Dumka.

5. Guz, A.N., Makhort, F.G., Gushcha, O.N. et al. (1974)
Principles of non-destructive ultrasonic inspection method
for determination of stresses in solids. Kiev: Naukova
Dumka.
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SPATIAL MODEL OF WELDED BUTT JOINT BASED
ON THE DATA OF TRIANGULATION OPTICAL SENSOR

T.G. SKUBA
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The paper deals with the problem of construction of a spatial model of butt joint by the data obtained from triangulation
optical sensor. Obtained work results can be used in systems of adaptive control of the process of arc welding of sheet
structures 30--50 mm thick in different positions.

K e y w o r d s :  welded structures, butt joints, geometrical
size, triangulation optical sensor, spatial model, analytical de-
scription, approximation, point array

In preparation for welding of large-sized items it is
impossible to produce butt joints, the geometrical di-
mensions of which correspond to those indicated in
the drawings. Therefore, control of the welding torch
manipulation system by a «rigid» program, which is
compiled on the basis of drawings of edge preparation
and parameters characterizing the gap and misalign-
ment of edges formed at abutment of the parts of the
item to be welded, does not provide a deposited metal
layer of the actual geometry even at a rigorous fol-
lowing of the required welding modes. To guarantee
an accurate correspondence of the geometry of the
deposited metal layer to the actual groove geometry,
and not the one specified by the drawings, which is
what directly influences the weld quality, it is neces-
sary to apply additive control of the welding torch
manipulation system [1, 2], the algorithm of which
allows for the position of the items being welded and
geometrical parameters of the butt groove.

This study deals with the problem of construction
of a spatial model of the actual butt for the case of
welding thick-walled sheet structures, which is called
the transverse «hill» technique. It essentially consists
in a successive filling of the butt by parallel metal
layers, deposited at a fixed angle to the butt axis. The
above welding technique allows conducting single-
pass welding of butt and fillet position and roll butt
joints of thick-walled structures in the position from
the downhand to the vertical one, also in the vertical
plane.

To ensure sound deposition of the layers, it is nec-
essary to move the welding torch along a complex
path, which should correspond to the actual spatial
parameters of the butt and provide a uniform thickness
of the deposited metal layer. To implement this proc-
ess, it is necessary to periodically measure the geo-
metrical parameters of the butt being welded at a
fixed distance ahead of the welding torch; construct
a spatial model of the butt by the measured data;
calculate the path of welding torch displacement cor-
responding to the actual butt geometry and providing
a constant thickness and quality of metal layer depo-

sition allowing for transportation lag; perform adap-
tive control of the welding torch in real time and in
keeping with the geometry of each deposited layer.

Accuracy of measurement of the geometrical pa-
rameters of the welded butt joint and welding torch
positioning as a tool fastened on the last link of the
manipulation system, should be not less than 0.25 of
the minimum diameter of the electrode used for weld-
ing. With this welding process, the accuracy of meas-
urement and positioning should be not less than
0.2 mm.

This work gives the results of solving the problem
of construction of a spatial model of the butt by the
data obtained from a triangulation optical sensor
(TOS) with the light section of the butt joint.

TOS application. TOS is designed for forming an
analog video signal, which is an image of a section of
the butt of items being welded, and its transmission
to the welding process control system. It consists of
the lighting device forming the light plane and video-
camera, mounted in one case.

TOS principle of operation [3] consists in the fol-
lowing. The lighting device generates the light plane,
which is projected to the butt of items as a light band
(Figure 1). Its contour follows the shape of the butt
with formation of salient points. Salient points (1--4)
of the light band at sensor displacement along the
groove in time are shown in Figure 2.

TV camera receives the image of the light band
projected onto the items being welded. Because of the
non-uniformity of treatment of the surface of items
being welded, the light band, being reflected from
the groove faces, forms flares, which are the source
of noise. In most of the cases, the applied software
(SW) of TOS filters the noise and determines the
spatial coordinates of the light band salient points
with the required accuracy. In some cases, TOS ap-
plied SW calculates the point coordinates with a cer-
tain error, and in the case, if the sought points cannot
be found, the program generates an error signal. In
this connection, it is impossible to guarantee genera-
tion of data with the required accuracy after a specified
time interval. In addition, it is impossible to determine
the coordinates of the start of the metal layer, which
should be deposited, and of its end directly by TOS
readings. This is attributable to the fact that the in-

© T.G. SKUBA, 2007
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quiry for obtaining information from TOS is issued
not continuously, but after some time intervals, and,
in addition, there is a limit of TOS operation. Until
this limit has been overcome, the sensor SW cannot
perform a correct numerical calculation of the light
line salient point co-ordinates, not can the weld root
toe be measured directly using the sensor. This is at-
tributable to the fact that the side surfaces of the
groove in the butt joint root are turned at an angle
of 90°, so that the reflected beams of the laser band
generator do not penetrate into the camera and, there-
fore, cannot be measured.

The formed data array of co-ordinates of the light
band salient points is transmitted as a structure
through the file, represented in the computer memory,
to the applied SW of plotting the spatial model of
the butt joint (SMBJ).

Substantiation of selection of the method of sta-
tistical processing of measurement results. The task
of applied SW for SMBJ construction realizing the

selected method of statistical processing of measure-
ment results, consists in the butt presentation in the
analytical form. The faces of the latter are described
by equations of planes, which are derived as a result
of approximation of a set of data obtained from applied
SW of the TV sensor (TVS). The above method allows
with the specified accuracy reproducing the surface
of the butt groove. Applied SW of SMBJ obtains the
data on its position relative to the zero point selected
in advance, and groove geometry of the parts being
welded from TOS mounted on the welding tractor.
Each light section, which represents the spatial co-or-
dinates of the salient points of laser emitter band
contour, is entered into a list, which furtheron is the
base for analytical description of the butt and calcu-
lation of the path of manipulation system link dis-
placement on its basis. In this case the values of pa-
rameters, which cannot be directly measured with
TOS (for instance, weld root toe), but are known
beforehand from design documentation, are also taken
into account.

To find the line of the «hill» start and lines limiting
each deposited layer from the left, right, top and bot-
tom, systems of equations are solved, which consist
of equations of plane. These equations are derived by
plane approximation of an array of points (see Fi-
gure 2), which are located on the edges of the left
and right faces of the groove, «hill» faces, upper and
lower faces of items being welded. Number of points
on each face is taken to be equal to the number of
correct lines of the light band, obtained from the sen-
sor during scanning of the «hill» plane. To plot the
equation of plane describing the right edge of the
groove, an array of points designated as 1, 1′, ..., 1′′′
and 2, 2′, ..., 2′′′ in Figure 2, is made. The plane
describing the left edge of the groove, is constructed
by the array of points designated as 3, 3′, ..., 3′′′ and
4, 4′, ..., 4′′′ in Figure 2. Equation of planes describing
the «hill» plane, is calculated by points 3, 3′, ..., 3′′′
and 2, 2′, ..., 2′′′. As the butt has a variable shape
along the entire length of the items being welded,
equations of plane are recalculated in keeping with
the current position of the metal layer being deposited.
For this purpose, the points, which described the po-

Figure 1. Projection of the light plane on the butt (a) and light band contour (b): 1--3 ---- points located on the left edge, in its root
and on the right edge, respectively

Figure 2. Groove geometry obtained as a result of approximation
by planes: M01--M05 ---- points on the respective plane; N1--N5 ----
normal to the plane drawn from the respective point
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sition of the first light section are removed from the
point array, by which equations of plane are calculated
for this layer, and points describing the position of
the next light section, not included into the previous
data array, are added to the end of the array. Forma-
tion of a new array of light sections is performed only
in the case, if value of x co-ordinate of the initial
point on the next layer to be deposited (Figure 3) is
higher than x co-ordinates of the last light section,
included into the current data array. Otherwise, equa-
tions, describing the butt side faces, remain un-
changed, and position of the plane, which represents
the «hill» plane, is corrected so that it was shifted
relative to the previous one by the deposited layer
thickness. Its slope remains unchanged along the en-
tire butt length.

Subprogram of plane approximation of a set of n
points in space calculates the normal to plane N{A,
B, C} (unit vector) and point M0(x0, y0, z0), through
which the plane passes. Point co-ordinates are calcu-
lated as the mean arithmetic value of initial point
coordinates. Jacobi method is used to find the normal
vector, i.e. finding eigen values and eigenvectors for
symmetrical matrices [3]. Components of the sought
normal vector are those of the initial matrix eigenvec-
tors. The matrix is made up as follows:

A = 







xx   xy   xz
xy   yy   yz
xz   yz   zz







, (1)

where

xx = ∑ 
i = 0

n

 xixi;   xy = ∑ 
i = 0

n

 xiyi;   xz = ∑ 
i = 0

n

 xizi;

yy = ∑ 
i = 0

n

 yiyi;   yz = ∑ 
i = 0

n

 xizi;   zz = ∑ 
i = 0

n

 zizi,

(2)

xi, yi, zi are the co-ordinates of point ui(xi, yi, zi);
ui = νi -- M0; νi are the initial points in space; M0(x0,
y0, z0) is the point, the co-ordinates of which are the
arithmetic mean of the respective co-ordinates νi(xi,
yi, zi) of the initial points.

As A matrix is a symmetrical real one and its di-
mension is equal to 3, it has three eigen values λi,
each of which is matched to eigenvector Vi. Compo-

nents of the normal vector are calculated as follows:
if λ0 < λ1 and λ0 < λ2, then normal vector N{xv1

, xv2
,

xv3
}; if λ0 < λ1 and λ0 > λ2, then N{zv1

, zv2
, zv3

}.
Otherwise, if λ0 > λ1  and λ1 < λ2,  then N{yv1

, yv2
,

yv3
}; if λ0 > λ1 and λ1 < λ2, then N{zv1

, zv2
, zv3

}.
Having calculated the normal vector and point

through which the respective plane runs (plane de-
scribing the left and right faces of the groove, «hill»,
etc.), it is possible to present each of the planes by
equation of the following kind:

A(x -- x0) + B(y -- y0) + C(z -- z0) = 0. (3)

By solving a system of equations describing the
horizontal plane of the metal surface and plane at an
angle of 45°, we will determine the coordinates of the
start of the first deposited metal layer. Solution of
this system of equations, describing the horizontal
plane on the level of the groove root and the same
plane at an angle of 45°, yields coordinates of the end
of the layer, which should be deposited.

Time interval, after which the data coming to TOS
are read, is found by setting the respective values of
system timer properties, and is equal to 150 ms. Data
reading and storage are performed in real time at the
stage of looking for the initial welding point, as well
as displacement of welding torch to each next layer
to be deposited. The spatial model of the butt groove
is shown in Figure 3.

Synthesis of SMBJ construction algorithm.
SMBJ SW fulfills three main functions: reading of
the data structure from the file represented in the
memory, analytical description of the butt faces as
equations of plane; plotting of a spatial graphic image
of the butt of items to be welded.

The butt model is plotted on the basis of data
received from TOS, with their subsequent approxima-
tion by planes. The size of the list, into which the
data from applied SW of TOS are entered, is deter-
mined with a transportation lag ---- distance from the
welding torch nozzle edge to TVS. Values of co-ordi-
nates of light band salient points are entered by TVS
into a list, starting from finding the co-ordinates of
the start of the butt and up to placing the torch into
the initial welding point. During welding the list is
updated at transition to the next deposited layers.

Figure 3. Spatial model of the butt joint (a) and TOS video signal (b)
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First the co-ordinates of salient points of the first light
section are removed from the list, and the respective
coordinates of light section registered by TVS during
welding carriage movement to the next layer to be
deposited, are added to its end. Such an approach
allows storing a small but sufficient for calculation
scope of data in the computer working memory, which
enables continuous welding of an item of any length.

The decision on recalculation of planes at welding
carriage displacement to the next layer to be deposited
is taken, proceeding from the condition that x co-or-
dinate of the initial welding point in the next metal
layer (see Figure 3), which is calculated on the basis
of the welding process modes, exceeds x co-ordinate
of point 1 (see Figure 1) of the light section contour.
In order to take the decision, the first light section in
the queue for entering into the list is taken, which is
the basis to perform the current calculation of the
equations of plane.

The spatial model was displayed using OpenGL
graphic library, which provides the body of mathe-
matics for manipulating 3D objects in space.

The algorithm of plotting the spatial model of the
butt is shown in Figure 4. The block-diagram incor-
porates two system timers, assigning the time interval
for data reading from the file represented in the mem-
ory, as well as calculation and drawing the 3D image
of the butt of the items to be welded. Two timers are
used in connection with the fact, that the defined
tasks are fulfilled after different time intervals. Image
drawing should be performed more often than reading
of new data from the sensor. This is attributable to
the need of a fast updating of the image at its rotation
and displacement in the mapping window.

Results of simulation and experimental studies
of operation of SMBJ program module. Results of
the performed work were used to construct the spatial
model of the butt of the items being welded, which
was used to obtain initial data for calculation of the
path of welding torch displacement required to per-
form welding by the transverse «hill» technique. The
panel of image adjustment shown in Figure 5 allows
changing the appearance, scale and position of the
image in the mapping window, until the image has
taken the form preferred by the operator.

Student’s criterion was used to verify the adequacy
of the obtained results of construction of the spatial
model of the butt [4, 5]. For this purpose, the differ-
ences in selective average values of coordinates of
points obtained from TVS (x

____
1, y

____
1, z

__
1) and falling on

the calculated plane (x
____

2, y
____

2, z
__
2) were calculated:

|tx| = 
|Dx|
S

 = 
|x
____

1 + x
____

2| 
S

,   |ty| = 
|Dy|
S

 = 
|y
____

1 -- y
____

2|
S

,

|tz| = 
|Dz|
S

 = 
|z
__
1 -- z

__
2|

S
, (4)

Figure 4. Block-diagram of the algorithm of construction of the spatial model of the butt joint

Figure 5. Appearance of butt joint model at different settings
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where S = √S1
2 + S2

2  = √


1
g
 + 

1
h




 s2 ; S1

2 = 
1
g
 s2;

S2
2 + 

1
h
 s2; D is the difference of coordinates; averaged

weighted value is equal to

s2 = 

∑ 
i = 0

g

(x1i
 -- Mx1

)2 + ∑ 
i = 0

g

(x2i
 -- Mx2

)2

g + h -- 2
,

g is the number of points, used to calculate the equa-
tion of approximating plane (g = 20); h is the calcu-
lated number of points falling on plane (h = 7);

Mx1
 = 

1
g
 ∑ 

i

x1i
,   Mx2

 = 
1
h
∑ 
i

x2i
;

Dx = --8.699 + 8.8125 = 0.113;

s2x = (93.516 + 177.881)/(20 + 7 -- 2) = 10.856;

S2x = (1/20 + 1/7)⋅10.856 = 2.094;

tx = 0.113/√2.094 = 0.078;

ty = 0.260/√0.082 = 0.906;

tz = 0.361/√2.153 = 0.177.

If absolute values of |tx|, |ty| or |tz| ratio exceed tβ
values taken from the Table given in study [5], the
hypothesis about the true average value being equal
to x̂1 = x̂2, ŷ1 = ŷ2d or ẑ1 = ẑ2, respectively, should
be rejected. With the probability of 0.95 it may be
assumed that x̂1 = x̂2, ŷ1 = ŷ2 and ẑ1 = ẑ2, if tx < 2.086,
ty < 2.086 and tz < 2.086 at g = 20.

Values of Student’s criterion t < 2.086 (tx, ty, tz)
lead to the assumption that the set of points is correctly
approximated by the plane.

Thus, the 3D model of the butt constructed in this
work is described in the form of equations of plane
and provides the initial data for calculation of any
paths of welding torch displacement, the accuracy of
reproduction of which is one of the important factors,
influencing the welded joint quality. To enable visual
assessment by the operator of the correctness of the
constructed graphic spatial model of the butt, the
functions of image rotation around all the axes of the
Cartesian system of co-ordinates, its displacement
along the axes and change of the image scale, are
envisaged. When the graphic presentation of the spa-
tial model of the butt was plotted, one of the standard
OpenGL libraries was used for graphic programming.
This is a graphic standard, which provides broad pos-
sibilities and optimum response. The system is de-
signed so that it may be incorporated into any (not
just graphic) operating system.

Experimental studies showed that the butt model
is constructed correctly and the error of the butt de-
scription in the analytical form does not exceed the
admissible value equal to 0.25 of the minimum elec-
trode diameter (0.8 mm) used with the above welding
process, i.e. not more than 0.2 mm.
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SELECTION OF PARAMETERS OF THE ROLLER FIELD
OF THE LINE OF SHEET PANEL ASSEMBLY

AND WELDING

V.A. ROYANOV1 and P.V. KOROSTASHEVSKY2

1Priasozovsky State Technical University, Mariupol, Ukraine
2OJSC «GSKTI», Mariupol, Ukraine

Dependence of deflection of sheet panel ends at transportation over the roller field on the extension of a free hanging
end, distance between the neighbouring rows of rollers, material properties and sheet thickness was established. Schemes
were developed for selection of roller spacing and distance between the neighbouring rows of rollers of the roller field
for transportation of panels from sheets of different thickness and different materials.

K e y w o r d s :  welding, roller field, assembly and welding
line, sheet panel

Assembly and welding of sheet panels of shells of
different tanks, including the barrels of railway tank
cars and tank containers is performed in combined-
production lines of panel assembly and welding, one
of the important elements of which is the roller field.
The smoothness of panel displacement, power of the
transporting device drives and efficiency of the line
as a whole depend on the main parameters of the roller
field (roller diameter, bearing type, roller spacing,
distance between the adjacent roller rows). On the
other hand, dimensions and number of rollers influ-
ence the equipment weight and cost. At determination
of the main parameters of roller fields of panel lines,
the choice is usually made in favour of the rolling
bearings in view of the their universally recognized
advantages. Criteria for selection of the other parame-
ters of the roller field are practically absent. Their
development is an important scientific and practical
task.

In publications devoted to this problem [1--6], spe-
cial attention is given to selection of the roller con-
veyor roller spacing for transportation of long cargo
and hot rolled sheets. Transportation of sheet panels
of shells in large-sized tanks, the width of which is
2--3 times higher than the maximum width of the
rolled sheets, similar to the design of the respective
roller fields, has their features, which are practically
not reflected in the technical literature. One of them
is the considerable deflection (overhanging) of the
edges of the sheet panel transported in the cold con-
dition, under the action of its own weight, particularly
of the front edge coming first in the direction of mo-
tion, which prevents normal sliding of the panel onto
the rollers at its displacement and transportation.
Edge deflection depends on the panel sheet material,
and roller field parameters.

This study gives the results of investigation of the
dependence of deflection of sheet panel edges on dif-
ferent parameters of the roller field and sheets being

welded, and criteria and procedures of selection of the
main parameters of the roller fields of the lines of
assembly and welding of sheet panels have been de-
veloped, ensuring normal operation, optimum metal
content and cost of the equipment.

In order to reduce the metal content and cost of
equipment for the roller fields, idle disc rollers with
the spherical rolling surface mounted in staggered
rows are used for the roller fields. Idle rollers of the
roller conveyor are mounted in the places of the panel
pressing to the jig to increase the contact surface and
prevent dents in the sheets. Roller diameter is between
100 and 360 mm (the greater it is, the lower the
resistance to panel displacement), and ball or roller
rolling bearings are used. Panel displacement in dif-
ferent sections of the assembly lines is performed using
special push (pull) devices and individual blocks of
live rollers in their different combinations.

At displacement of a sheet panel over the roller
field with roller spacing S, the front edge of the panel
of width b, develops deflection fc as it comes off the
rollers, bending downwards relative to the overall
plane of transportation under the action of its own
weight (Figure 1, a). Side edges of the panels are
deflected by fc′, and part of the panel located between
the roller rows ---- by fn (Figure 2, a); deflections fc′
and fn are absent in the points of roller conveyor rollers
mounting.

Let us determine for the case of the front edge,
the deflection of panel edges hanging over during
transportation. For this purpose let us represent the
overhanging front edge of the panel as a beam with
one end fixed, which is under uniformly distributed
load ---- its own weight. The calculated schematic of
such a beam is given in Figure 1, b, panel extension
l being the function of time t and displacement rate
v: l = vt. At panel displacement from roller to roller
with change of time t from zero to tmax the extension
changes from zero up to lmax, while sagging of the
front edge ---- from zero to fc max. Considering that the
rate of panel displacement is uniform and relatively
small (less than 0.2 m/s), the formula of front edge© V.A. ROYANOV and P.V. KOROSTASHEVSKY, 2007
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deflection at any moment of time, proceeding from
differential equation of bent axis [7], becomes

fc = 
q(vt)4

8EIx
 = 

ql4

8EIx
, (1)

where q is the uniformly distributed load (in this case
the weight of overhanging edge of the panel, condi-
tionally reduced to beam axis and uniformly distrib-
uted along extension length l); E is the modulus of
normal elasticity; Ix is the moment of inertia of the
section relative to bending axis.

Panel weight at any moment of time, allowing for
the small value of the speed of displacement, is equal
to

Gn = γhb(vt) = γhbl, (2)

where γ is the specific weight of panel sheet material;
h is the thickness of overhanging edge; b is the sheet
length (panel width).

Then the uniformly distributed load is defined as

q = 
Gn

l
 = γhb. (3)

The moment of inertia of the section relative to
the bending axis is equal to

Ix = 
bh3

12
. (4)

Substituting the derived values into (1), we obtain

fc = 
ql4

8EIx
 = 

γhbl4

8E 
bh3

12

 = 
3γ

2Eh2 l
4. (5)

From (5) it follows that deflection fc of the panel
front edge overhanging under the action of its own
weight, is directly proportional to the forth degree of
the extension, depends on the specific weight and
material of the sheets and is inversely proportional to
the square of thickness of overhanging edge of the
panel sheet. Designating value 3γ/2Eh2 constant for
sheets of a specific material and specific thickness, as
Kth.m ---- coefficient of material and thickness, we ob-
tain the formula of front edge deflection in the fol-
lowing form:

fc = Kth.ml
4. (6)

Panels of shell of barrels of railway tank cars and
tank containers are made from structural low-alloyed
steels 09G2S, corrosion-resistant steels 12Kh18N10T
and AD0 aluminium 4--26 mm thick. Kth.m values for
sheets of 4--26 mm thickness from the above materials
are given in Table 1. To calculate deflection fc we will
use the range of panel extension lengths from zero up
to 2000 mm with the interval of 100 mm.

Analysis of data in Table 1 showed that from the
three studied materials AD0 aluminium is the most
rigid, i.e. having minimum deflection at the same
thickness of the sheet and extension, and steel

12Kh18N10T is the least rigid. Dependence of deflec-
tion on panel extension for sheets from steel
12Kh18N10T of different thickness is given in Fi-
gure 3.

Deflection of side edges fc′ varies by the same de-
pendencies, as deflection of the front edge fc. To de-
termine the deflection (sagging) of part of the panel
between two adjacent rollers (roller rows) fn (Fi-
gure 2, a) let us consider it as a beam lying on two
supports, which is under a uniform continuous load ----
its own weight. Figure 2, b gives the design schematic
of the beam. Proceeding from the differential equation
of a bent axis [7] maximum deflection of the beam is
located in the span middle and is equal to

f = 
5qnL

4

384EIy
,

 
(7)

where Iy is the moment of inertia of the section. Mak-
ing the same transformations as for (1), we obtain

Figure 1. Schematic of the position of front edge of a sheet panel
overhanging in cantilever (a), and design schematic of determina-
tion of edge deflection (b)

Figure 2. Deflections of a sheet panel at displacement over the
roller field: a ---- schematic of deflections; b ---- calculated schematic
of deflection between two adjacent roller rows; 1 ---- common trans-
portation plane; 2 ---- roller; 3 ---- sheet panel; L ---- distance between
two adjacent rows of rollers; l′ ---- extension of the panel side edge;
fc′ ---- deflection of overhanging side edge; fn ---- deflection of panel
part between the rollers; qn ---- uniformly distributed load at panel
sagging
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fn = 
5γ

32Eh2 L
4. (8)

Applying the coefficient of thickness and material
Kth.m L = 5γ/32Eh2 we obtain

fn = Kth.m LL
4. (9)

Dependence of panel deflection on the distance
between the adjacent rows of rollers for sheets from
steel 12Kh18N10T of different thickness is shown in
Figure 3.

Panel edge deflection at its moving over the roller
field predetermines the position of the point of contact
of the front edge face with the roller (Figure 4, a).

Ability of smooth sliding of the panel edge onto the
roller is here determined by the position of the line
of action of the reaction developing in the point of
contact from the displacement force, which is in the
plane normal to the face of the sagging edge along a
tangent to it. If it runs below the axis of roller rotation,
the panel moves under the roller, and if it runs above
the axis ---- it rises onto the roller. For unhindered
sliding of the panel onto the roller, the line of force
action should run along a tangent to roller journal
diameter (bearing inner diameter) above its axis of
rotation (Figure 4, a), its position depending on de-
flection of the panel front edge and angle of section
rotation (face plane) of the edge, which ensure this
condition. The values of the above parameters are
specific for each typesize of rollers, having certain
outer diameter and journal diameter. It should be
noted that in this case the intermediate decking
mounted between the rollers in roller conveyors to
prevent excess sagging of the transported cargo is not
acceptable for these purposes, as the face of the front
edge prepared for welding is damaged at contact with
the decking during panel displacement.

To determine the maximum admissible deflection
of the panel front edge at its passage over the roller
field, let us consider the schematic shown in Figure 4,
b. The sought deflection fc is equal to the difference
of the radius of the roller rolling surface and section
CD. CDE, CDO, ACO and CBE are right-angle tri-
angles, angle DCE being equal to the angle of rotation
of the section (edge) θ, section OA being the radius

Figure 3. Dependence of front edge deflection fc (dash curves) and
sagging fn (solid curves) of a panel of 12Kh18N10T steel sheets of
different thickness h on extension l and distance between adjacent
roller rows L

Table 1. Values of coefficient Kth.m⋅10--17 (l/m3) for sheets of
different thickness from different materials

Sheet
thickness
h⋅10--3,

m

09G2S steel
(E = 200 GPa, γ =
= 7.85⋅103 kg/m3)

12Kh18N10T steel
(E = 198 GPa, γ =
= 7.90⋅103 kg/m3)

AD0 aluminium
(E = 81 GPa, γ =
= 2.70⋅103 kg/m3)

4 3680 3741 3125

5 2355 2394 2000

6 1635 1662 1389

7 1202 1221 1020

8 920 935 781

9 727 739 617

10 589 598 500

11 487 495 413

12 409 416 347

14 300 305 255

16 230 234 195

18 182 185 154

20 147 150 125

22 122 124 103

24 102 104 87

25 94 96 80

26 87 89 74

Figure 4. Schematic of the position of the panel front edge in
contact with the roller at different deflections: a, b ---- see in the
text; 1 ---- roller disc; 2 ---- roller journal (axle); 3 ---- bearing; 4 ----
front edge of the transported panel; 5 ---- panel transportation plane;
C ---- contact point of the lower face of the panel front edge with
roller disc; Dr ---- roller disc diameter; dn ---- roller journal diameter
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of the roller journal rn; OC being the radius of the
roller rolling surface Rr. Let us calculate the deflec-
tion:

fc = Rr -- Rr sin ψ = Rr (1 -- sin ψ) =

= 2Rr sin
2 (45° -- ψ/2);

ψ = 90° -- β = 90° -- (90° -- α -- θ) = α + θ;

fc = Dr sin
2 




45° -- 

α + θ
2




,

(10)

here angle α = arcsin (rn/Rr) and is constant for each
roller.

We will take the formula of the section rotation
angle from the differential equation of bent axis of a
beam with one end fixed, which is under the uniform
load (its own weight) [7]:

θ = 
ql3

6EIx
. (11)

Transforming this equation similar to (1), we ob-
tain

θ = Kθl
3, (12)

where Kθ is the coefficient of the section rotation
angle, equal to 2γ/Eh2.

Values of coefficient Kθ for sheets from steels
09G2S, 12Kh18N10T and AD0 aluminium 4--26 mm
thick are given in Table 2. Analysis of the tabulated
data showed that at the same thickness sheets from
12Kh18N10T steel have the maximum angle of rota-
tion, those from AD0 aluminium have the minimum
angle. This confirms the conclusion about the relative
rigidity of sheets from these materials made on the
basis of the data in Table 1.

Substituting the value of angle θ into formula (10)
and replacing the value of deflection fc by its value
derived from formula (6), we have

Kth.ml4 = Dr sin
2 






45° -- 

α + Kθl
3

2






.

(13)

Conditionally replacing l by x, designating
Dr/Kth.m as K and transforming this equation, we
have

x2 -- √K  sin 





45° -- 

α + Kθx
3

2






 = 0. (14)

Having graphically solved this equation, we obtain
two functions: y1 = x2 and ó2 = √K  sin ×

× 





45° -- 

α + Kθx
3

2






. Point of intersection of the derived

curves gives us the value of panel extension, at which the
front edge has deflection fc at contact with the roller, i.e.
has the maximum admissible overhanging for a smooth
sliding onto the roller. The line of force in the point of
panel contact with the roller runs in the plane normal to
the edge face along a tangent to journal diameter (see
Figure 4). Let us designate this deflection as critical fcr,
and the length of panel extension, at which it occurs, as

Lcr. The first function (parabola) will be the same for all
the rollers and sheets of the applied materials of different
thickness, and the second will have its own curve for each
of these parameters. We will plot the curves (Figure 5)
for 8 mm thick sheet from the least rigid material ---- steel
12Kh18N10T ---- for rollers having an optimum (25 to
60 mm) diameter of the journal and discs with 100--
360 mm diameter around the rolling circle. Knowing values
of critical extensions Lcr and using dependencies of panel
edge deflection on its extension, we obtain the values of
critical deflection (overhanging) of the panel front edge
(Figure 6). As the situation shown in Figure 4 is the same
both at sliding onto the roller of a panel front edge over-
hanging in cantilever, and at its deflection between two
rows of rollers at roller arrangement in staggered rows,

Figure 5. Schematic of determination of critical extensions lcr for
12Kh18N10T steel sheet 8 mm thick and rollers of different diameter

Table 2. Values of coefficient Kθ⋅10--17 (deg/m3) for sheets from
different materials of different thickness

Sheet
thickness 

h⋅10--3,
m

09G2S steel
(E = 200 GPa, γ =
= 7.85⋅103 kg/m3)

12Kh18N10T steel
(E = 198 GPa, γ =
= 7.90⋅103 kg/m3)

AD0 aluminium
(E = 81 GPa, γ =
= 2.70⋅103 kg/m3)

4 281108 285756 238733

5 179909 182884 152789

6 124937 127003 106103

7 91790 93308 77954

8 70277 71439 59683

9 55527 56446 47157

10 44977 45721 38197

11 37171 37786 31568

12 31234 31751 26526

14 22948 23327 19488

16 17569 17860 14921

18 13882 14111 11789

20 11244 11430 9549

22 9293 9446 7892

24 7809 7938 6631

25 7196 7315 6112

26 6653 6763 5650
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using the values of critical deflection we will deter-
mine from fn curves also the critical (maximum) distances
Lcr between two adjacent rows of rollers (Figure 6).

Knowing the values of critical extensions, we will
find the maximum roller spacing Smax of the roller
field, equal to critical extension plus section OD from
CDO triangle (see Figure 4, b):

Smax = Lcr + Rr cos 




arcsin 

Rr -- fc
Rr






, (15)

where fc = fcr.
Upgrading of the roller field of the line of sheet

panel assembly and welding in OJSC «Azovmash»
taking into account the presented studies, allowed
improvement of the quality of welds on panels, with
reduction of the number of rejects.

Further studies are being conducted to establish
the forces of additional resistance to displacement of
sheet panels over the roller field, arising at sliding of
the overhanging edge onto the roller, to determine
the power of the transportation devices.

CONCLUSIONS

1. Main criterion for determination of the parameters
of the roller field for transportation of sheet panels is

providing a guaranteed sliding onto the rollers of edges
overhanging under the action of their own weight
(sagging) at panel displacement, first of all of the
front edge.

2. Deflection of a panel edge overhanging in can-
tilever or sagging between the rollers under the action
of its own weight, is directly proportional to the fourth
degree of extension (distance between two adjacent
roller rows), depends on the material (specific weight
and normal elasticity modulus) and is inversely pro-
portional to the square of sheet thickness.

3. Selection of roller field parameters requires deri-
vation of a dependence of panel edge deflection on
the extension and distance between adjacent roller
rows, as well as plotting graphs for determination of
maximum deflections and extensions for sheets of all
the used materials of different thickness.

4. Specific selection of parameters of the roller
field should be performed after determination of the
material and thickness of sheets of the produced panels
and assigning the roller diameters (allowing for jour-
nal diameter) by the tables of values of maximum
admissible spacing and distances between the adjacent
roller rows, which should be developed for all the
applied materials of different thickness.

5. Selection of roller spacing and distance between
the adjacent rows should be performed taking into
account the roller diameter, their arrangement in the
roller field, quantity, weight, cost, as well as other
data.

Figure 6. Schematic of determination of critical deflections fcr and
distance Lcr between adjacent rows of rollers of different diameters
for 12Kh18N10T sheet steel 8 mm thick
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EQUIPMENT, PROCEDURES AND TECHNOLOGY
FOR ELECTROSLAG WELDING OF POSITION

CIRCUMFERENTIAL BUTT JOINTS

B.E. PATON1, K.A. YUSHCHENKO1, I.I. LYCHKO1, V.D. KOVALYOV1, S.I. VELIKY1, S.I. PRITULA1,
A.D. CHEPURNOJ2, S.P. NIKITCHENKO2 and A.N. SHALASHNY2

1E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
2Open Joint Stock Company «Azovmash», Mariupol, Ukraine

The paper considers features of equipment and technology for electroslag welding of position circumferential butt joints
on supporting rings of oxygen-blown vessels using the Ash 115 M machine at the Company «Azovmash». Described are
advantages of the new machine that provides a high technical level of the technology and cost effectiveness of fabrication
of large-size welded metal structures.

K e y w o r d s :  electroslag welding, position circumferential
welds, welding machine, information recording system, welding
parameters, visualisation

Application of electroslag welding in machine-build-
ing provided a substantial increase in the efficiency
of fabrication of large-size welded metal structures.
Quality and performance of welded joints in elec-
troslag welding (ESW) depend upon a number of
technological factors (choice of welding consumables,
heating temperature and type of heat treatment, weld-
ing parameters, methods for elimination of defects,
and methods for fixation of billets to be welded), as
well as upon the welding procedure (feeding of elec-
trode consumables to the welding zone, methods for
formation of the external surface of the weld, ensuring
of the continuous and stable electroslag process, keep-
ing to the preset welding parameters, modes of con-
nection of power sources, and manipulation with a
workpiece). It is obvious that these factors are closely
related to each other and should be simultaneously
considered and allowed for.

The efficiency of application of ESW is determined
in many respects by the availability, technological
capabilities and technical level of welding equipment,
as well as by the rational handling of issues associated
with procedure and technology of making a weld.

Design features of the ESW machines depend upon
the peculiarities of the ESW method (wire electrode,
consumable nozzle or large-section electrode), size and
configuration of a billet to be welded. This determines
whether the welding machine should be stationary or
portable, moving along a workpiece or along a special
column.

Many years’ experience and current trends in
building of welding equipment for ESW allowed de-
velopment of an ingenious design of the modular type,
based on modern mass-produced drives. 

The new stationary welding machine Ash 115 M
was developed and manufactured by the Pilot Plant
for Welding Equipment of the Science and Technology

Complex «E.O. Paton Electric Welding Institute»
particularly for ESW of position circumferential butt
joints on supporting rings of oxygen-blown vessels
produced by the OJSC «Azovmash». The machine
differs fundamentally from its precursor (machine A-
1555M) both in design and in its functional and tech-
nical capabilities.

The machine consists of the following main me-
chanical units: displacement mechanism, modular unit
for feeding of wire electrodes, electrode oscillation
mechanism, mechanism for variation of electrode in-
clination angle and crosshead hanger. Electrical equip-
ment of the control systems is housed in a cabinet
located near the machine. Buttons to control the proc-
ess are mounted on a rotary plug-in panel fixed directly
on the machine. The latter is equipped with two DC
power sources of the VDU-1250 type and an informa-
tion recording system.

Design and functional capabilities of the machine
are adapted as much as possible to actual requirements
the welding production of «Azovmash» should meet.

As to its design, the ASh 115 M machine has the
following distinctive advantages:

• modular design allows an easy and prompt
mounting of the machine on a guide rail, as well as
its subsequent dismounting in any location of the
joint;

• mode «setting» provided for in the control system
allows setting of the process parameters (electrode
wire feed speed ve, oscillation amplitude A, time t of
stopping of electrodes at the crosshead, etc.) before
the beginning of the welding process;

• separate feeding of welding wires and powering
from independent welding current sources provide the
possibility of regulating the thermal power of the proc-
ess depending upon the position of electrodes relative
to the slag pool surface, which is particularly impor-
tant for ESW of curvilinear welds;

• possibility of prompt adjustment of main process
parameters from the control panel;
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• mechanised correction of the nozzle inclination
angle depending upon the spatial position of the slag
pool;

• high reliability of operation of the machine con-
trol panel (with continuous monitoring of calculated
parameters of the welding process);

• high reliability of operation of the drives: mecha-
nisms for displacement of the machine along the rail,
for feeding of electrode wires, and for transverse os-
cillations, which are based on using reduction gear-
motors with frequency regulation of the rotation
speed;

• presence of the information recording system
equipped with personal computer, having a special
software for visualisation of the process and recording
of the process parameters.

The ASh 115 M machine is intended for ESW of
vertical, inclined and curvilinear joints with curvature
radius R > 4.0 m and angle of inclination to the vertical
line adjustable within ±25°.

Specifications of the ASh 115 M machine
Thickness of weld edges, mm ...............................  40--200
Quantity of electrodes, pcs ..........................................  2
Diameter of electrode wire, mm ..........................  3.0, 4.0
Welding current per electrode at duty
cycle = 100 %, A ............................................. up to 800
Electrode feed speed, m/h ..................................  80--450
Electrode feeding scheme .............................  independent
Vertical displacement speed, m/h ......................  0.6--12.0
Turning of electrodes in ESW of inclined
joints, deg ............................................................. ±25

Correction of position of electrodes:
along the groove ................................................. ±60
across the groove ................................................. ±20

Driving force of traverse gear, kg ...........................  ≥ 800
Oscillation amplitude, mm ....................................... 100
Guide rail ................  flexible strip with involute gear rack

The special procedure and technology for ESW of
position circumferential butt joints on billets of sup-
porting rings for oxygen-blown vessels were developed
for the machine.

The choice and setting of process parameters for
ESW of the straight-line joints are based on the re-
quirement that the welding machine or its main units
should be moved during welding along a joint, and
not change their position with respect to the slag pool
surface. Therefore, the process parameters remain un-
changed during the welding process.

In the case of welding of position butt joints, the
spatial position of the entire machine continuously
changes with respect to the welding zone, and thick-
ness of the weld edges also changes depending upon
the length of the weld (Figure 1). This causes changes
(decrease or increase) in value of the so-called «dry»
extension of electrodes, Ld, as well as the angle of
inclination of the electrodes to the slag pool surface,
β (Figure 2). Increase or decrease in Ld relative to
the accepted values may lead to an inadmissible vio-
lation of the electroslag process. Variations in angle
β have a substantial impact on the weld formation,
and may cause the lack of fusion between the edges.
Moreover, increase or decrease in thickness of the weld
edges, S, causes variations in electrode oscillation am-
plitude A, which makes it necessary to adjust the gaps
between the electrodes and crosshead, ∆2, and perma-
nent cover plate, ∆3. To ensure normal conditions for
the welding process, it is necessary to constantly main-
tain the value of Ld at the required level. Besides,
these manipulations should be carried out during weld-
ing, simultaneously with constant control of the entire
process.

The choice of welding parameters is based, first of
all, on the size of a joint (thickness of the weld edges,
curvature radius and weld length), as well as on the
welding speed.

The range of thicknesses to be welded for the ASh
115 M machine is 40--200 mm. Practice of the welding
production shows that one electrode can weld metal
up to 50 mm thick. At a larger thickness it is necessary
to apply electrode oscillations, or increase the quantity

Figure 1. Scheme of ESW of an element of supporting ring for
oxygen-blown vessel using the ASh 115 M machine

Figure 2. Schematic of location of electrodes within the ESW zone in the initial region (a), horizontal diameter (b) and final region
(c) of the joint
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of electrodes. It is recommended to weld metal up to
100 mm thick using two electrodes without oscilla-
tions, and metal up to 200 mm thick ---- with oscilla-
tions.

The welding speed depends, primarily, upon the
properties of a structural material welded (chemistry,
and carbon content in the first turn), thickness of the
weld edges and their fixation conditions. For carbon
and low-alloy steels, satisfactory values of the welding
speed for thicknesses under consideration (40--
200 mm) are 2.0--0.5 m/h, the welding speed being
rapidly decreased with increase in thickness. Under
conditions of the rigid fixation of workpieces (perma-
nent cover plate), widening of the existing ranges may
lead to formation of solidification cracks in the weld
metal.

In welding with oscillations, distance between the
electrodes, d, should be selected proceeding from ratio
d = (S + ∆1 -- ∆2 -- ∆3)/n (mm). The required electrode
wire feed speed is calculated on the basis of electrode
quantity n and welding speed vw selected for a specific
thickness of the joint: ve = vwFh/ΣFe (m/h), where
Fh is the gap cross section, and Fe is the total cross
section of electrodes.

For welding of joints in billets of half-rings with
wall thickness S = 100 mm, it is necessary to apply
oscillation of electrodes, as thickness of the metal
welded changes from Smax = 130 mm (at the beginning
and end of the joint) to Smin = 100 mm (at the centre).
This requires that extra manipulations should be per-
formed during the welding process, such as changing
the oscillation amplitude (amplitude A) and distance
between the electrodes, d.

Sound welds were produced by ESW of samples
(wall thickness of a shell ---- 60 mm, weld length ----
1500 mm) at a welding speed of vw = 1.8--2.4 m/h
under laboratory conditions of the E.O. Paton Electric
Welding Institute. Optimal values of Ld at the initial
and final stages of welding were determined, and val-
ues of ∆2 and ∆3 were optimised in tests of the new
machine under factory conditions (on full-scale sam-
ples). The required values of the process parameters
were selected by manipulating with the mechanisms
for transverse oscillations and rotating of the feed
modules with respect to the slag pool surface.

The satisfactory weld formation is achieved by a
combined regulation of Ld and β (Figures 1 and 2),
periodic adjustment of the ∆2 and ∆3 values, as well
as regulation of ve and Uw at each electrode depending
upon the position of the welding zone.

For ESW of circumferential welds with a shell
wall thickness of S = 60 mm, it is possible to use one
electrode with oscillations. However, in this case ve
will range from 250 to 450 m/h, which may cause
certain technical difficulties associated with stability
of the welding process. Therefore, it is recommended
to weld this thickness using two electrodes without
oscillations at ve = 110--250 m/h.

Joints with a shell wall thickness S = 60--80 mm
should be welded using two electrode wires without

oscillations at a welding speed of vw = 0.8--1.5 m/h,
and those with a shell wall thickness above 80 mm
should be welded using two electrodes with oscilla-
tions at a welding speed ranging from 0.6 to 1.2 m/h.

Procedure for performing ESW of position circum-
ferential butt joints with electrode oscillations is more
difficult than welding with stationary electrodes. In
the process of position butt welding, because of con-
tinuous changes in thickness of the weld edges (see
Figure 1), a welding operator should periodically
change the A and d values according to a changing
value of S. Parameter A is changed using the transverse
oscillations control buttons, which are located on the
panel, and d ---- using the electrode separation buttons.
The values of «dry» electrode extension Ld are also
variable. Moreover, they can be increased (decreased)
approximately two times (Table). The values of Ld
are regulated by the machine tilting mechanism.

Electrode wire feed speed ve in the initial and final
regions of a joint is regulated in such a way that
welding speed vw matches thickness of the weld edges
in a corresponding region allowing for the Ld value.
As thickness of the weld edges approaches the S value,
the values of ve for both electrodes are made almost
equal to each other.

When welding a joint with thickness S = 100 mm,
oscillation amplitude A will vary from 37 to 20 mm,
the value of dry electrode extension Ld will also change
in this case. For an external joint the Ld2/Ld1 ratio
at the beginning of the weld is equal to 0.8, that at
the weld centre is 1.0, and at the end of the weld it
is 1.25. In welding of an internal joint, the Ld2/Ld1
ratio is equal to 1.25, 1.0 and 0.8 mm, respectively,
depending upon the weld position. At a constant elec-
trode wire feed speed a 20--25 % increase (or decrease)
in the dry electrode extension may lead to some de-
crease (increase) in the welding current at electrodes.
Therefore, it is necessary to allow for the current val-
ues of Id during the welding process and maintain

Variations in dry extension of electrodes, Ld, depending on weld-
ing zone position

Metal
thickness, 

mm

Welding zone
position

Ld1
max,
mm

Ld1
min,
mm

Ld2
max,
mm

Ld2
min,
mm

150 Weld beginning 90 75 70 50

Weld centre 70 70 70 70

Weld end 70 55 90 75

100 Weld beginning 80 70 65 55

Weld centre 70 70 70 70

Weld end 65 55 80 70

80 Weld beginning 80 70 65 50

Weld centre 70 70 70 70

Weld end 60 50 80 70

Note. Ld1 and Ld2 ---- dry extension at the leading and tailing
electrode, respectively.
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them at a preset level by regulating the electrode feed
speed according to the welding zone position.

Maintaining the required values of ∆2 and ∆3 in
all regions of the weld is a critical operation in ESW
with electrode oscillations. This requirement is par-
ticularly difficult to meet (because of a poor vision)
for an internal electrode. That is why, prior to welding
it is necessary to determine ∆2 and ∆3 along the length
of the joint (with an interval of 300--500 mm) and
enter these values into a Table. Utilisation of the
Table data makes the control of the welding process
much easier.

To practically apply the new machine, repre-
sentatives of the E.O. Paton Electric Welding Insti-
tute trained the Chief Welder’s Department special-
ists and welders of the workshop in the procedure and
technology of ESW using the new machine. A special

rig, i.e. model with the full-scale external and internal
joints, was equipped for training.

ESW of curvilinear joints on standard billets of
supporting rings for oxygen-blown vessels (Figure 3)
was performed by the «Azovmash» specialists with
technical supervision provided by representatives of
the E.O. Paton Electric Welding Institute. Eight
welds (four internal welds with edge thickness of
100 mm, and four external welds with edge thickness
of 80 mm) with a total length of about 48 m were
made using the ASh 115 M machine without the ap-
plication of the nozzle oscillation mechanism, and one
weld with edge thickness of 160 mm and total length
of 3 m was made by oscillating the nozzles along the
gap. All the actuating mechanisms and control systems
of the machine were working without any failures and
deviations from the standard. The main process pa-
rameters were close to the calculated ones, and were
fixed with the information recording system in the
form of protocols. Subsequent 100 % ultrasonic in-
spection of all the welds confirmed the absence of
defects in metal of the resulting welded joints.

The ASh 115 M machine for ESW using wire elec-
trodes is the first in series of a new generation of the
welding equipment developed by the E.O. Paton Elec-
tric Welding Institute of the NAS of Ukraine, which
should provide application of ESW in welding pro-
duction at a higher technical level.

Verification of technological recommendations for
ESW of position circumferential butt joints on ele-
ments of oxygen-blown vessels using the ASh 115 M
machine at the OJSC «Azovmash» proved a high tech-
nical level and cost effectiveness of application of the
new equipment.

Figure 3. Working moment of ESW of standard workpiece under
workshop conditions
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EXTENSION OF THE LIFE
OF METAL SPAN STRUCTURES OF RAILWAY BRIDGES

WITH FATIGUE DAMAGE*

V.I. KIRIAN, V.V. KNYSH and A.Z. KUZMENKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Considered are the features of early accumulation of fatigue damage, initiation and development of fatigue cracks in
welded components of metal span structures of railway bridges. A high effectiveness of application of high-frequency
mechanical peening (HFMP) for extension of residual life of welded joints after accumulation of considerable damage
in them, including development of cracks up to 1 mm deep, was established. Methods of retardation have been studied
for propagating cracks, and the most efficient of them have been determined, namely inducing compressive residual
stresses in the fatigue crack propagation path by applying local heating of the metal; placing a high-strength bolt in the
drilled-out hole near the crack tip; repair of the metal zone damaged by the fatigue crack using welding with HFMP.

K e y w o r d s :  metal span structures, railway bridges, fatigue
cracks, welded joint, high-frequency mechanical peening, exten-
sion of fatigue life

Rated operating life of metal span structures of rail-
way bridges is equal to 80--100 years. Fatigue strength
analysis of their main (load-carrying) elements is per-
formed proceeding from limited endurance based on
2⋅106 cycles of alternating load. In this case it is taken
into account that one load cycle of the span structure
corresponds to passage of one echelon.

On the other hand, as indicated by the experience
of operation, fatigue cracks initiate much earlier than
after 1--7 years and in those elements and welded
joints, in which they were not anticipated and which
were not analyzed for fatigue [1]. They arise the most
often in welded span structures, in which vertical
stiffeners, gusset plates and transverse beams are
welded to the web of the beam (Figure 1).

The main causes for early accumulation of fatigue
damage, initiation and propagation of fatigue cracks
are due to the design shortcomings of typical span
structures. They include selection of the design of
welded components similar to the riveted ones without
allowing for the specific features of welding technol-
ogy characterized by a higher rigidity of the joints
and formation of residual stresses; use of upper girths
of a considerable width (420--620 mm), through
which the load from train passage is transferred to
the structure; irrational arrangement of the longitu-
dinal and transverse ties to the main beam webs; con-
nection of vertical stiffeners with the tensioned girths
through split keys.

All this led to a considerable eccentricity of load
transfer from the rails to the main beams, development
of additional local stresses in the span structure ele-

ments and their vibration. Vibration frequency and
levels of additional stresses are determined by the
train speed and Q-factor (qualitative characteristic of
the resonance properties of the vibratory system) of
the component. High-frequency component of stresses
due to element vibration is superposed on the secon-
dary low-frequency stresses. Bi-frequency, and in the
general case, poly-frequency load essentially lowers
the cyclic fatigue life. Therefore, in order to ensure
the design operating life of span structures of railway
bridges improvement of their design is necessary, i.e.
prevention of appearance of inadmissible additional
local stresses and vibrations.

This work is devoted to consideration of the meth-
ods of life extension of operating span structures of
railway bridges with fatigue damage of different de-
grees and propagating fatigue cracks.

Over the last years a lot of attention has been
given to high-frequency mechanical peening (HFMP)
of welded joints as one of the most promising methods
of improvement of their fatigue strength. This method

© V.I. KIRIAN, V.V. KNYSH and A.Z. KUZMENKO, 2007

*The paper was prepared by the results of fulfillment of the pur-
pose-oriented integrated program of NASU «Problems of residual
life and safe operation of structures, constructions and machines»
(2004--2006).

Figure 1. Sites of fatigue crack initiation in the elements of typical
span structures of railway bridges designed in 1960--1970s (Projects
541 and 821). Designation of crack types by letter T with a subscript
is in compliance with recommendations of [2]
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is quite well-studied, the main regularities of improve-
ment of cyclic fatigue life and endurance limit of
welded joints by HFMP strengthening immediately
after their manufacturing have been established, and
its advantages have been demonstrated compared to
other known techniques of plastic deformation of the
metal surface [3]. The main advantages of HFMP
technology allowing its broad application for exten-
sion of the residual life of metal structures in service,
are high efficiency and cost-effectiveness, compactness
and mobility of equipment, treatment in any position
in space (Figure 2). It is important that in order to
improve the fatigue resistance of welded joints it is
sufficient to treat a narrow zone of transition from
the weld metal to the base material 4--7 mm wide.
The main factors of increasing the cyclic fatigue life
and endurance limit of welded joints at HFMP are as
follows: inducing compressive residual stresses in the
transition zone; lowering the coefficient of concentra-
tion of working stresses ασ; strain ageing of the surface
layer of metal.

Given below are the results of investigation of the
effectiveness of HFMP application to improve the cy-
clic fatigue life of welded joints of metal structures,

which are in operation and which already have a sig-
nificant level of accumulated fatigue damage in the
stress raiser zones, and in individual cases fatigue
cracks up to 1 mm deep [4].

Fatigue testing was conducted at from-zero cycle
of alternating loading (Rσ = 0) on samples of steel
St3sp (killed) with transverse stiffeners welded with
complete penetration by manual electric-arc welding.
The first series of samples was in the initial as-welded
condition, the second was treated by HFMP immedi-
ately after welding, the third was treated by HFMP
after cyclic loading and accumulation of fatigue dam-
age in the welded joints on the level of approximately
50 % of those which correspond to crack initiation.

The obtained fatigue curves (Figure 3) demon-
strate an increase of fatigue life of samples of the third
series (filled circles) tested in the stress range σmax =
= 175--225 MPa in comparison with samples of the
first (filled triangles) and second (light circles) series
by an order of magnitude and more than 2 times,
respectively. In this case the endurance limits based
on 2⋅106 cycles also increased compared to the initial
condition by 66 and 50 %. Increase of the stress level
σmax = 175--225 MPa at treatment for 50 % fatigue
life and testing of third series samples is related to
the fact that even after accumulation of about 95 %
of fatigue damage and HFMP the fatigue life turned
out to be higher than the norm value ---- 2⋅106 cycles
(filled squares in Figure 3). Such a high (close to the
yield point) stress level promoted an essential plastic
deformation of the metal near the raiser and formation
of residual compressive stresses (as at overload). As
a result of this additional effect fatigue resistance of
welded joints increased after operation and HFMP
(filled circles in Figure 3) compared to those treated

Figure 2. Equipment of 0.3 kW power for HFMP of welded joints
of metal structures: 1 ---- manual tool with a piezoceramic radiator;
2 ---- ultrasonic generator; 3 ---- computer

Figure 3. S--N curves of tee welded joints (St3sp steel): 1 ---- initial
as-welded condition; 2 ---- HFMP directly after welding; 3 ----
HFMP after operation up to 50 % of fatigue life; 4 ---- HFMP after
operation up to 95 %

Figure 4. Dependence of the fatigue crack half-length (a = a0 +
+ ∆a) on the number of cycles of alternating load in the steel
10KhSND sample at retardation of fatigue crack by inducing re-
sidual compressive stresses in its propagation path by local explosion
treatment: a0 ---- crack half-length by the start of retardation; N0 ----
number of cycles up to the start of crack retardation; Nk ---- number
of cycles up to sample fracture in initial condition; Nr ---- number
of cycles up to sample fracture under the condition of crack retar-
dation; 1, 2 ---- initial condition; 3 ---- application of local explosion
treatment
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by HFMP directly after welding (light circles in Fi-
gure 3).

An essential increase of fatigue life after HFMP
is also observed in welded joints of metal structures,
which have fatigue cracks up to 1 mm deep. Fatigue
life of the tee joint of 10KhSND steel in as-welded
condition has reached approximately 300,000 cycles
of stress alternation (σmax = 220 MPa, Rσ = 0). Due
to HFMP of the zone of transition from the metal of
the fillet weld to the base metal, in which the fatigue
crack initiated (up to 1 mm deep), sample fatigue life
exceeded 2⋅106 cycles.

Load-carrying elements of span structures of rail-
way bridges with fatigue cracks, which are developing
and have considerable dimensions, were studied at
different methods of their retardation. For comparison
purposes, known techniques currently used in prac-
tice, were considered simultaneously with the new
ones, in particular, hole drilling in the fatigue crack
tip with or without placing a high-strength bolt into
it to induce compressive stresses.

Large-scale flat samples for investigation of steels
10KhSND and Vst3sp 12 and 14 mm thick, respec-
tively, had an initial central through-thickness fatigue
crack of 2a0 length. After application of the methods
of fatigue crack retardation shown in the Table, the
cyclic loading of the samples was conducted in a soft
mode (maintained by constant force) at from-zero cy-
cle asymmetry (Rσ = 0) and maximum stress σmax =
= 150 MPa. The plotted dependencies of crack growth
on the number of cycles up to complete fracture of
the samples were used to determine the coefficient of
fatigue life extension Kl (Figure 4, Table).

From the considered methods inducing compres-
sive fatigue residual stresses in the path of fatigue
crack propagation is of interest. This is achieved by
short-term local heating of the metal up to the tem-
perature of about 350 °C at a short distance from the
crack tip (Kl = 19). For specific cases the technological
parameters of heating are determined by solving the
thermoeleasticity problem provided maximum com-

pressive stresses are induced in the path of fatigue
crack propagation. Quite effective (Kl ≈ 21) is placing
a high-strength bolt with 20 tf tension into the hole
near the fatigue crack tip. At Kl > 41 a crack can be
repaired by welding, and fatigue life of repair welds
after HFMP is higher than the standard one of 2⋅106

cycles.
Produced results of experimental investigation al-

low recommending the HFMP technology developed
at the E.O. Paton Electric Welding Institute for wide
application for extension of the life of welded metal
structures, the operating life of which has reached the
specified value (up to 1 mm fatigue cracks have de-
veloped) or is close to it. Restored fatigue life after
HFMP can rise up to the specified life of 2⋅106 cycles
depending on the level of acting alternating stresses
in operation.

The most effective methods of retardation of fa-
tigue cracks, which are propagating, is inducing re-
sidual compressive stresses in the path of their propa-
gation using local metal heating, drilling out holes
near the crack tip and placing high-strength bolts with
20 tf tension and crack repairing by welding and
HFMP of the transition zone from the weld metal to
the base material.

Proceeding from the conducted investigations for
«Ukrsaliznytsa» «Recommendations on reinforce-
ment, repair and extension of the life of solid-wall
welded span structures» have been complied.

Results of experimental studies of the effectiveness of the fatigue crack retardation processes in flat samples of steel Vst3sp
(2a0 = 76 mm, Rσ = 0, σmax = 150 MPa)

Sample
No.

Crack retardation method Fatigue life N, cycle
Coefficient of fatigue

life extension Kl

1 Initial condition 35000

2 Drilling out a hole of 23 mm dia. near the crack tip 52200 1.45

2′ Same with subsequent work hardening of hole surface by HFMP 84500 2.41

3 Placing a high-strength bolt of 22 mm dia. into the hole with 20 tf tension 730,550 20.87

4 Local explosion treatment 277,700 7.93

5 Local heating 668,300 19.09

6 Crack repair by welding 1,450,000 41.43

6′ Same and HFMP > 2⋅106
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TECHNOLOGICAL FEATURES OF THE PROCESSES
OF AUTOMATED ARC WELDING

IN REPAIR OF LARGE-SIZED TANKS*

V.M. ILYUSHENKO, N.M. VOROPAJ and V.A. POLYAKOV
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Comparative analysis has been performed of the processes of automated gas-shielded, self-shielded flux-cored wire arc
and submerged-arc welding for repair of metal structures of large-sized tanks. Considered are the technological features
of performance of various types of welds, as well as principles of development of specialized site welding machines.
Experience of and prospects for application of new developments are described.

K e y w o r d s :  automated arc welding, low-alloyed steels,
butt welds, overlap joints, tee joints, shielding gas, self-shielded
flux-cored wire, site welding machine, tanks

Modern welded structures of large-sized tanks are
critical constructions with high technical require-
ments to their leak-tightness, safety and operating
lives. Analysis of performance of these structures
shows that in site joints with horizontal and vertical
welds the most common defects are crack-like damage,
corrosion wear and loss of geometrical shape. Individ-
ual sections of the tanks are exposed to deformations
due to skewing and non-uniform settlement, which
requires their restoration or complete replacement of
sections [1].

Up to now coated-electrode manual arc welding
and mechanized gas-shielded welding were mostly
used for current repair and overhauling of the tanks.
These processes are characterized by low efficiency
and quality of welded joints. Evaporation of petro-
leum products in defective locations leads to consid-
erable material expenses. In view of an abrupt increase
of the cost of new tank construction great attention
should be given to restoration of performance of the
existing fleet. Most often it is necessary to repair or
replace the damaged sections of the bottom and adja-
cent parts of the vertical wall.

For the bottom, instead of the traditional feeding
of individual sheets inside the tank, it is proposed to
feed a continuous strip, which has already been butt
welded from separate sheets [2]. Sections of the re-
quired length are made from this strip. Thus, all the
girth joints are made as butt joints, and overlap joints
are located on one line. In this case, conditions are in
place for automation of welding technology.

This paper deals with the technological features
of highly efficient means of automated arc welding of

butt and fillet welds in different positions in repair
of large-sized tanks.

Types of welds and joints of tank structures. Vari-
ous tanks are used in local and foreign practical op-
erations for oil and petroleum product storage. These
primarily are vertical cylindrical tanks of up to
50,000 m2 capacity. Low-alloyed steels of different
grades are used for tank wall and bottom sections,
depending on the volume and type of the products,
service features and climatic conditions. For oil tanks
of up to 20,000 m3 capacity, steel 09G2S is used as
the base metal in the four lower girths of the wall
[1], and in those of 30,000 and 50,000 m3 capacity ----
steel of 16G2AF grade. The range of thicknesses of
low-carbon low-alloyed steels is equal to 10--40 mm.

Based on comprehensive consideration of the de-
sign and analysis of operation of typical tanks, four
kinds of welds and joints can be noted, namely hori-
zontal butt welds on the vertical plane of the wall;
vertical butt welds on the vertical plane of the wall;
fillet welds in the downhand position of the overlap
joint on the bottom; fillet welds, which connect the
horizontal bottom with the vertical wall (downhand
position, tee joint).

Depending on the thickness of base metal sheets
one-sided or two-sided edge preparation is used in
welding horizontal and vertical butt welds on the tank
walls. Tee joint of fillet welds of the bottom with the
vertical wall on up to 16 mm thick metal is welded
without edge preparation, and that of thicker metal ----
with two-sided edge preparation.

Selection of the processes of automated arc weld-
ing. Technological capabilities of the processes of
automated CO2 arc welding with solid electrode wire
Sv-08G2S and process of self-shielded flux-cored wire
PP-AN19N [3] were evaluated for making of horizon-
tal and vertical butt welds on the vertical plane. Auto-
mated self-shielded flux-cored wire welding provides
the highest efficiency at satisfactory weld formation.
With this welding process it is necessary to addition-
ally feed carbon dioxide gas into the weld pool zone
in site to prevent weld metal porosity. Self-shielded
flux-cored wire PP-AN19N provides a high arcing sta-
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bility, medium-drop transfer of electrode metal and
easy separation of the slag crust.

Tentative mode of automated self-shielded wire
arc welding is as follows: dwire = 3.0 mm; Iw = 320--
380 A; Ua = 24--28 V; vw = 16 (horizontal welds) and
3 m/h (vertical); QCO2

 = 16--20 l/min. Number of
passes of horizontal welds depending on metal thick-
ness was equal to 2 (for δ = 10 mm) and 4 (δ = 15 mm)
in one-sided welding. For thick metal two-sided weld-
ing is rational, in which the number of passes corre-
sponds to 6--7 at δ = 25 mm and 9--10 at δ = 40 mm.
Such modes promote a uniform formation of multilay-
ered weld without defects of the type of pores, cracks
or oxide inclusions.

Mechanical properties of welded joints of low-al-
loyed steel 09G2S 10--40 mm thick at temperatures of
+20 -- --60 °C were studied (Table). Welded joints
with horizontal and vertical weds made with self-
shielded flux-cored wire of PP-AN19N type in opti-
mum modes meet the existing technical requirements
for building metal structures for similar purposes. Me-
chanical properties of welded joints with horizontal
welds are, as a rule, better than those of welded joints
with vertical welds made in one pass. Increase of base
metal thickness from 10 up to 40 mm somewhat lowers
the mechanical properties of the joints at room and
minus temperatures.

The need for automation of downhand welding of
fillet welds in welded joints is urgent, considering
that complete replacement of the bottom panel is often
required. As shown by investigations, it is rational to
perform these technological operations by automated
submerged-arc welding with AN-60SM flux and Sv-
08GA electrode wire of 3.0 mm diameter [4].

In order to select effective methods of making fillet
welds which join the tank horizontal bottom with the
vertical wall, the technological capabilities of three
processes of automated arc welding were studied,
namely submerged-arc, self-shielded flux-cored wire
and gas-shielded solid wire. Considering that self-
shielded flux-cored wire is 4--5 times more expensive
than the solid wire, automated submerged-arc welding
and welding in shielding gas mixtures were selected
for further testing.

Experiments on submerged-arc welding of low-al-
loyed 09G2S steel 10--30 mm thick were made using

AN-66 flux and Sv-08G2S electrode wire of 2.5 mm
diameter. Welding modes are as follows: Iw = 380--
420 A; Ua = 28--30 V; vw = 30--38 m/h; electrode wire
extension ---- 25 mm; welding position ---- downhand.

Technique of welding tee joints on the metal of the
above thickness envisaging edge opening (at up to 16 mm
metal thickness) and two-sided non-symmetrical edge
opening with the angle of (45 ± 5)° (at more than 16 mm
metal thickness) has been optimized. The optimum angle
of electrode wire inclination to the horizontal plane was
selected depending on base metal thickness and groove
shape. To ensure the necessary weld leg in the range of
6--12 mm welding was performed in 1--4 passes from
each side of the tee joint. Compared to coated-electrode
manual arc welding, the developed technology of auto-
mated submerged-arc welding allowed increasing the
process efficiency 3--4 times.

Mechanical properties of welded joints on low-al-
loyed 09G2S steel were studied. The obtained results
of mechanical testing meet the requirements of SniP
3.03.01--87 «Load-carrying structures and frame fill-
ings». Results of mechanical testing of impact tough-
ness of welded joints of 09G2S steel 20 mm thick at
different temperatures are as follows: at the tempera-
ture of --20 °C ---- 90--110 J/cm2; --40 °C ---- 75--90;
--60 °C ---- 65--100. Considering the possible difficul-
ties of submerged-arc welding application in site as-
sociated mainly with flux feeding and removal, tech-
nology of making such welds with solid wire of 2.0--
2.5 mm diameter in a mixture of Ar + 20 % CO2 gases
is currently being optimized.

Some techniques of controlling the characteristics
of the processes of automated arc welding of horizontal
and vertical welds have also been studied, namely by
increasing electrode extension, modulation of current
and electrode wire feed rate. Self-shielded flux-cored
wire PP-AN19N and electrode wire Sv-08G2S in com-
bination with carbon dioxide gas were used as welding
consumables. To perform automatic arc welding with
an increased electrode extension the current-supplying
nozzle and electrode wire feed mechanism were up-
graded in site welding AD-333M machine. As a result
it ensured adjustment of electrode extension in the
range of 40--120 mm with up to 500 m/h rate of
electrode wire feed.

It is established that as a result of increase of elec-
trode extension to 80--100 mm the deposition factor

Mechanical properties of joints of low-alloyed steel 09G2S 10--40 mm thick

Metal
thickness, 

mm
Weld type

Number of
passes

KCU, J/cm2 (not less than) at T, °C

Weld center HAZ

+20 --20 --40 --60 +20 --20 --40 --60

10 Horizontal butt (one-sided) 2 160 130 120 60 130 100 90 50

15 Same 4 150 120 110 50 120 105 80 45

25 Horizontal butt weld (two-sided) 6 + 6 140 110 105 55 140 105 75 40

40 Same 9 + 9 130 105 90 40 120 95 80 35

40 Vertical butt 2 130 100 80 35 120 90 70 35
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increases by 20--30 %, and the HAZ decreases by the
same value. No significant change of weld metal com-
position, lowering of the reliability of protection of
the weld pool or mechanical properties of welds was
observed. It should be noted that simultaneously with
the noted positive factors the working range of cur-
rent, in which the necessary stability of the welding
processes is preserved, is somewhat reduced at increase
of electrode extension.

When studying the influence of current modula-
tion on the process of arc welding the following tech-
nique was used: at a constant rate of electrode wire
feed the welding current was switched off momentar-
ily [5]. Optimum values of the duration of pulses and
pauses were tentatively equal to 1.2 and 0.5 s, respec-
tively. At a shorter duration of the pulses the process
only slightly differed from the stationary mode. In all
the cases pores and nonmetallic oxide inclusions were
observed in the weld metal. For this reason use of an
increased electrode extension and current modulation
is not rational in site.

The essence of the process of arc welding with a
controllable transfer of electrode metal consists in im-
parting to the electrode a motion pulse directed to-
wards the pool, under the impact of which the molten
metal drop at the electrode tip acquires considerable
kinetic energy [6, 7]. The latter at an instantaneous
stopping of the electrode is capable of causing a forced
separation of the drop or guarantee its contact with
the weld pool metal. The force of inertia should exceed
the equivalent force of electromagnetic origin and sur-
face tension force. The main characteristic parameters
of the process of welding with pulsed feed of electrode
wire are step, repetition frequency and duration of
the feed pulses and pauses. As a result of the conducted
testing, optimum values of step (0.5--3.0 mm) and
frequency of pulses (10--50 s--1) were selected for mak-
ing welds in different positions.

Development of site welding machines for repair
of tank structures. Considering the specific require-

ments to site equipment ---- small weight and overall
dimensions, capability of mounting directly on the
welded item, optimum automation level, diverse com-
ponents of light-weight machines used in special equip-
ment for automated arc welding were tested in repair
of metal structures. Such components include, primarily,
travel carriage, electrode wire feed mechanism, process
control schematic and arc power source. For horizontal
butt welds the technique of automatic welding with
partial forced weld formation was proposed. The essence
of this technological procedure consists in that the weld-
ing arc runs in the zone limited by base metal (or forming
device) from one side, and copper water-cooled shoe
from the other side. The pool is open from two sides ----
from the top and the front, while the angle of inclination
of the nozzle of electrode wire feed mechanism can vary
in the range of ±30°.

Specialized site rail machine of AD-330M type was
developed for implementation of the above technique
of automatic arc welding of horizontal butt welds.
The travel mechanism of the machine is a compact
three-wheel carriage, which allows making curvilinear
welds with minimum radius of curvature (up to
1000 mm). The mechanism of electrode wire feed and
electric circuit of the machine enable remote control
of the mode parameters. The machine moves along the
tank wall over a guide rail. The technological capa-
bilities of the tested welding arc power sources (VDU-
504, VDU-506, VDU-601 and VS-600M) are practi-
cally equivalent in welding with solid electrode wire
and flux-cored wire.

For vertical butt welds made by automated self-
shielded flux-cored wire arc welding with forced for-
mation, both the currently available rail machines of
A-1381 type and upgraded by us machine of AD-333M
type can be used, depending on sheet thickness.

For automation of welding of fillet welds in over-
lap joints (bottom) and welds joining the bottom to
the vertical wall, R&D work is performed on devel-
opment of specialized tractor-type machines based on
unified components, which were successfully used in
machines of AD-330M and AD-333M type. A feature
of these machines is their compactness, small dimen-
sions and weight, as well as the possibility of moving
over the surface of welded sheets, and reliably fol-
lowing the welded joint line. In particular, in the
machine for welding overlap joints, special attention
is given to ensuring a reliable maintenance of the
electrode wire position relative to the joint line. In
the machine for making fillet welds selection of the
travel mechanism of magnetic roller type is due to the
need to place the machine directly on the vertical
wall, as the bottom edge, which extends outside is
not more than 40--50 mm, and cannot be the base for
machine displacement.

Figure 1 shows a test sample of the machine for
fillet welding, which connects the bottom edge with
the tank vertical wall.

Practical result. The technology developed by the
E.O. Paton Electric Welding Institute of NASU to-Figure 1. Test sample of a site machine for fillet welding
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gether with «Ekorembud» Company (Rovno) was
used to repair a cylindrical tank of 20,000 m3 capacity
in Lisichansk of Lugansk district. The vertical wall
had to be replaced along the entire tank height. This
section was equal to almost 25 % around the case
perimeter. Under the conditions of tank repair two
processes of automated arc welding were used, namely
submerged arc ---- for joining individual sheets into
mounting blocks, and self-shielded flux-cored wire arc
welding ---- for horizontal welds on a vertical plane
in mounting the blocks on the vertical wall. In down-
hand submerged-arc welding for metal thickness of
9--12 mm, electrode wire Sv-08GA of 5 mm diameter
and AN-60SM flux were used. Welding was performed
by ADF-1002 tractor with VDU-1201 power sources
in the following mode: Iw = 720--850 A; Ua = 30--38 V;
vw = 20--28 m/h. Sound formation of the weld reverse
side was achieved using a flux-copper pad. To replace
the tank wall, it was necessary to weld six individual
blocks in a special fixture (Figure 2).

Automatic arc welding of horizontal butt welds by
self-shielded flux-cored wire with semi-forced forma-
tion of the deposited metal was conducted either by
the site welding machine AD-330M with remote con-
trol, or VDU-506 power source. The reverse side of
the horizontal welds was formed on a copper backing,
which had a groove of the respective geometry. The
mode of welding the main welds is as follows: Iw =
= 360--380 A; Ua = 24--26 V; vw = 12--20 m/h. At
metal thickness of 9 and 12 mm welding was performed
in two and three passes, respectively (Figure 3).

Successful performance of repair work on a tank
of 20,000 m3 capacity allowed application of the tech-
nology and equipment for automatic arc welding also
in construction of new tanks, in particular, in Smiga
of Rovno district and Nadvornaya of Ivano-Frankovsk
district [8]. At the first stage mainly the block method
of mounting was used. The tank wall was divided into
three tiers of blocks by height and 5--10 blocks across
the width of each tier. Sheet assembly into blocks and
their automatic submerged-arc welding were per-
formed in a rotary fixture with ADF-1002 machine.
Technology of automatic multilayer arc welding in
AD-330 machine with self-shielded flux-cored wire
PP-AN19N with pool additional protection by CO2

and partial forced formation of the welds was used
for making horizontal butt welds on the wall vertical
surface. For vertical butt welds the technology of
welding with self-shielded wire PP-AN19N with
forced metal formation is recommended. Depending
on sheet thickness and shape of edge preparation,
welding is performed by rail machine of AD-333M
type or railless machine of A-1150 type.

The advantages of the above technologies of auto-
mated arc welding are as follows:

• ability of direct viewing of the arcing zone;
• improvement of the conditions of weld pool pro-

tection, which is important in site;
• reduction of the number of passes in welding of

thick metal;
• ensuring the correct geometry of weld formation;
• increase of welding efficiency 1.5--2 times com-

pared to welding under the conditions of free weld
formation.

Considering the need for construction of large-ca-
pacity of oil tanks (50--70--100 ths m2), the method of
sheet-by-sheet mounting of such metal structures appears
to be promising. The technologies of automated arc weld-
ing will certainly become widely accepted.
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EFFECT OF STRUCTURAL-PHASE STATE
OF HIGH-STRENGTH WELD METAL ON PROPERTIES

OF WELDED JOINTS IN HARDENING STEELS

E.L. DEMCHENKO and D.V. VASILIEV
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

It is established that the high-strength (σt ≥ 1000 MPa) austenitic-martensitic weld metal has a positive effect on the
kinetics of formation of structure and properties of HAZ of the welded joints in alloyed steels made without preheating
and postweld heat treatment. Offered is the composition for the high-strength weld metal using flux-cored wire welding,
which provides high cold crack and delayed fracture resistance of the welded joints.

K e y w o r d s :  arc welding, hardening steels, welded joints,
high-strength steels, HAZ metal, structure, welding consumables

Handling of the problem of producing quality welded
joints in high-strength alloyed steels with properties
equal to those of the base metal involves certain diffi-
culties. High-strength steels (σy ≥ 800 MPa) are char-
acterised, as a rule, by an increased sensitivity to for-
mation of brittle hardening structures in the HAZ metal
of a welded joint under the effect of the thermal cycle
of arc welding. Unfavourable structural transformations
combined with behaviour of diffusible hydrogen lead to
formation of cold cracks during the welding process.
Increased sensitivity of the welded joints in hardening
steels to delayed fracture often causes a substantial de-
crease in operational reliability of welded structures [1--
4]. Modern engineering makes use of such technological
operations in welding of hardening steels as preheating
and postweld heat treatment to provide a favourable
structure of the HAZ metal of a welded joint and reduce
the level of residual stresses, as well as to impart the
welded joint the required properties. However, there
are cases, especially in welding of large-size structures,
where the preheating and postweld heat treatment op-
erations are absolutely impossible to perform [5]. Then
in such cases the use is made of high-alloy austenitic
welding consumables.

The authors of studies [6, 7] note a positive effect
of the high-alloy austenitic weld metal on the process
of formation of structure of the HAZ metal in high-
strength steel welded joints. The latter is attributable
to formation of a more favourable stressed state in a
welded joint with the austenitic weld, as this state
promotes displacement of the major mass of martensite
transformation to a region of increased temperatures
(> 250 °C), and improvement of properties of marten-
site formed in the HAZ metal as a result of its self-
tempering.

It is reported [3] that temporary stresses in welded
joints with different types of the weld metal differ in
value and kinetics. Elasto-plastic strains formed in a
joint before the beginning of martensite transforma-
tion in the HAZ metal have a substantial effect on

the kinetics of transformation of overcooled austenite
within the said zone, and, as a result, on its final
structure and properties. It was established that in
joints with the austenitic weld the level of tensile
stresses formed by the moment of cooling of the HAZ
metal to a temperature of 500 °C is very high (120--
140 MPa), which causes the austenite transformation
to start in this zone at a higher temperature (Ms =
= 460 °C), compared with a joint with the ferritic-
pearlitic weld (Ms = 340 °C). The stress level in this
case is 60--80 MPa. Mostly upper bainite and temper
martensite are formed in the HAZ metal of welded
joints with the austenitic weld, which explains high
resistance of the welded joints to cold cracking. How-
ever, substantial drawbacks of the austenitic weld
metal are its low strength, compared with the base
metal, and high cost. Therefore, this method can be
applied only at the absence of requirements for ensur-
ing full-strength welded joints. Achievement of the
strength of the welded joints equal to that of the base
metal by reinforcing the weld through depositing extra
metal (weld reinforcement in this case amounts to
40 % of steel thickness) leads to a considerable in-
crease in the amount of the deposited metal [5].

As an alternative to the technology for welding
alloyed high-strength steels without preheating and
postweld heat treatment, study [8] suggests a method
providing for the use of the welds, the alloying system
and properties of which are similar to chrome-nickel-
molybdenum austenitic-mastensitic steels (or steels of
the transition grade). Decomposition of overcooled
austenite (γ → αm) in such steels occurs at lower tem-
peratures compared with the temperature of the end
of structural transformations in HAZ of the base metal
(Tm < 200 °C). The effect of the austenitic-martensitic
weld on formation of structure of the HAZ metal in
a welded joint was assumed to be similar to the effect
of the austenitic weld. In addition, such welds in the
as-welded state, unlike the austenitic ones, should
acquire a sufficient strength (σt = 900--1200 MPa).
As reported [9--11], mechanical properties of austeni-
tic-martensitic steels depend to a considerable degree
upon the proportion of their main structural compo-
nents, e.g. martensite, retained austenite and δ-ferrite.© E.L. DEMCHENKO and D.V. VASILIEV, 2007
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In this connection, the purpose of the study was
to investigate the effect of the structural-phase state
of the austenitic-martensitic weld metal on properties
of the welded joints in high-strength alloyed steels in
welding without preheating and postweld heat treat-
ment. Experimental cast steel of the
03Kh12N8M2GST type, which is characterised by the
required level of mechanical properties: σ0.2 = 780--
820 MPa, σt = 1000--1050 MPa, δ ≥ 16 %, ψ ≥ 35 %,
and KCU+20 = 100 J/cm2, was chosen for the inves-
tigation as a basic prototype of the weld metal. Ac-
cording to the metallography data, structure of the
steel in the initial state is a mixture of lath (packet)
high-alloy substitution martensite (HV0.05
3200 MPa) and retained austenite (Figure 1). Low-
carbon (0.03 wt.% C) high-alloy substitution martensite
in steel of the chosen composition has the form of rec-
tangular packets of laminas (laths) located along the
boundaries of the initial austenite grains. Thickness of
laminas in a packet varies from 0.3 to 2.3 µm. According
to microstructural examinations, crystalline grains are
mostly of an irregular shape. A band, i.e. mid-rib, was
detected in the largest of them, this band being composed
of clusters of twins with a characteristic dislocation
structure of the crystalline grains.

The methods of high-temperature vacuum metal-
lography and dilatometry were used to investigate the
kinetics of phase γ → αm transformation. Special speci-
mens of the steel studied were heated in a vacuum
chamber with a residual air pressure of 0.013--1.3 Pa
at a rate of 100 °C/s to 1100 °C, and held there for
20 s to complete austenisation. After that the speci-
mens were cooled at a rate of 4--5 °C/s. That repro-
duced conditions close to the thermal cycle of one-pass
fusion arc welding.

Structural changes in the steel studied were exam-
ined during the cooling process. Microstructures re-
sulting from vacuum etching in cooling of the speci-
mens from 1100 °C to room temperature (γ → αm trans-
formation) are shown in Figure 2.

Investigations of mechanical properties and results
of metallography of the steel studied, which was cho-
sen as a prototype, show that the high-alloy martensite
should be the base of the structure of the austenitic-
martensitic weld metal of a chrome-nickel-molybde-
num composition. Low-carbon high-alloy martensite
(HV0.05 2800--3200 MPa) provides a high strength
(σt = 1000--1200 MPa) of the austenitic-martensitic
weld metal, the level of which does not decrease too
much provided that the total content of other struc-
tural components (retained austenite and δ-ferrite) is
not in excess of 25 wt.%. If the weight content of
martensite in the weld is higher than 90 %, ductile
properties and toughness will substantially decrease,
the strength values being σt = 1200--1300 MPa and
σ0.2 = 1000--1100 MPa. The weld metal with such
properties is hardly suitable for the use because of a
low brittle fracture resistance. For this reason, the
optimal content of martensite should range from 75
to 90 wt.%.

The second phase as to the weight content in the
structure studied is austenite (retained after completion
of γ → αm transformation), as well as an insignificant
amount of δ-ferrite. According to the literature data, re-
tained austenite has a significant effect on mechanical
properties of steels close in composition to the chosen
weld metal, particularly on their ductile properties. It is
reposted in studies [12--14] that this effect may show up
in a diverse manner and depends upon the composition
of austenite, its morphology, fine structure and stability,
as well as upon the composition and properties of the
martensitic matrix surrounding it. The authors of studies
[12, 13] emphasise the positive effect of retained austenite
on toughness of stainless steels of the transition grade,
especially at low temperatures. As shown in [14], retained
austenite increases ductility and decreases sensitivity to
cracking of this type of cast stainless steels. In such cases
the optimal amount of retained austenite is provided both
as a result of variation (adjustment) of chemical compo-
sition of steel in a range limited by specifications, and as
a result of special heat treatment [14, 15].

The effect of the structural-phase state on proper-
ties of the chrome-nickel-molybdenum austenitic-
martensitic weld metal was evaluated on specimens
of the weld metal with preset amounts of retained
austenite, which was achieved by varying the ratio of
weight contents of the main alloying elements (chro-
mium, nickel, molybdenum and manganese) in the
weld metal. Weight contents of other elements (carb-
on, nitrogen, silicon, sulphur and phosphorus) were
kept almost unchanged. Variations of chemical com-
position of the weld metal were provided by varying
the composition of the flux core of an experimental
wire (alloying elements were added to it in the form
of ferroalloy powders). An experimental flux-cored
wire was used to make welded joints in alloyed steel
of the 15Kh2N4MDA type.

Specimens were made from the weld metal to evalu-
ate mechanical properties, and specimens treated by
special etching to remove surface layers of metal with
cold working structures due to machining were pre-
pared to conduct metallographic examinations. The
amount of retained austenite in the weld structure
was determined by X-ray diffraction analysis using
the procedure developed by PWI, which is based on

Figure 1. Microstructure of steel 03Kh12N8M2GST (prototype of
weld metal) (×500)
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comparison of the intensities of selected diffraction
lines of austenite and martensite.

Dependence of mechanical properties of the weld
metal upon the content of retained austenite in it is
shown in Figure 3. Analysis of the results shows that
ductile properties (elongation, reduction in area and
impact toughness) can be improved 1.5--2 times by
varying the weight content of retained austenite in
structure of the austenitic-martensitic weld metal from
0 to 10 wt.%, the tensile strength σt and yield stress
σ0.2 being kept at a sufficiently high level. Further
increase in the weight content of retained austenite
from 10 to 20 wt.% provides even higher values of

ductility and toughness without decrease in tensile
strength (σt = 1100 MPa), the values of yield stress
being substantially decreased (σ0.2 = 600 MPa). The
effect of retained austenite formed during the γ → αm
transformation on ductility of high-alloy maraging
steels [14] is attributed not only to its initial ductility,
but also to increase in ductility at the apex of a crack
developing as a result of the γ → αm transformation
in testing, which leads to a substantial growth of
energy intensity of the process of crack propagation.
The positive effect of retained austenite on ductility
of the chosen type of the austenitic-martensitic weld
metal can have a similar explanation.

The presence of 3--6 wt.% of δ-ferrite in structural
composition of the weld metal provides its high resis-
tance to hot cracking and some improvement of ductile
properties. Increase in the weight content of δ-ferrite
in structure up to 8 % and more makes the austenitic-
martensitic weld metal sensitive to brittle fracture (in
ferrite interlayers), especially at low temperatures.

Therefore, the optimal proportion of structural
components of the high-alloy austenitic-martensitic
weld metal with a preset level of mechanical properties
should be within the following range, wt.%: marten-
site ---- 75--85, retained austenite ---- 6--15, and δ-fer-
rite ---- 3--6.

As properties of welded joints in alloyed hardening
steels, containing the high-strength (σ0.2 = 800 MPa)
austenitic-martensitic weld metal, were insufficiently
studied, particularly concerning their resistance to
cold cracking, it seemed reasonable to investigate the
effect of the above type of the weld metal on the

Figure 2. Microstructure of experimental steel after cooling from point Ac3 to 800 °C (austenite) (a), 430 °C (austenite) (b), 180 °C
(beginning of γ → αt ransformation) (c) and 20 °C (martensite) (d) (high-temperature metallography, ×100)

Figure 3. Dependence of mechanical properties of austenitic-
martensitic weld metal on weight content of retained austenite
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process of formation of structure of the HAZ metal,
and compare it to the effect of the austenitic and
ferritic-pearlitic welds.

Investigations were conducted using experimental
flux-cored wires that provided the weld metal of a
chrome-nickel-molybdenum composition of the
05Kh12N8M2GST type with an austenitic-martensitic
structure, which meets requirements to chemical and
phase composition, and in mechanical properties is at
a level of the alloyed steels studied: σ0.2 = 800 MPa,
σt = 1000 MPa, δ ≥ 20 %, ψ ≥ 35 %, and KCU+20 ≥
≥ 100 J/cm2.

Given below are the results of comparative evalu-
ation of structure and properties of the HAZ metal of
restrained welded joints made by CO2 metal arc weld-
ing without preheating and postweld heat treatment
on steel of the 30Kh2NM type with the weld metal
of the ferritic-pearlitic, austenitic and austenitic-
martensitic grades. The use was made of wires of the
Sv-10KhG2SMA and Sv-08Kh20N10G7T grades, as
well as experimental flux-cored wire of the

05Kh12N8M2GST type (PP-ANVP-80), which pro-
vided deposited metal with the ferritic-pearlitic,
austenitic and austenitic-martensitic structure, respec-
tively. In all the three cases the welds were made in
the flat position using 2.0 mm diameter wires. The
welding procedure was of the penetration type with
layer-by-layer cooling to a temperature of +20 °C,
direct current of reverse polarity, and positive elec-
trode. In this case the welding parameters were as
follows: Iw = 280--300 A, Ua = 30--32 V, and vw =
= 12 m/h. After air cooling to a temperature of 20 °C,
templates for micro- and macrosections were cut from
the experimental welded joints by the machining
method. To avoid the probability of an additional heat
effect, all the operations for making the sections were
performed by using a forced cooling.

Examination of surfaces of the sections revealed
cold cracks of the cleavage type in the HAZ metal of
the welded joint with the ferritic-pearlitic weld
(10KhG2SMA) (Figure 4, a). No cracks were detected
in welded joints with the austenitic and austenitic-
martensitic welds.

Microstructure of the HAZ metal of a welded joint
with the ferritic-pearlitic weld is a bainitic-martensitic
mixture of hardening martensite and lower bainite
(HV0.05 4100--4300 MPa). It is characterised by coarser
grains, compared with the mostly bainitic (HV0.05
3200--3400 MPa) structure of the HAZ metal of welded
joints with the austenitic or austenitic-martensitic welds
(Figure 4, b, c). Analysis of the results of measuring
hardness and microhardness in the fusion zone shows
that welded joints with the austenitic-martensitic and
austenitic welds have substantial advantages over a joint
with the ferritic-pearlitic weld.

Analysis of the dilatometry curves (Figure 5) char-
acterising phase transformations in welded joints with
the austenitic and austenitic-martensitic welds shows
that formation of structure of the HAZ metal in cooling

Figure 4. Microstructure of HAZ metal of welded joints in steel
30Kh2N2M with ferritic-pearlitic (a), austenitic (b) and experi-
mental austenitic-martensitic welds (c) (×500)

Figure 5. Dilatometric measurements of specimens of a welded joint
with the austenitic (1) and austenitic-martensitic weld (2) in steel
15Kh2N4MDA in cooling from 1100 °C: T ---- temperature versus
time
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from a temperature of 1100 °C (Ac3
) in both cases

starts and finishes actually in the identical temperature
range (450 → 400) °C. All subsequent transformations
characteristic of the austenitic-martensitic weld occur
now at the fully completed phase transformations in the
HAZ metal (Figure 6). It should be noted that in cooling
to temperatures of about 180 °C and below, the dila-
tometer fixes a sudden increase in linear sizes of the
specimens, which is attributable to a volume character
of the martensitic γ → αm transformation in welds of the
type under investigation. The process of phase transfor-
mations in the weld metal has a positive effect on for-
mation of the stress-strain state of a welded joint. Partial
relaxation of residual stresses takes place. Metallography
shows that the HAZ metal of welded joints both with
the austenitic-martensitic and austenitic welds comprises
tempering structures (mixture of martensite of a low
degree of tetragonality and upper bainite, see Figure 4,
c), which are ductile and insensitive to cracking and
brittle fracture.

Therefore, it is established that the effect of the
austenitic-martensitic weld metal on structural trans-
formations in the HAZ metal of high-strength alloys
steel of the 30Kh2N2M type is similar to the effect of
the austenitic weld. In addition, the weld under in-
vestigation has high strength (σt = 1150 MPa), which
is proved by a high level of hardness (HV 270--330,
HV0.05 2700--3000 MPa).

Results of investigations of the effect by the struc-
tural-phase state of the high-strength austenitic-
martensitic weld on properties of the welded joints in
alloyed steels were used as a basis for the development
of a new generation of welding consumables: elec-
trodes and flux-cored wires of the ANVP series, in-
tended for welding of high-strength alloyed steels with
a yield stress of 600 to 1000 MPa, involving no pre-
heating and postweld heat treatment. The process of
arc welding and surfacing using the experimental
welding consumables is characterised by high weld-
ing-technological properties.

Low level of the concentration of hydrogen in the
weld metal produced by using the new welding con-
sumables (1.9--2.5 cm3/100 g of metal) is provided
by taking special technological measures [16, 17] com-

bined with other favourable factors [18]. This ensures
a satisfactory cold crack and delayed fracture resis-
tance of the welded joints in alloyed steels.

Based on the results of pilot-industrial verifica-
tions, the new welding consumables were recom-
mended for welding and surfacing of high-strength
alloyed steels without preheating and postweld heat
treatment for manufacture and repair of equipment
applied in different sectors of domestic engineering
(special, transport, power, oil refining, mining, etc.).

CONCLUSIONS

1. Kinetic of γ → αm transformation in low-carbon
austenitic-martensitic weld metal has a positive effect
on formation of structure of the HAZ metal of welded
joints in hardening alloyed steels, promoting forma-
tion in it of mostly such ductile structures as upper
bainite and temper martensite.

2. Sparsely alloyed austenitic-martensitic welds
with a preset structural-phase state are not inferior in
their mechanical properties to the base metal, which
allows producing high-strength welded joints in al-
loyed steels by welding without preheating and post-
weld heat treatment.

3. Welded joints in alloyed steels with high-
strength (σt ≥ 1000 MPa) austenitic-martensitic welds
are resistant to cold cracking and delayed fracture.
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APPLICATION OF CORRISION-RESISTANT SURFACING
IN TECHNOLOGICAL EQUIPMENT OPERATING

IN CONTACT WITH SEA WATER

A.S. SALNIKOV, V.V. OTROKOV, G.M. SHELENKOV, E.A. TSYMBAL and M.A. LAKTIONOV
OJSC «M.V. Frunze Sumy NPO», Sumy, Ukraine

The results are given on comparative testing of anticorrosion deposits used for protection of power generation equipment
operating in sea water. KhN65MV (EP-567) alloy has the highest pitting corrosion resistance in sea water. As to
tribotechnical parameters, KhN65MV alloy in contact with FUT coal-plastic is inferior to FUT + bronze pair. KhN65MV
alloy can be recommended for protection from pitting and contact corrosion of low-load components operating under
the conditions of their wetting by sea water.

K e y w o r d s :  arc surfacing, technological equipment, power
generation systems, corrosion failure, corrosion-resistant surfac-
ing, deposited metal, tribotechnical tests, deformation harden-
ing, pitting corrosion

Sea water is used for cooling technological equipment
in power generation systems, located in coastal sea
territories. High-alloy chromium-nickel-molybdenum
stainless steels that provide the necessary level of cor-
rosion resistance in the given medium are used when
manufacturing such equipment. However, protective
measures preventing local corrosion failure ---- pitting
and crevice corrosion, corrosion cracking, should be
taken for keeping the metal in the passive state in the
stagnant zones of the items, refrigerated friction com-
ponents, components exposed to corrosion-mechanical
wear. Such types of failure are possible in rotary pumps
of VA 4500-50A, VA 5500-50A types from
12Kh17N13M3T steel grade taking into account their
design and operating conditions.

Surfacing of critical zones of the items with mate-
rials providing the required level of corrosion resis-
tance is one of the ways of solving the mentioned
problem. 

In world practice, the rational selection of corro-
sion-resistant steels for equipment operating under the
conditions of possible local failure, is performed on
the basis of an empirical dependence [1, 2]

PRE = % Cr + 3.3 % Mo + 16 % N,

where PRE is the equivalent of resistance to pitting
corrosion (PC).

Alloys with PRE > 40 are characterized by high
resistance to PC in sea water. Such a property is found
in steels (deposits) that contain 19--20 % Cr and not
less than 6 % Mo [2--4].

The Table gives the calculated PRE values of weld-
ing consumables designed for anticorrosion surfacing
to PNAE G-7-009--89, as well as those recommended
by Federal State Unitary Enterprise Central Research
Institute of Structural Materials «Prometej» and Azov
Marine Institute of Odessa National Academy [5, 6].

PNAE G-7-009--89 recommends welding wire Sv-
03Kh15N35G7M6B for this case. This is special-pur-
pose wire so that it is practically impossible to pur-
chase it in small volumes. More over there are no data
in literary sources as to its industrial application for
surfacing. Welding consumables given in the Table
(except for KhN65MV alloy) have PRE < 40. Analysis
of the given data allows making the conclusion that
KhN65MV (EP-567) alloy is expected to have the
highest resistance to PC.

The information on application of KhN65MV alloy
for operation in sea water is rather limited. In study
[7] the good prospects for application of KhN65MV
alloy for corrosion protection of FUT + Kh65MV con-
tact pair when operating in sea water are suggested
proceeding from polarization diagram analysis. As to
application of surfacing by KhN65MV alloy for pro-
tection from corrosion and corrosion-mechanical wear,
these data are practically not available.

The problem of providing corrosion resistance in
sea water in the zones subjected to corrosion-mechani-
cal wear and contact pairs of slider bearings is studied
even less. Continuous cladding of working surfaces
by alloys with high corrosion resistance in sea water
[8] (tin bronzes, copper-nickel alloys and other) is
recommended by the Sea Register for protecting con-
tact surface of steel shafts with a bearing from corro-
sion damage.

Application of protective casings leads to corro-
sion-fatigue strength decrease because of fretting-ef-
fect, considerable consumption of deficit materials and
mass increase of the item [9]. Surfacing is the most
promising method for protection of steel shafts from
corrosion. However, the process of surfacing, even in
the absence of defects in deposited layer, can decrease
the endurance limit to 30 % [5]. The essence of fatigue
failure consists in initiation of a fatigue crack, which
simultaneously spreads in the deposited and base meal
near the fusion boundary under the influence of alter-
nating loads and residual stresses [5, 10]. One of es-
sential factors influencing the fatigue crack initiation
are the properties of the deposited metal and surfacing
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methods. Deposited metal should feature a high resis-
tance to micro- and macrocrack formation, should have
rather high strength, respective ductility and impact
toughness, should form compressive stresses during
surfacing and have a high resistance to initiation and
propagation of fatigue cracks [5], rather high corro-
sion and fatigue-corrosion resistance.

In view of above, it became necessary to conduct
research aimed at selection of the optimum available
welding consumables for surfacing of critical zones of
equipment operating in sea water.

Several interrelated problems had to be solved
when choosing consumables for surfacing of pump
components:

• to protect the pump rotor working surfaces and
stagnant zones of pump bodies from corrosion failure
at contact with sea water by surfacing of corrosion-
resistant materials without any essential deterioration
of the initial properties of base metal (BM) of the
items both during the period of operation and shut-
down;

• to provide hardness HRCe ≥ 30 and PC protection
of the working surfaces of pump rotor part compo-
nents, subjected to corrosion-mechanical wear under
the conditions of sea water, by surfacing method;

• to provide the specified technical operating life
of bearings of not less than 30 years in the contact
coal-plastic pair FUT (to TU 5.966-11704) and anti-
corrosion deposit with hardness HRCe ≥ 30 on 38KhM
and 40Kh carbon steels (GOST 4543--71) for pump
intermediate shafts.

Experimental trials of KhN65MV alloy suitability
for solving the first defined task were done along with
other welding consumables (see the Table).

PC resistance of the deposited metal was deter-
mined by the chemical method to GOST 9.912--89
envisaging accelerated testing in 10 % solution of
FeCl3 + 6H2O.

Samples of 20 × 30 × 4 mm size, 5 pieces per one
test, were cut out of the upper layers of seven-layer
deposits produced with the following welding consu-
mables:

• KhN65MV (EP-567) wire ---- argon arc surfacing;
• E-03Kh23N27M3D3G2B (OZL-17U) electro-

des ---- electric arc surfacing;
• E-07Kh19N11M3G2F (EA 400/10U) electro-

des ---- electric arc surfacing;
• PP-Np-07Kh12M3N3G2 (PP-AN-163) wire ----

automatic submerged-arc surfacing with AN-26C flux.
The tests were conducted in three cycles for 5 (1),

24 (2) and 48 (3) h. Total testing duration is 77 h.
Conditional pitting rate was used as the evaluation
result. The depth and the number of pits per a unit
area were determined as additional indices with the
results given in the Table. Specimens cut out of the
metal deposited by PP-Np-07Kh12M3N3G2 (PP-AN-
163) wire had considerable losses (Figure 1, a). Depth
of individual pits was down to reach 2 mm. Specimens
cut out of the metal deposited by electrodes E-
03Kh23N27M3D3G2B (OZL-17U) had minor losses
of mass and one spot failure per 1 cm2 (Figure 1, c).
Pits were not found on the surface of the specimens
cut out of the deposited metal KhN65MV (EP-567),
(Figure 1, d). Mass losses were absent. The experi-
ments proved that the test results are in good agree-
ment with calculated PRE values.

Specimens from the metal deposited by KhN65MV
(EP-567) wire having the highest PC resistance were
subjected to the test at a higher temperature (+40 °C)
to GOST 9.912--89. Losses in mass were absent. Metal
deposited using alloy Kh65MV is also stable against
intercrystalline corrosion. The tests were carried out
by RD 24200.15--90 procedure.

Thus, metal deposited with KhN65MV alloy wire
showed the highest PC resistance.

As is known [11, 12], stainless steels and alloys
having the required corrosion resistance are prone to
tearing in the friction pairs in a number of cases. This
requires taking measures on improvement of their
hardness. The latter is achieved by mechanical hard-
ening by roller treatment, high frequency mechanical
peening and explosion treatment.

KhN65MV alloy, having a high corrosion resis-
tance, provides up to HB 220 (HRC 18) hardness in

Calculated values of PRE and results of PC testing of the deposits

No. Material grade Material compliance
PRE calculated

(max/min)
Corrosion rate by GOST 9.912--89,

g/(m2⋅h); susceptibility to PC

1 KhN65MV
(EP-567)

GOST 5632--78 72.6/64.0 N/D

Deposited metal 65.7 No losses of mass; PC is not found

2 PP-AN-163
(PP-Np-07Kh12M3N3G2)

TUU 05416923.020--97 21.9/16.6 N/D

Deposited metal 19.3 max 10.5; up to 2 mm depth

3 OZL-17U
(E-03Kh23N27M3D3G2B)

TU 14-4-715--75 39.2/29.6 N/D

Deposited metal 34.34 max 06; 1 point per 1 cm2

4 EA 400/10U
(E-07Kh19N11M3G2F)

TU 5.965-4027
GOST 9466

30.6/23.4 N/D

Deposited metal 26.65 max 1.72; depth up to 1 mm

5 Sv-03Kh15N35G7M6B
Flux OF-10

Deposited metal
PNAE G-7-10--89

40.7/29.5 N/D
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the deposited metal that is lower than required
(HRC 35--40) for the zones subjected to corrosion-
mechanical wear.

When solving the task connected with hardness
increase and inducing compressive stresses in the de-
posited layer of KhN65MV alloy, roller treatment of
the corrosion-resistant layer was used taking into ac-
count the known recommendations [11, 12].

Maximum hardness reached HV 412 on the surface
of the deposited metal after deformational hardening.
Hardness of the hardened layer over the deposit cross-
section also depends on roller treatment modes. Hard-
ness distribution along the deposit cross-section de-
pending on the number of passes is given in Figure 2.
The depth of hardened layer with HV 320 hardness
reached 2.0--2.5 mm after three passes. Such treatment
raises the deposit resistance to tears and mechanical
wear in friction pairs. However, there is practically
no data on the corrosion-mechanical wear of hardened
deposited metal and hardening influence on its corro-
sion resistance when operating in sea water, which
necessitated performance of investigations in this di-
rection.

Comparison testing was conducted by the method
of short-time loading [13] that allows getting enough

experiment data for statistical processing rather
quickly in a number of cases. Another advantage of
short-time testing also is the possibility of reliable
assurance of constant assigned conditions of loading
and wear of the contact surfaces of tested material
and mating body during the entire time of the friction
unit operation.

Linear wear (h ---- groove depth on the surface of
tested material) was chosen as the main index char-
acterizing the properties of tested materials at constant
loading and fixed traveled path length. The procedure
cannot be used for calculation of friction pair residual
operating life, but can allow comparative evaluation
of friction pair wear resistance.

The diagram of friction unit with water tank is
given in Figure 3. Wetting with sea water was per-
formed by partial dipping of the rotating roll into the
tank. Linear wear was determined at constant loading
FN = 100 N, slip velocity of 1.1 m/s and fixed traveled
path length (L = 200, 300, 400, 500, 600 and 700 m).

Wear of metal deposited with application of such
filler materials as Stellite 6, bronze, KhN65MV alloy
(hardened deposit) was tested in comparison with BM
(12Kh18N10T steel). Plate from V3K alloy was used
as the mating body. The test results are given in Fi-
gure 4. Materials are arranged by decrease of maxi-
mum wear (grove depth h′, mm) as follows:
12Kh18N10T (HB 200) ---- 0.128 mm; bronze UTP34N

Figure 1. Appearance of specimens of metal surfaced by different consumables after PC testing: a ---- PP-AN-163 flux-cored wire,
PRE = 19, PC depth of up to 2 mm, mass losses of up to 10.5 g/(m2⋅h); b ---- EA 400/10U electrodes, PRE = 27, PC depth of up to
0.5 mm, mass losses of up to 1.72 g/(m2⋅h); c ---- OZL-17U electrodes, PRE = 34, PC ---- 1 point per 1 cm2, mass losses of up to
0.6 g/(m2⋅h); d ---- EP-567 (KhN65MV) alloy, PRE = 66, PC was not found, no mass losses

Figure 2. Hardness distribution along the cross-section of corro-
sion-resistant metal deposited by KhN65MV alloy with different
number of roller treatment runs: 1--3 ---- after one, two and three
runs, respectively; 4 ---- as-welded

Figure 3. Diagram of friction component for comparative tribotech-
nical testing: 1 ---- cylindrical specimen with tested deposit; 2 ----
mating body specimen; 3 ---- lever; 4 ---- movable load; 5 ---- tank
with synthetic sea water
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material (HRC 22) ---- 0.074 mm; KhN65MV alloy
(HRC 39) ---- 0.061 mm; Stellite 6 (HRC 50) ---- 0.
058 mm.

Thus, KhN65MV deposit hardened by roller treat-
ment up to HV 412 (HRCe 35--40) hardness, has
higher resistance to corrosion-mechanical wear in com-
parison with stainless steel and bronze, and can be
recommended for pump rotor part component sub-
jected to such a type of wear.

Studies on bearing workability in the contact pair
of coal-plastic FUT + KhN65MV deposit as applied
to countershafts from high carbon steel were con-
ducted in two stages. First the technology of coun-
tershaft surfacing with KhN65MV alloy, which would
not impair BM properties, was optimized. Optimisa-
tion of the technology and studies of the welding
process influence on the deposited metal and BM were
carried out* on samples from 40Kh steel of 210 mm
diameter that had been heat-treated and provided me-
chanical properties not lower than CR 440.

Deposited layer of Kh65NMV type was produced
in manual TIG welding with filler wire KhN65MV
over an underlayer of 07Kh25N13 type taking into
account the requirements of standard technical docu-

mentation [14, 15]. Distribution of α-phase over the
deposited metal cross-section (Figure 5), hardness
(Figure 6) and microstructure of BM deposited and
adjoining sections were determined.

Quantity of α-phase decreases from 50 % in the
interlayer along the line of underlayer fusion with

Figure 4. Linear wear of deposited metal (1 ---- Stellite 6; 2 ----
KhN65MV alloy; 3 -----bronze UTP34N) and BM (12Kh18N10T
steel) at constant load FN = 100 N and fixed length of mating body
traveled path

Figure 7. Two-layer surfacing of BM from 40Kh steel with
07Kh25N13 steel underlayer: a ---- appearance; b ---- fusion line of
underlayer with BM (×50); c ---- fusion line of KhN65MV corro-
sion-resistant layer with 07Kh25N13 underlayer (b, c ---- ×250)

*T.A. Chugaj, A.A. Lomako and B.T. Kobzar («M.V. Frunze Sumy
NPO») participated in performance of the work.

Figure 5. Distribution of α-phase along the deposited metal cross-
section: 1 ---- hardened specimen; 2 ---- specimen before hardening;
FL ---- fusion line

Figure 6. HV hardness distribution along the thickness of deposited
layer and BM: 1 ---- hardened specimen; 2 ---- specimen before
hardening
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BM to 0.8--1.0 % in underlayer at the distance of
2.0--2.5 mm from the fusion line with BM (Figure 5).
In the corrosion-resistant layer (KhN65MV) the quan-
tity of α-phase changes from 0.1 % on the surface of
corrosion-resistant deposited metal to 0.7 % on the
underlayer--corrosion-- resistant layer fusion line. The
interlayer of the deposited metal near the fusion line
of underlayer with BM has the maximum hardness
HV 280--300 (Figure 6). BM hardness decreases from
HV 280 along the fusion line with the underlayer to
HV 240--223 at the distance of 0.6--1.8 mm from fusion
line, BM hardness beyond the HAZ being HV 187--
200. No microcracks were found along the fusion line,
or in the deposited metal (Figure 7).

Thus, KhN65MV deposited metal and the method
of its deposition on 40Kh steel through an interlayer
provides BM corrosion protection (40Kh steel) with-
out impairing its properties.

Friction pairs of FUT coal-plastic + corrosion-re-
sistant materials determine the wear of contact surface
during comparative tribotechnical testing. Antifric-
tion properties of FUT type coal-plastics were studied
in sufficient detail [13, 16]. Taking into account that
FUT + hardened steel, FUT + bronze pairs and other
[16] are often used in pump bearings, testing of the
influence of material nature, including deposited met-
al of KhN65MV type, on friction pair wear resistance
was carried out. Comparison tests were conducted by
the previous procedure at constant loading of 250 N,
slip velocity of 1.0--1.1 m/s and surface roughness
Ra = 0.6--1.0. The following friction pairs were tested:
KhN65MV + FUT; 12Kh18N10T + FUT;
BrA9Zh4N4Mts1 + FUT; BrO10F1 + FUT;
BrO10Ts2 + FUT.

Dependence of FUT contact surface linear wear
(hmax) on the length of traveled path is given in Fi-
gure 8. KhN65MV + FUT friction pairs have the high-
est value of hmax = 0.2 mm on the fixed length of the
traveled path L = 600 m. The lowest value is found
for BrO10Ts2 + FUT friction pairs (hmax =
= 0.016 mm). Wear of FUT contact surface in the
pair with KhN65MV deposited material is about 10--12
times higher than the wear of FUT contact surface in
the pair with BrO10Ts2.

Results of the conducted investigations of friction
pairs are in good agreement with the results of the
data in work [16] in that the nature of metal essentially
influences the wear resistance of FUT coal-plastic in
the friction pair. Thus, corrosion-resistant deposited
metal KhN65MV should be used in the friction pair
with FUT, considering the real operating conditions
of this pair.

CONCLUSIONS

1. Deposited metal of KhN65MV type including that
hardened by roller treatment provides a high common
corrosion resistance and pitting corrosion resistance
of VA type pump component surface at operation in
sea water. Moreover, it can be recommended for com-

mon corrosion and PC protection of parts and com-
ponents, operating under the conditions of corrosion-
mechanical wear.

2. Hardened deposited metal of KhN65MV type
in the pair with FUT is inferior to bronze + FUT pair
by tribotechnical parameters and can be recommended
only taking into account the real operating conditions
of the item.
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BLOCK OF BIAS AND CATHODE POWER OF ELECTRON
BEAM GUN USING INVERTER-TYPE CONVERTERS

N.K. CHAJKA
OJSC «Selmi», Sumy, Ukraine

The paper deals with the approach to application of inverter-type converters for powering the cathode and forming the
control voltage of electron beam guns to reduce the overall dimensions of the block of bias and power of the cathode.
This enables neutralizing the negative impact of leakage inductance of high-potential transformer, which increases with
introduction of insulation between the windings to ensure the potential decoupling.

K e y w o r d s :  electron beam welding, electron beam gun,
cathode power, bias voltage, inverter, potential decoupling

As in electron beam welding machines the gun cathode
is under a potential equal to accelerating voltage, rela-
tive to the machine case, special decoupling should
be envisaged in the circuits providing the cathode
power and bias voltage. In ELA-15, ELA-30, ELA-60
power units the potential decoupling is performed by
special high-potential decoupling transformer, which
operates at 50 Hz frequency [1]. At transition to the
inverter-type source of accelerating voltage the overall
dimensions of the bias and cathode power block are
comparable with the dimensions of the accelerating
voltage source proper. In this connection it became
necessary to reduce the block dimensions. For this
purpose transition to a higher frequency was used in
power transmission circuits. In this case, however, the
high-voltage insulation between the windings of the
high-frequency high-potential transformer has a rather
large volume compared to the greatly reduced volumes
of the core and windings. Increase of the relative vol-
ume taken up by high-voltage insulation between the
windings of high-potential decoupling transformer
leads to an increase of leakage inductance LS1, LS2 of

the primary and secondary windings, respectively. The
higher the potential for which the high-voltage de-
coupling transformer is designed, the larger the vol-
ume taken up by insulation and the greater the leakage
inductance, which is a parasitic parameter for the
transformer. Leakage inductance creates an inductive
resistance, connected in series with the load (T-shaped
equivalent circuit of the transformer [2]):

XL = 2πFLS [Ohm],

where F is the frequency, Hz; LS = LS1 + LS2 is the
total leakage inductance, H; LS1 is the inductance of
the primary winding; LS2 is the inductance of secon-
dary winding; LS2 being reduced to LS1.

From the above expression it follows that the
higher the frequency at which the transformer oper-
ates, the higher the inductive resistance connected in
series with the load, and the lower the effectiveness
of such a system of energy transmission. To overcome
such a situation, it was decided to use a converter of
direct voltage into alternating voltage with series reso-
nance circuit at the output, in which the circuit in-
ductance will be the leakage inductance. At coinci-
dence of the conversion frequency with that of the
circuit, the current in the latter, according to the
vector diagram of currents and voltages given in Fig-
ure 1, will be equal to IR = U/Rn [3], where Rn is
the load resistance reduced to the primary winding,
i.e. generator voltage is completely applied to the
load.

This solution is protected by a Ukrainian patent
[4]. Figure 2 shows the circuit of a device for imple-
mentation of this solution, which is a half-bridge cir-
cuit with resonance load. Pulse-width modulation of
controlling pulses was used to control the output volt-
age. KR1114EU4 microcircuit or its analog can be
used as the pulse-width modulator, and field transis-
tors IRFP 460 ---- as keys.

The transformer can have two or more secondary
windings and two screens, which are located on the
low-voltage and high-voltage sides, and designed for
protection of the elements at breakdowns in the elec-
tron beam gun. The screen located on the high-voltage
side, is connected to the common part of the acceler-
ating voltage source, which, in its turn, is connected

Figure 1. Vector diagram of voltages and currents of the circuit at
the frequency equal to the resonance frequency: U ---- power circuit
generator voltage; UC ---- voltage in circuit capacitance; UR ----
voltage on the load reduced to the primary winding; Lk ---- external
circuit inductance; ULk + Ls ---- voltage on the total circuit induc-
tance
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to the gun cathode. The key inverter has pulse-width
modulation [5] for output voltage control. The fre-
quency of conversion of the key inverter is equal to
the resonance frequency of the series circuit formed
by capacitor 2, inductance 3 and more seldom by leak-
age inductance of transformer 4. At a sufficiently high
conversion frequency external inductance 3 can be
eliminated, using the transformer leakage inductance
as the circuit inductance.

The presented approach of power transfer with a
high-potential decoupling was used as a basis to de-
velop a block of bias and cathode power designed for
power unit of welding machines with an inverter
source of accelerating voltage. The block includes
three channels ---- filament power, cathode bombard-
ment voltage and bias voltage. The main element in
each channel is the high-potential decoupling trans-
former of a unified design having a different number
of turns in the channel secondary windings.

Transformer primary windings are at a low poten-
tial, while the magnet cores are at a high potential.
High-potential decoupling is ensured by primary

Figure 2. Schematic of a device for power transfer with high-potential decoupling: 1 ---- key inverter; 2 ---- capacitor; 3 ---- inductance;
4 ---- transformer with a high-potential insulation between the windings; 5 ---- rectifier with filter; 6 ---- load

Figure 3. Appearance of high-potential decoupling transformer

Figure 4. Appearance of block of bias and cathode power with the
removed front cover

Figure 5. Oscillograms of the source--drain voltage of upper key
(a) and voltage on the measuring resistor Rm = 1 Ohm of circuit
current at maximum duration of the control pulse (b)

7/2007 41



winding insulation using a polyethylene capsule hav-
ing the shape of a cylinder with an axial channel for
the magnet core. Polyethylene thickness is selected
proceeding from the values of the working and testing
voltages. The capsule consists of the upper and lower
halves, which are connected by a step flange to in-
crease the distance of overlapping over the surface. A
spout extends from the side surface of the capsule
lower half on the level of its base, through the inner
channel of which the taps from the primary winding
and shield run. The spout length is selected to be such
that the transformer could stand the test voltage
(90 kV in this case). M2000 NMS-IP-110A core is
used as the magnet core.

Figure 3 gives the appearance of a high-potential
decoupling transformer, and Figure 4 ---- the appear-
ance of the bias block. Overall dimensions of the block
without the extending spouts of the transformer are
288 × 245 × 86 mm. A similar block in ELA-6 power
unit produced by OJSC «Selmi» (Sumy), with the
the traditional circuit with high-potential decoupling
transformers operating at 50 Hz frequency, has the
overall dimensions of 450 × 250 × 440 mm.

Figure 5 gives the oscillograms of the source--drain
voltage of the upper key and circuit current, the half-
waves of which are the key currents at maximum pulse
duration of the bombardment channel converter as the
most power-intensive.

The converter operates at 16--20 kHz frequency,
and at direct current and voltage of 200 V it provides
80 mA current at 1000 V voltage on the load with
12 kOhm resistance, which corresponds to the power
of 80 W.

The block was tested on a mock-up of ELA-6VCh
power unit and has the following output parameters:

Filament current at 0.5 Ohm load, A ..........................  10
Bias voltage, kV ........................................................ 5
Bombardment current at 1 kV voltage, mA ..................  80
Working potential of the block relative to the power
unit case, kV ...........................................................  60

The given achieved results are not the limit. At
development of a bombardment source for tungsten
cathode heating more than 150 W power at the effi-
ciency of 90 % was obtained in the same transformer.

It should be noted that the devices made with the
proposed circuit are not susceptible to short-circuiting
in the load, as in this case the key current decreases.
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On May 17, 2007 M.D. Rabkina (PWI) defended the
Doctor’s Thesis on the subject «Influence of Struc-
tural-Mechanical Anisotropy of the Steel Rolled Stock
on Welded Structure Resistance to Lamellar Frac-
ture».

The dissertation is devoted to studying the regu-
larities of initiation and propagation of lamellar frac-
tures of welded joints and development of theoretical
principles and technological measures of their preven-
tion at all the stages of development and operation of
welded structures, allowing for the texture of the base
metal and operating conditions, including tempera-
ture, load and impact of hydrogen-containing media.

It is experimentally established that lamellar
cracks appear in two forms: low- and high-tempera-
ture. The first is characterized by lowering of fracture
toughness on the «lower shelf» of its temperature de-
pendence and increase of the brittle-tough transition
temperature Tbr. The second is characterized by low-
ering of fracture toughness on the «upper shelf» of
its temperature dependence without any noticeable
change of Tbr. The main cause for development of the
low-temperature lamellar cracking is the predominant
presence of a family of crystallographic cleavage
planes {001} <011> in the steel rolled stock, which
develops at the temperature of the end of rolling cor-
responding to the ferrite region. High-temperature la-
mellar cracking is due to the texture of non-metallic
inclusions resulting from hot rolling. Both the kinds
of cracking can have a lamellar-brittle and lamellar-
tough component, as well as their combinations. Regu-
larities of dislocation distribution during deformation
of the low-alloyed steels depending on the direction
of the applied load, have been studied. Chaotically

distributed dislocations are localized in the region of
non-metallic inclusions causing their cracking or de-
lamination from the matrix. Dislocations located in
the form of walls, are indicative of structure fragmen-
tation. New concepts of the causes of welded structure
failure due to the base metal texture, allowed defining
the requirements to Z-steels for nodal tubular connec-
tions. Results of investigations of test steel batches
based on 09G2S grade with different values of tem-
perature of the end of rolling are the basis for formu-
lating technical conditions for critical welded struc-
tures. A dependence is established between the lamel-
lar fracture resistance and HAZ structural elements
in low-alloy steel welded joints. Based on the results
of theoretical and experimental studies, an approxi-
mate formula has been developed, which allows de-
termination of the width of the overheating section,
depending on the cooling rate w6/5 in the range of
1--10 °C/s; theoretical methods of evaluation of crack
resistance characteristics KIc and δIc were developed
by the results of standard mechanical testing allowing
for the dimensions of structural elements. Regularities
of initiation and development of lamellar cracking of
structural shells of a petroleum processing complex
because of hydrogen diffusion into the zone of elasto-
plastic distortion of the crystalline lattice have been
studied. It arises in decarbonised zones as a result of
pressure of hydrogen and/or methane both at the
initial stages of initiation and in the prefracture zone
ahead of the avalanche crack front, and consists in
interaction of individual microcracks and pores. De-
carbonisation of structural steels is accompanied by
inheriting of the material structure and proceeds, un-
like the existing concepts, at low values of temperature
and pressure of hydrocarbon vapours (less than
0.2 MPa). This results in development of lamellar
cracks, which, depending on relative dimensions of
the crack hj/ri, fracture toughness KIc and thickness
of sound metal interlayer can either develop, or acquire
the shape of bubbles. At low values of metal fracture
toughness (KIc < 30 MPa√m) growth of lamellar-hy-
drogen cracks is found, which is promoted by crystal-
lographic orientation {001} <011>. Proceeding from
physico-mechanical investigations of the metal of frag-
ments of the dismantled structures it was established
that the residual life of structures after long-term serv-
ice in hydrogen-containing media is determined by the
degree of damage of the case shell by lamellar-hydro-
gen cracks.
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On May 30, 2007, A.E. Korotynsky (PWI) defended
the Doctor’s Thesis on the subject «Highly Efficient
Sources for Arc Welding Based on Induction-Capaci-
tance Converters».

Dissertation is devoted to investigation, develop-
ment and introduction into production of new energy-
efficient processes, as well as mobile welding-techno-
logical complexes with improved characteristics of en-
ergy efficiency, electromagnetic compatibility and
weight-dimensional parameters. It is shown that ap-
plication of inductance-capacitance converter provides
a high energy-efficiency due to increased efficiency
and power factor, improves the indices of resources-
saving (consumption of copper is reduced 1.5--1.8
times, of transformer steel ---- 1.8--2.2 times), yields
the highest indices of electromagnetic compatibility,
which is due to selective properties of the welding
contour.

Detailed theoretical and experimental investiga-
tions of resonance processes in welding inductance-
capacitance converters (WICC) at different degrees
of contour mistuning have been conducted. It is es-
tablished that depending on the welding process
(MMA, TIG, MIG/MAG), the necessary degree of
mistuning is selected, which is optimum for providing
the arcing stability, as well as other welding-techno-
logical properties (forming, spattering, defect forma-
tion, etc.). It is shown that the most acceptable
method for increasing WICC power is transition to a
modular principle of their construction. In this con-
nection, methods of coherent analysis of interaction
of welding currents of the switched on modules were
developed, and new methods were proposed for power
adjustment in arc welding.

New two-contour circuits of resonance sources have
been proposed and studied, characterized by an in-
creased arcing stability, which allow successfully con-
ducting AC welding process using electrodes with a
basic coating. It is shown that in WICC the most
promising method for welding current adjustment is
the discrete-time one, which does not disturb the set-
ting of the resonance circuit. To develop high-fre-
quency WICC, it proposed in the work to use devices
with distributed parameters, which were selected to
be an artificial long line closed at the end and a quasi-
inducon.

By the results of this work, 15 types of new sources
were introduced into production, as well as five weld-
ing-technological complexes based on inductance-ca-
pacitance converters.
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NEWS

NKMZ SHIPPED OUT THE EQUIPMENT
FOR A STEEL-MELTING FURNACE TO UZBEKISTAN

Novo-Kramatorsk Machine-Building Works (NKMZ)
(Kramatorsk, Donetsk reg.) finished supplying equip-
ment for a fundamental renovation of 100-ton arc steel
melting furnace in Uzmetkobminat Works (Uzbekis-
tan, Bekabad). With implementation of this contract,
NKMZ for the first time entered the market of electric
steel melting equipment. The NKMZ specialists have
proven not only the viablility of the new engineering
solutions, but also their superiority over the existing

ones. Improvement of performance of steel-melting
arc furnace of 100 t capacity envisaged by NKMZ
specialists, will allow Uzbek metallurgists reducing
almost 2 times the unshcheduled downtime and in-
creasing production of quality metal.

On the other hand, with the furnace commissioning
NKMZ will complete the steel-melting cycle and will
have the reference-lists on all the units of the modern
steel melting complex.

STRENTHENING TREATMENT OF WELDED JOINTS

OJSC «MAGNIT plus» (St.-Petersburg) offers
«Shmel» technological system designed for strength-
ening treatment of welded joints of metal structures
operating at alternating and constant loads by the
method of impact deformation at ultrasonic frequency.
The complex provides a lowering of mechanical
stresses in the welded joints and base metal, creates
a strengthening layer with increased resistance to
cracking.

Technical characteristics of the system are as fol-
lows: working frequency of 26--28 kHz, output power
of 500 W, power voltage of 220 V, weight of 21 kg,
overall dimensions of 36 × 390 × 420 mm.

SLP-02 SYSTEM

Now and in the near future laser and plasma cutting
technologies will become the most widely used proc-
esses of cutting and treatment of sheet material due
to their simplicity, reliability, safety and cost-effec-
tiveness compared to any other processes. Machine
tools of this type are capable of cutting any materials,
namely plastic, steel, including stainless and high-al-
loyed steels, cast iron, copper, brass, bronze, alu-
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minium, titanium and other materials, and are also
successfully used for engraving and marking.

CJSC «Zavod Mekhatronnykh Izdelij» (Moscow
distr.) mastered the manufacture of tables of this se-
ries, in particular SLR-02, for highly efficient and
sound cutting of sheet material.

SLR-02 consists of a three-coordinate table of gantry
type, CO2-laser with 200 W output mean power, system
of beam delivery to the object, as well as controlling
controller. The table proper is constructed from linear
modules manufactured by STS (Italy). The modules are
made from precise aluminium profile with integrated
roller slideway bearings. Assemblies of module fastening
to the bed plate allow compensating the non-straight-

linearity of the module proper. Reinforced polyure-
thane belts are used in the transmission. The drive is
provided by synchronous servomotors with precision
planetary reduction gears. Mounting corrugated pro-
tection is possible as an option.

Laser system can be fitted with CO2-lasers with
average output power of 300 and 500 W. More pow-
erful slot RLS-1000 and RLS-250 lasers can be
mounted at customer demand.

Engineers of this plant developed equipment, in
which precision components in the table design and
locally made laser make an ideal combination. Thus,
it was possible to achieve a high accuracy of cutting
and low price of the item.

NEUTRIX INSTRUMENT FOR TUNGSTEN ELECTRODE
SHARPENING

«Unitekh» (Dubno, Rovno distr.) offers Neutrix ----
a unique instrument of its kind for sharpening tungsten
electrodes. A portable grinding machine is incorpo-
rated into the developed instrument, which guarantees
reproducible high-quality grinding of tungsten elec-
trodes for arc plasma welding, TIG welding and «or-
bital» welding of pipes, while meeting the most strin-
gent requirements of environmental protection.

Owing to its mobility Neutrix instrument is ideal
for mounting operations and other tasks which require
a portable grinding machine. For stationary operation

it can be supplied with the fastened support bed plate
and large filter for dust collection. Neutrix instrument
has the following significant advantages:

• necessary tip angle is smoothly set using the
sharpening angle scale. Sharpening angles from 7.5 to
90° correspond to 15 to 180° angles for the electrode;

• experimental disk allows three-times use of the
diamond disc on three grinding planes;

• special clamping device allows sharpening short
tungsten electrodes of 1.0--1.4 mm diameter and up
to 15 mm length (for complex operations, including
automatic welding of pipes);

• accurate determination of the wear length is
achieved using an adjustable gauge, which enables
minimum electrode consumption and minimum dia-
mond disc wear. Adjustable gauge also allows remov-
ing flash from tungsten electrodes (more than 1.6 mm
diameter) for welding aluminium;

• ability of observation of the sharpening process
through the viewing glass and checking the grinding
pressure to avoid electrode annealing at sharpening;

• built-in suction and portable filter for dust col-
lection are an important feature of Neutrix instrument.

In such a modification Neutrix is the only available
shaping instrument for tungsten in the world market.
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INTERNATIONAL CONFERENCE «Ti-2007 IN CIS»

Traditional annual International Conference «Tita-
nium in CIS» arranged by the International Associa-
tion «Titanium» was held on 15--18 April 2007 in
Yalta (Crimea, Ukraine). The Conference was at-
tended by more than 250 specialists from Ukraine,
Russia, Tajikistan, USA, Germany, Italy, Japan,
China, Luxemburg, South Korea and other countries.
Presentations at the Conference were made by tita-
nium scientists and experts from the leading research
institutions and industrial enterprises of Ukraine,
Russia and other countries: State Research and De-
sign Institute of Titanium, E.O. Paton Electric
Welding Institute (NAS of Ukraine), G.V. Kurdyu-
mov Institute of Metal Physics (NAS of Ukraine),
I.N. Frantsevich Institute for Materials Science
Problems (NAS of Ukraine), H.V. Karpenko Physico-
Mechanical Institute (NAS of Ukraine), Institute of
Geological Sciences (NAS of Ukraine), Donetsk Na-
tional Technical University, Zaporozhie State Engi-
neering Academy, Company «Zaporozhie Titanium-
Magnesium Works», O.K. Antonov Aircraft Science
and Technology Complex, OJSC «All-Russian Insti-
tute of Light Alloys», Federal State Unitary Enter-
prise All-Russian Institute of Aircraft Materials
(FSUE) R&D Institute for Structural Materials
«Prometej», Moscow Aviation Institute MATI ----
K.E. Tsiolkovsky Russian State Technical University,
Urals State Technical University UPI, A.A. Bajkov
Institute of Metallurgy and Materials Science (Rus-
sian Academy of Sciences), OJSC RITM, FSUE
Giredmet, University of Technology MISiS, FSUE
A.A. Bochvar Russian Research Institute for New Ma-
terials, OJSC «Corporation VSMPO-AVISMA»,
OJSC «Sukhoy Design Bureau», Russian Space Cor-
poration «Energiya», OJSC «Chepetsky Mechanical
Factory», etc. Over 90 papers were presented totally.

Representatives of the Zaporozhie Titanium-Mag-
nesium Works covered in detail the main areas of
efforts on upgrading the technology for production of
titanium sponge in Ukraine and further development
of its facilities. It should be noted that in 2007 the
Works has started construction of a metallurgical
workshop to produce ingots and slabs by the electron
beam cold hearth melting method, and is exploring
currently the possibility of construction of a rolling
workshop to produce titanium sheets and plates.

Much attention was given at the Conference to
issues related to upgrading of the technology for pro-
duction and improvement of the quality of titanium
sponge and titanium ingots. In addition to the
Zaporozhie Titanium-Magnesium Works, this issue
was also the subject of presentations made by special-
ists from the Corporation VSMPO-AVISMA, State
Research and Design Institute of Titanium, E.O. Pa-
ton Electric Welding Institute, Company VILS, etc.

It is the opinion of the Conference participants that
the process of magnesium-thermic reduction of tita-
nium chloride will still be the key process for produc-
tion of titanium during the next decades, and that the
electron beam technology will play an increasing role
in production of titanium ingots, along with the vac-
uum-arc remelting technology. It should also be noted
that the intensive research efforts on utilisation of the
electroslag and plasma-arc remelting technologies in
metallurgy are still underway.

The E.O. Paton Electric Welding Institute pre-
sented papers dedicated to investigation of the quality
of metal produced by the electron beam and arc slag
remelting technologies, compacting of titanium chips,
dynamic load resistance of new domestic titanium al-
loy T110, and to improvement of the technologies for
welding titanium and titanium-base alloys through
applying activating fluxes and superposition of a
transverse magnetic field on the arc. The papers pre-
sented by specialists of the E.O. Paton Electric Weld-
ing Institute generated high interest among the Con-
ference participants.

Much consideration was given at the Conference
to the issues associated with application of titanium
in aircraft engineering, ship building, power engineer-
ing, manufacture of medical-application parts (endo-
prostheses, implants, instruments, etc.), and manu-
facture of titanium semi-finished products (plates,
forgings, rods, tubes).

The problem of manufacture of semi-finished prod-
ucts from titanium alloys with improved physical-me-
chanical properties is addressed currently both
through development of new titanium alloys, such as
Ti--Si based alloy, and through development of effi-
cient methods and parameters for thermo-mechanical
deformation of existing alloys.

There were many presentations dedicated to im-
provement of performance of parts made from titanium
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alloys by using different types of surface treatment
(coating, nitriding, oxidation, etc.).

The market of titanium has been characterised
lately by a considerable growth of output of titanium
sponge and products made from it. So, whereas in
2005 the world production of titanium sponge was
112,900 t and in 2006 ---- 136,400 t, it is expected
that the output in 2007 will be 155,000 t. The most
dramatic increase in volumes of production of titanium
sponge was fixed in China: 5000 t in 2004, 9500 t in
2005, 18,000 in 2006, and 28,000 in 2007. The share
of China in the world production of titanium sponge
increased from 6.0 % in 2004 to 13.2 % in 2006. And
it is expected to grow to 18 % in 2007. According to
the domestic production plans, Chinese enterprises
schedule to produce 85,000 t of titanium sponge in
2010, and 105,000 t ---- in 2012. The volumes of con-
sumption of titanium in the Chinese industry also
grow, but not as rapidly as production of titanium
sponge and ingots of titanium alloys. For example,

consumption of rolled products in China increased
from 10,000 to 15,000 t in 2005--2007. Therefore, the
Chinese industry has almost completely met its own
demand for titanium, and starting from the second
half of 2006 it has been actively entering the world
market by offering to supply big batches of titanium.
Because of a substantial increase of offers, the prices
for titanium have stopped growing and even started
decreasing. According to forecasts made by some Con-
ference participants, they may fall to their economi-
cally grounded level ---- US$ 6--7 per kilo, which opens
up good prospects for increasing the scopes of appli-
cation of titanium in different civil industry sectors.

In conclusion, we would like to note a high level
of arrangement of the Conference and express grati-
tude to its organisers represented by CJSC Inter-State
Association «Titanium» and its Chairman A.V. Alek-
sandrov.

Prof. C.V. Akhonin, PWI

RAILWAY TRANSPORT. WELDING 2007
(Workshop in Kakhovka)

Traditional 5th Workshop «Railway Transport. Weld-
ing 2007» was held on the 16th of May 2007 at the
Open Joint Stock Company «Kakhovka Plant for Elec-
tric Welding Equipment» (KZESO). The Workshop
was attended by about 30 leading specialists in the field,
representing railway car building, car repair, switch,
electric car and railmotor car repair, and machine build-
ing factories of Ukraine (Dnepropetrovsk, Zaporozhie,
Kerch, Kremenchug, Krivoj Rog, Stakhanov, Niko-
laev), Russia (Novoaltajsk, Bryansk, Istie, Novosi-
birsk, Perm, Roslavl, Tver, Torzhok), Pridnes-
trovskaya Moldavian Republic (Tiraspol), and Geor-
gia (Tbilisi). Representatives of the Welding Society
of Ukraine, International Association «Welding»,
Journals «Avtomaticheskaya Svarka» and
«Svarshchik», as well as heads and chief specialists

of the main departments of KZESO also took part in
the Workshop.

This year Workshop was characterised by an ex-
panded geography of the attendees, participation of
a large number of young specialists, and opportunities
to communicate with colleagues on prospects of up-
grading of the production processes, as well as appli-
cation of the latest scientific achievements in manu-
facturing.

The Workshop was opened by Ya.I. Mikitin,
Chairman of the Board of Directors and Director Gen-
eral of KZESO. He dwelt briefly on the history of
the Plant, and noted the role of B.E. Paton, who as
early as at the end of the 1950s had determined the
profile of activity of the Plant in manufacture of elec-
tric welding equipment. Then Ya.I. Mikitin high-

48 7/2007



lighted the leading positions of the Plant in production
of a number of unique pieces of the equipment that
are 15--20 years ahead of the world achievements. At
present the staff of the Plant is about 2400 people,
and it has remained almost unchanged since many
years ago. The volumes of production grew 2.5 times
compared with the Soviet period. And in the near
future (1--2 years) they may grow another 2 times,
because the Plant has mastered the manufacture of
new products ---- a series of on-route machines.

Ya.I. Mikitin highly appreciated the role of the
close and efficient collaboration of the Plant with
science. It is the collaboration of KZESO with the
E.O. Paton Electric Welding Institute that prevented
disintegration of the Plant in the 1990s, and, on the
contrary, allowed finding the economic ways of
strengthening this collaboration.

KZESO sees the pledge of its successful develop-
ment in collaboration of the advanced research, mod-
ern production and reliable financing. KZESO
strongly intends to remain ahead of its competitors in
the welding equipment market. The on-route ma-
chines, which are being mastered currently at the sec-
ond production site, have no analogues in Ukraine,
and the snow-removing machines ---- no analogues in
the world. The same applies also to the flash butt
welding machines for making railway frogs.

Production of KZESO has been certified according
to ISO 9000 since 2006. Every year the Plant passes
the audit. Professional workers are concentrated at
the main departments of the Plant. For example, 74
people are working at the Chief Designer’s Depart-
ment, and over 80 people ---- at the Chief Technolo-
gist’s Department.

KZESO is manufacturing now more than 100 types
of welding equipment, including transformers, recti-
fiers, special power sources, semi-automatic welding
devices, machines for resistance seam welding, auto-
matic devices for electroslag welding, and machines
for flash butt and spot welding. KZESO is working
on the so-called «branch» principle of design and
manufacture of equipment, e.g. for motor-car indus-
try, or for operation under special conditions. Produc-
tion of lines and machines for the manufacture of
grids, which are in high demand in the building in-
dustry, is being mastered now. KZESO is the world
market leader in manufacture of mobile rail welding

systems (99.9 % of the systems in operation were
manufactured by KZESO), the volume of the applied
stationary rail welding machines manufactured by
KZESO constituting 60 % of the total world fleet of
such machines.

Topical problem for the nearest future is replace-
ment of obsolete main pipelines and construction of
the new ones. Here the focus is on utilisation of pipes
with a wall thickness of 32 mm, which should provide
their long service life. New welding equipment to meet
increased requirements for welded joints is needed to
handle this problem. Russian Joint Stock Company
«Gazprom» has already made an agreement with
KZESO on supply of new machines. Among the sam-
ples of new equipment mastered by KZESO are also
mobile machines for welding of railway frogs (they
will also outstrip the corresponding foreign develop-
ments by 15--20 years).

Ya.I. Mikitin covered also the social aspect of life
of the Company. KZESO has a sanatorium-prevento-
rium (70 man/month), 2 recreation centres, and a
boarding house. The workers have the subsidised fac-
tory canteen. During the last 15 years KZESO has
paid for education of more than 400 workers at the
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higher education institutions, who are now success-
fully working at the factory. 

Then the presentations at the Workshop were made
by the industry representatives. Yu.V. Butenko, Chief
Welder of Production Company «Mashzorya-Proekt»,
highly estimated semi-automatic devices KZESO
KIU-401 (unit VS-300B), 25--30 pieces of which are
now in operation at the Company. He noted the need
to arrange production of machines for argon-arc weld-
ing to meet requirements of ship building enterprises.

V.M. Ilyushenko, Head of Department at the E.O.
Paton Electric Welding Institute, told about a positive
experience of PWI in «running-in» of new models of
the semi-automatic devices produced by KZESO,
which makes it possible to optimise and bring them
to a consumer level within the short terms. At the
same time, he noted the necessity to master production
of the inverter-type power units, equipment for auto-
mation of the submerged-arc welding processes, twin-
electrode gas-shielded welding process (Time Twin),
and hybrid processes. The E.O. Paton Electric Weld-
ing Institute has developments for the technology of
semi-automatic welding in different spatial positions
to conduct repair operations, which can be taken into
account in designs of semi-automatic devices produced
by KZESO. PWI has also developed a promising com-
position of electrode material for resistance spot weld-
ing machines.

Representative of Limited Liability Company
«Transmash», as well as representatives of other fac-
tories gave their high estimation to the KZESO equip-
ment for arc welding, and expressed their interest in

buying different types of semi-automatic devices and
power units.

Participants of the Workshop were invited to visit
the exhibition section at a shop, where V.I. Okul,
Chief Engineer of KZESO, told them in detail about
advantages of the exhibited equipment for arc and
flash butt welding, demonstrated promotion models
of resistance multi-spot welding and on-route ma-
chines, and answered numerous questions asked by
the Workshop participants.

In conclusion of the Workshop, S.V. Dukh, Chief
Designer, spoke in detail about principles of the work
underlying designing of the equipment, as well as
technologies, peculiarities of production and selection
of components, including control systems.

It should be emphasised that the information pre-
sented by the Director and leading specialists of
KZESO is very impressive. KZESO is expanding, it
widens production and ranges of equipment and ma-
chines being manufactured by focusing on training
and upbringing of staff, certification of production
according to the European standards, and strengthen-
ing of social security for its employees.

The Workshop participants expressed their grati-
tude to the representatives of KZESO for their excel-
lent organisational efforts, continuous upgrading of
the equipment, expanding its ranges, and their striving
for meeting the market demands.

Prof. V.N. Lipodaev, PWI
Dr. A.T. Zelnichenko, PWI

M.L. ZHADKEVICH IS 70

Prof. L.M. Zhadkevich, Doctor of Technical Sciences,
corresponding member of the NAS of Ukraine, noted
specialist in the field of materials science, metals tech-
nology and special electrometallurgy, and Deputy Di-
rector of the E.O. Paton Electric Welding Institute,
was 70 on the 12th of July, 2007.

He started to be involved into problems of the
technology of metals in 1955 at the Kujbyshev Met-
allurgical Works, whereto he was appointed after
graduating from a technical school. There he passed
the path from a pressman to a chief of the country-
largest pressing workshop. Then he completed educa-
tion at the All-Union Correspondence Polytechnic In-
stitute, and became one of the leading specialists in
the field of materials science and pressure treatment
of metals. Production of blanks and assemblies of high-
strength aluminium and other alloys for machine- and
ship-building, aircraft engineering and rocket con-
struction was arranged under the leadership of M.L.
Zhadkevich.

In 1977, M.L. Zhadkevich was appointed to the
Kiev Zonal Research Institute for standard and ex-
perimental design of residential and public buildings,
where he headed a division for experimental alu-
minium constructions and developed technologies for
production of aluminium parts. He was leading the
activity on mastering the technologies for pressing
and fabrication of standard and unique building alu-
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minium structures in Brovary, Voronezh, Khabarovsk
and Kishinyov.

M.L. Zhadkevich has been working at the E.O.
Paton Electric Welding Institute since 1984. He was
a director of the Pilot Plant for Special Electromet-
allurgy from 1985. Under difficult conditions of re-
structuring of the economy of the country, by handling
organisational and research problems he managed to
provide successful functioning of the Plant in building
of a new generation of equipment and technologies
for electroslag casting of billets for heavy and power
engineering, electron beam welding of large-size units
of rockets from super strong aluminium alloys, hard-
ening and repair spraying of blades for gas turbine
and other power generation parts and units, ship build-
ing and defence industry.

Since 1993 L.M. Zhadkevich has been the Deputy
Director in research activities at the E.O. Paton Elec-
tric Welding Institute, and Head of Department «New
Physical-Technical Methods for Welding and Special
Electrometallurgy». He was the first to develop new
multi-component nickel- and cobalt-base alloys for
hardening and repair technologies. He elaborated sci-
entific principles of simulation of complex electromet-
allurgy processes, as well as production of nanocrys-
talline and other materials with high service proper-
ties.

Theoretical and experimental studies performed by
L.M. Zhadkevich at a high scientific level are of in-
terest to specialists involved in development of weld-
ing and related technologies. Being a supervisor of a
research area, he trained 4 doctors and 3 candidates
of technical sciences. M.L. Zhadkevich is the author
of over 420 scientific papers, including 8 monographs.
Equipment, materials and technologies developed un-
der the leadership of M.L. Zhadkevich have been
widely applied in fabrication of critical aerospace
structures, power generation equipment, parts used

in defence industry, instrument making, etc. They are
covered by dozens of patents and author’s certificates,
and noted with many medals and diplomas.

M.L. Zhadkevich combines to advantage the re-
search and scientific-organizational activities. He is a
member of the Inter-Departmental Commission on
State Program «Titanium of Ukraine», member of the
Inter-Departmental Commission on non-ferrous met-
allurgy, member of the Scientific Board of the
E.O. Paton Electric Welding Institute, Thesis De-
fence Board of the E.O. Paton Electric Welding In-
stitute, Board of Directors of the Joint Ukrainian-
American Experimental Centre «Pratt & Whitney--
Paton», and member of the editorial boards of a num-
ber of publications.

For his contribution to the progress of materials
science, and development of high-efficiency technolo-
gies for production and processing of new materials
in particular, as well as for his fruitful scientific-or-
ganisational activity, M.L. Zhadkevich was awarded
the Order of the Red Banner of Labour, medals, hon-
orary title «Honoured Scientist and Technician», and
State Prize of Ukraine in the field of science and
technology. He is a corresponding member of the Na-
tional Academy of Sciences of Ukraine, and a full
member of the Academy of Technological Sciences.

We cordially congratulate the hero of the jubilee
and wish him from the bottom of our hearts good
health, personal happiness and great success in ac-
complishment of his creative plans.

E.O. Paton Electric Welding Institute
of the NAS of Ukraine

Editorial boards of
«Avtomaticheskaya Svarka» and

«The Paton Welding Journal»
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