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Dear colleagues-welders: professors, teachers and workers of Chair of Welding Engineering of
the Admiral Makarov National Shipbuilding University!

On behalf of scientists and workers of the E.O. Paton Electric Welding Institute of NASU and
Editorial Board of «The Paton Welding Journal» we cordially congratulate You with the 50th
jubilee of Chair of Welding Engineering.

Over many years the specialists of the Chair solve successfully the tasks of improvement of
educational level of welders-engineers, perform development and realization of high-efficient
technologies not only in shipbuilding, but also in many other branches of industry. During the
whole period over 2900 welding production engineers were educated. Among the graduates there
are over 80 doctors and candidates of sciences, honored science and technology workers.

Owing to initiative and creative work of the Chair staff under management of scientists-production
workers and senior lecturers, such as A.I. Safonov and I.I. Dzhevaga at the first years and
Prof. V.F. Kvasnitsky in latest 30 years, the actual scientific trends were formed and branch
research laboratories and branches of the Chair at the largest enterprises of shipbuilding and ship
machine building were founded.

For specialists education and performance of scientific work the Chair successfully collaborates
with leading scientific and educational centers of Ukraine, Russia, Germany, China, actively
participates in certification of welding production enterprises at the South of Ukraine.

The scientists and specialists from the E.O. Paton Electric Welding Institute and Editorial Board
of Journal wish happiness, welfare and creative success to all staff, graduates and students of the
Chair.

Editorial Board

STATUS OF WELDING PRODUCTION
AT SHIPBUILDING PLANTS OF UKRAINE

V.F. KVASNITSKY1, B.V. BUGAENKO1, Zh.G. GOLOBORODKO1, V.M. ILYUSHENKO2, N.P. ROMANCHUK3,
Yu.V. SOLONICHENKO3 and A.N. SHAMRAJ3

1Admiral Makarov National Shipbuilding University, Nikolaev, Ukraine
2E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

3OJSC «Vadan Yards «Okean», Nikolaev, Ukraine

It is shown that in spite of economic problems all over the world the shipbuilding enterprises of Ukraine have available
the modern efficient technologies and equipment which allows successful production of competitive products at the world
market.

K e y w o r d s :  shipbuilding, assembly, welding, cutting,
parts, sections, blocks, welding consumables, equipment

The water transport of Ukraine is featured by ships with
a life exceeding 20 years and even more. Since the fleet
needs updating in the nearest time, it is necessary to
build ships for inland navigation as well as for mixed
river--sea type. The world shipbuilding market requires
also shipbuilding production [1]. However, the world
market entry is only possible providing that advanced
technologies and equipment are implemented, capable
to provide reduction in building terms, required quality
and cost effectiveness of ships.

The aim of this work is the analysis (on the example
of two plants) of technical and technological status

of welding production of shipbuilding in Ukraine,
primarily defining the niche of production of this
branch at the world market.

 The principal technology of shipbuilding depends
on the method of hull forming and is defined by design
peculiarities of a ship, production capacities of enter-
prise-manufacturer, program of ships building of this
project and also by other factors.

The hulls of modern ships are composed of sheet
and shaped rolled stock differed by sizes, shape and
materials. The sheet parts make up 85--90 % of ship
hull mass. The number of parts for building of one
ship can reach several tens of thousands. The principal
method of their manufacture is thermal cutting, whose
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share is about 80 % of the total volume of performed
cutting, and the labor intensity is 50 % of the labor
consumption for all the volume of works of the hull
building shop.

For a long time the principal method of thermal
cutting in shipbuilding was air-plasma cutting (APC)
with air being used as a plasma gas. The gained ex-
perience [2] showed not only the technical-economical
advantages of APC, but also its disadvantages. It is
known that non-perpendicularity of cut edges for the
most popular thickness of metal in shipbuilding can
reach 2.5 mm per a side, which considerably influences
the volume of deposited metal, productivity and weld-
ing quality, the size of angular deformations. In the
process of cutting the saturation of metal edges with
nitrogen occurs which results in probable formation
of pores in welds during automatic submerged-arc
welding of parts cut of metal of 5--12 mm thickness.
To eliminate mentioned disadvantages a number of
methods was used which turned to be low-effective.
Today in Ukrainian shipbuilding, in particular in
OJSC «Vadan Yards «Okean» (Nikolaev) the same
methods and equipment are used as abroad, namely,
the plasma cutting under water. The sheet being cut
is immersed under water for 4--6 cm depth with plasma
arc being in position under water. The machines «Nu-
morex» and «Telerex TXB-10200» are used.

To improve the efficiency and utilization factor
the machine «Telerex TXB-10200» is equipped with
a portal having two heads of plasma cutters and two
basins, which enable simultaneous cutting of symmet-
rical parts, for example, for left and right boards of
a ship. In each basin there are two frames for mounting
of sheets that allows working in the mode of a con-
tinuous layout. After finishing the cutting in the first
basin, the machine moves to the second basin, and the
next sheets are mounted in the first basin. The simul-
taneous cut out of two parts is shown in Figure 1.

The application of underwater plasma cutting re-
quires big investments. In OJSC «Kherson Shipbuild-
ing Plant» (KhSZ) the air plasma cutting with addi-
tion of water into plasma (APCAW) is successfully
used. The implementation of APCAW was due to the
carried out theoretical and experimental investiga-
tions which determined the optimal consumption of
water supplied to air plasma [3--5].

It was established that while adding of water the
partial pressure of nitrogen in plasma decreases due
to plasma chemical reactions. The hydrogen being
formed increases the intensity of electrical field and
decreases the nitrogen content at the cut surface, thus
increasing the power characteristics of the arc. The
optimal concentration of water vapors in plasma hin-
ders the saturation of edges both with nitrogen and
hydrogen, excluding probability of pores formation
in welding.

The reduction of plasma arc with water supplied
through the tangential channels of optional outer noz-
zle, provides in APCAW the moving of anode spot
into the depth of the cut and decreases the non-per-

pendicularity of its edges by 2.3--2.5 times. Their
roughness 3--5 times decreases (Rz = 0.01--0.02 mm)
and is comparable with a milled surface. A part of
water from the cooling system of plasmatron is sup-
plied through the radial channels of outer nozzle, form-
ing the air-water shower, which cools the metal in the
cut zone allowing the improvement of quality of its
edges and precision of parts manufacture. Here the
parts deformation is practically absent.

At shipbuilding enterprises of Ukraine the consid-
erable stock of modernized thermal cutting machines
is under the service («Kristall», «Granat», etc.), hav-
ing updated systems of automation and control. Ma-
chines with a modernized plasmatron also operate in
OJSC «KhSZ» at the shop area of APCAW.

The cost of a ship is predominantly determined by
the condition of assembly-welding production, the la-
bor intensiveness of which is 15--18 % of total labor
intensiveness of ship hull building. Moreover, the
level of welding production is determined not only by
labor intensiveness of actually welding jobs, but also
by postweld works. If cleaning of a metal from spatters
or also a weld before painting is required or the re-
quired roughness can not be achieved in welding, the
labor intensiveness of ship hull building increases im-
mensely. Therefore, in Ukraine as well as in the world
shipbuilding the methods of welding and welding con-
sumables are perfected.

To reduce metal spattering in shipbuilding weld-
ing, a welding solid wire in the mixture of argon and
carbon dioxide (18--20 % CO2) and also flux-cored
wires in CO2 are widely used. The mechanical prop-
erties of weld metal and welded joints in welding
using wires Sv-08G2S and Sv-10GSNT in the mixture
of gases are in compliance with standard requirements
and are higher than in CO2 welding. This is predeter-
mined by considerably lower oxidation potential of
shielding gas mixture as compared to CO2 and higher
coefficients of assimilation of alloying elements.

During welding in gas mixtures the coefficient of
metal spattering decreases by more than twice. Here,
small spatters are formed which do not stick to the
surface of a rolled shapes being welded and are easily
removed. The mentioned advantages of welding in gas

Figure 1. Machine «Telerex TXB-10200» in operation
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mixtures are the reason of wide application of this
process in shipbuilding. Along with the welding in
gas mixtures the flux-cored wire welding becomes ever
more applicable.

 In shipbuilding of Ukraine the mechanized weld-
ing is mainly applied using thin flux-cored wire in
CO2 and also self-shielding wire. The Table shows the
types of ship hull structures and most effective meth-
ods of their welding applied in Ukraine [6, 7].

The most reasonable is application of automatic
welding of butt and fillet welds in flat position for
joining of plane sections with a framing of one direc-
tion; mechanized and robotic welding of fillet welds
in flat and vertical positions for plane sections with
a framing of two directions; mechanized and robotic
welding of fillet welds in flat, vertical and horizontal
positions for open half-volume and volume sections;
mechanized and robotiic welding of fillet welds in all
spatial positions for closed half-volume and volume
sections; mechanized and robotic welding of butt and
fillet welds mainly in flat position for frames, base-
ments, small sub-assemblies; mechanized and auto-
matic welding of butt and fillet welds in all spatial
positions for blocks of sections and ship hulls on the
building berth.

Technical-economic analysis of efficiency of differ-
ent welding methods was performed in works [8--14].
The productivity of deposition performed using flux-
cored and solid wire for welding of structures of dif-

ferent types (Nos. 1--6 according to the Table), is
shown in Figure 2.

At the shipbuilding plants of Ukraine the thin
flux-cored wire of rutile (AN21, PPs-TMV7, PZ 6110,
Megafil 713) and basic (PZ 6130, OK Tubrod 15.06)
types of diameters 1.2--1.6 mm are used for manufac-
ture of hull structures. The productivity of CO2 depo-
sition using these wires is higher as compared with
solid wire welding by 2--3 kg/h, and as to the effec-
tiveness it is comparable with automatic submerged-
arc welding.

Flux-cored wire of 1.6 mm diameter is recom-
mended for mechanized welding of fillet welds of half-
volume sections. To perform welds of majority of ship
hull structures in the positions different from flat, the
use of flux-cored wire of rutile type of 1.2 mm diameter
is most challenged. The application of these wires with
rapidly hardened slag not only provides welds with a
smooth surface and easy removal of slag, but allows
reduction of electrode metal spattering in comparison
with CO2 welding by 3--5 times.

The results of analysis of specific expenses per 1 kg
of deposited metal showed that welding in gas mix-
tures of large-tonnage vessels using solid and thin
flux-cored wire provides decrease of cost of deposited
metal due to high productivity of welding process and
decrease in volume of welds cleaning before painting.

The main method of further increase of welding
efficiency is increase of automation level due to re-
placement of mechanized welding by automatic and
robotic process. The experimental works performed
together with National Shipbuilding University and
«Vadan Yards «Okean» showed advance in applica-
tion of robotic welding using thin flux-cored wire in
manufacture of volume sections [6, 7], however it also
implies the solution of number of organizational and
technical problems.

If robotization of welding processes in shipbuilding
of Ukraine is future prospect, then the automatic sub-
merged-arc welding finds its wide application today.
This welding method is most frequently used for manu-
facture of plane sections with the framing of one di-
rection. At many enterprises the plane sheet panels

Figure 2. Efficiency of welding of typical ship hull structures (1--
6 ---- see the Table) using solid (r) and flux-cored (n) wire

Basic types of welded ship hull structures and methods of their welding

No. Type of structure

Distribution of volumes of welding works as to spatial
position, % Welding

method
Flat Vertical Horizontal Overhead

1 Plane sections with the framing of one direction 100 -- -- -- À

2 Plane sections with the framing of two directions 70--90 30--10 -- -- M, R

3 Open semi-volume sections 40 55 5 -- Ì

4 Close semi-volume and volume sections 40 20 10 30 Ì

5 Frames 60 30 10 -- M, R

6 Blocks of sections, hull 10 30 30 15 À, Ì

Notes. 1. A ---- automatic; M ---- mechanized; R ---- robotic. 2. The rest 15 % of welded joints (No. 6) are produced using covered electrodes.
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are manufactured using mechanized assembly-welding
production lines.

In mechanized production line of ESAB company
three main positions can be distinguished. At the first
one, equipped with a portal with double-arc suspended
system A6, the one-sided double-arc welding into the
common pool on flux-copper backing of butt joints of
sheet panels of thickness from 8 up to 22 mm without
edge preparation is performed. Here the first arc is burn-
ing at direct current of reversed polarity, whereas the
second arc ---- at alternating current. At the second po-
sition the back run of butt joints of sheet panel using
automatic machine of A6 system of tractor type at direct
current of reversed polarity is performed. At the third
position the assembly and welding of framing of main
direction with plain sheet panel is performed. Here the
framing is supplied to a sheet panel from the store, it is
pressed to a sheet panel by a system of hydraulic jacks
and fixed on tacks. The T-joint is performed from the
middle to the edges using four suspended welding heads
of A6 type. The enlargement of sheet panels is performed
on the plane stands using automatic welding under flux
layer without any backings.

To reduce residual deformations before welding
the tensile stresses along the butt of welded sheets
are created, that is provided due to transverse shrink-
age of run-out and fastening tabs by deposition of
transverse beads on them.

In OJSC «KhSZ», to prevent deformation in
manufacture of plane sections at the line of ESAB
company, the framing of main direction is welded to
the steel girder protruding over the plane of sheet
panel movement. Due to pressing of framing by hy-
draulic press, a deflection is formed on the sheet panel,
compensating welding deformations.

The welding of plane longitudinal sub-assemblies
(stringers, floors, T-girders, etc.) of thickness up to
14 mm is made without edge preparation, while at thick-
ness of more than 14 mm ---- with edge preparation.

If the possibility of positioning of butts of welded
parts of the same thickness into the one line is available
the automatic welding is performed under the layer
of flux for one pass. If there is no possibility or rea-
sonability of automatic welding application due to
curvilinearity or non-flatness, the mechanized welding
in mixture of shielding gases (Ar + CO2) is used for
manufacture of sub-assemblies. To decrease labor in-
tensiveness of work for manufacture of volume sec-
tions, and also sections manufactured in «beds», the
mechanized welding using flux-cored wire with a re-
versed weld formation using forming ceramic backings
(FCB) is used at the enterprises. The manufacture of
bottom section of a ship is realized on the floor of the
second bottom (Figure 3). All the framing elements
are assembled and welded between themselves and
floor of the second bottom, thus presetting the shape
of contours of the external lining. The latter is formed
of the panels and sheets fixed to the mounted framing.
For the mechanized welding in shielding gases (Ar +
18 % CO2) all butts are assembled using FCB which

provide reverse formation of butt welds. Thus, it elimi-
nates operations on cleaning of root weld and back
run of butt joints in closed volume. The welding of
framing with the external lining is performed in flat
position using a cell method after turning over the
section.

The volume board sections of middle part of a ship
are assembled at the coke standing «beds» at the lining
of the inner board, curvilinear board sections ---- at
the external lining at the standing «beds». During
the manufacture of these sections all butt joints are
performed using mechanized welding in shielding
gases on FCB.

To relieve the inner stresses and to reduce angular
deformations, «Vadan Yards «Okean» performs heat
treatment of T-joints using special three-flame torch
from the smooth side of the section (heating up to
350--400 °C) at the areas of the length of 200 mm with
a pitch of 100 mm in the place of mounting the framing
directly after its manufacture. The butt joints are
heated in the similar way using double-flame torch.

The most critical are site joints during the forming
of blocks of sections and hull, in particular, butts and
slots of external lining of thickness of 8--30 mm, which
were performed for a long time using arc welding.
Mechanized welding with a free weld formation 1.3--
1.5 times increases the process efficiency, but in po-
sitions different from the flat one, the volume of weld
pool is limited to prevent its flowing out. The tech-
nology of mechanized welding in mixture of shielding
gases (Ar +18 % CO2), implemented at the enterprises
using flux-cored wire in combination with FCB, pro-
vide high quality of weld formation on face and re-
versed sides at significant decrease of metal spattering,
increase in labor productivity, decrease in labor in-
tensiveness of preparation of welded joints for paint-
ing. The FCB are located on the side of framing except
of external lining of bottom section where they are
positioned on the smooth surface. The FCB are used
also during framing welding.

The further increase in welding efficiency in manu-
facture of ship hull on the berth is provided by the
process automation. The shipbuilding enterprises have

Figure 3. Scheme of welding of external lining of bottom sections
of a ship: long arrow ---- direction of slots welding; short arrow ----
direction of welds of root passes on forming ceramic backings

8/2009 5



mastered the welding of vertical site joints using the
flux-cored wire and a forced weld formation developed
by the Paton Institute [12], and also one-sided welding
of horizontal slots in the vertical plane using ceramic
backings.

Coming from the specific requirements to automa-
tic welding under site conditions on the berth, the
automatic machines traveling directly along the edges
being welded or guiding racks have been designed and
manufactured. For example, automatic machine A-
1150u is designed for welding using flux-cored weld-
ing of vertical and inclined butt welds with a forced
formation on the metal of 8--30 mm thickness, that is
realized using two water cooling shoes along the butt
with a curvature of 2 m.

For welding of site slots of external ship lining
under the conditions of the berth the Paton Institute
has developed the automatic machines AD-119 and
AD 330M, which allowed twice increasing the labor
productivity and decreasing the labor intensiveness of
works due to elimination of gauging of root weld and
its post rewelding.

The developed technology is based on the applica-
tion of multi-pass welding using the flux-cored weld-
ing to perform horizontal welds in the vertical plane
at one-sided asymmetric edge preparation. Here the
reverse weld formation on the ceramic backing posi-
tioned on the inner side of external hull lining is
provided. The welding is performed using combined
way: root and final passes are performed using flux-
cored wire of 1.6 mm diameter with a free formation,
and filling of a groove is performed using flux-cored
wire of 3.0 mm diameter with a semi-forced weld for-
mation. Such technology provides achievement of
quality welded joint with a guaranteed weld root pene-
tration and performance of a final pass with minimum
undercuts.

The considered welding technologies and equip-
ment are also mastered by other shipbuilding plants
of Ukraine. The automatic welding technologies of
site welds are high-efficient in building of large-ton-
nage ships and can provide preference of Ukraine at
the world market in the area of shipbuilding.

Nowadays other challenging welding technologies
were also developed in Ukraine, in particular, radi-
cally new welding processes using combined and hy-
brid heating sources [13--15] and also underwater
welding providing the possibility of production of any
large-tonnage vessels while joining their parts afloat,
and also platforms of other structures of different pur-
pose [16].

It should be noted that hundreds of welding pro-
cedures were certified at shipbuilding enterprises of
Ukraine. All welders possess certificates of the quali-
fication societies and confirm them every half a year.
All technologies are regulated by technological in-
structions and introduced into standards of enter-
prises.

Thus, in spite of economic problems the shipbuild-
ing enterprises existing nowadays in Ukraine have not
only preserved their production potential, but also
successfully implement the best technologies of mod-
ern welding production.

National shipbuilding has available necessary high-
efficient technologies, modern equipment, highly-
qualified specialists which allows manufacturing, ca-
pable to compete at the world market.
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PECULIARITIES OF FORMATION
OF STRESS-STRAIN STATE IN DIFFUSION BONDS

BETWEEN DISSIMILAR MATERIALS
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Stress-strain state (SSS), allowing for plastic creep strains, in cylindrical parts of metals with different physical-mechanical
properties in diffusion bonding was studied by computer modelling based on the finite element method. The mechanisms
of creep in diffusion bonds, as well as formation of SSS in them, were established.

K e y w o r d s :  diffusion bonding, dissimilar materials, stress-
strain state, plastic strain, cylinder--cylinder assembly, sleeve--
sleeve assembly, stagnation zone

Parts made by diffusion bonding in vacuum [1, 2] are
widely applied in machine building and other indus-
tries. This joining method makes it possible to produce
components and assemblies with unique design and
performance characteristics. Traditionally, selection
of process parameters is based on a uniform distribu-
tion of the force of compression over the entire joining
area. But in fact, as follows from study [3], in the
case of aluminium strip to silicon crystal bonding the
scheme of the stressed state and its components are
different in different zones of the bond, this affecting
the bond formation conditions. The most favourable
conditions for activation of the mating surfaces of
pieces and their bonds occur in the zone of tangential
stresses and shear strains [3]. As shown in studies
[4--7], diffusion bonding with thermal cycling is an
efficient method to induce tangential stresses and lo-
calise plastic strains in the bond when joining metals
with different physical-mechanical properties [8]. The
above studies are based on modelling of the stress-
strain state (SSS) of cylinder--cylinder (C--C),
sleeve--sleeve (S--S) and sleeve--flange assemblies un-
der elasticity and instantaneous plasticity conditions,
where the strain values are independent of time [9].
Under real conditions of diffusion bonding there are
also the creep strains that affect SSS of an assembly.

The purpose of this study was to investigate SSS
of the C--C and S--S assemblies in diffusion bonding
allowing for the creep strains, as well as to establish
the general mechanisms of different types of strains
and their effect on formation of the diffusion bonds.

SSS in cylindrical assemblies was analysed from
the results of computer modelling by the finite element
method. The equation of creep rate under diffusion
bonding conditions was preliminarily determined to
model SSS with allowance for the creep strains. Re-
ported [10, 11] is a number of equations to determine
the creep stage.

Strain diagrams given in [10] were used to establish
the creep mechanisms, and experimental studies were
carried out under uniaxial loading conditions to de-
termine the creep parameters by the temperature per-
turbation method [11]. It was found out that under
certain conditions of diffusion bonding the creep ac-
tually begins from the second stage, and its rate can
be determined from the following equation:

ε⋅  = Bpm exp 



-- 

∆Hn

RT




, (1)

where B and m are the coefficients for a given material;
p is the effective stress (compression pressure); ∆Hn

is the creep activation energy; T is the temperature;
and R is the universal gas constant.

At a constant temperature, equation (1) can be
simplified to ε⋅  = Ñ1p

C2, where C1 and C2 are the co-
efficients. It was experimentally established that m =
= 3.5--4.6 under diffusion bonding conditions for met-
als under investigation (armco iron, steels 10854,
12Kh18N9T, and heat-resistant alloys), this evidenc-
ing the presence of the dislocation creep and corre-
sponding to the strain diagrams [10].

As shown in studies [5--7], a complex stressed state
forms within the bond zone between dissimilar mate-
rials. For these conditions, the creep rate equation
expresses the Mises--Hankey theory of general defor-
mation, which is based on the Mises law of flow and
equivalent stresses determined by using the known
equation [12].

It is impossible to conduct creep tests in diffusion
bonding of dissimilar materials. However, as shown
in study [12], in many cases it is possible to use results
of uniaxial loading tests to determine creep under
conditions of the complex stressed state and at variable
stresses and temperatures.

The effect of cyclic loading depends upon the maxi-
mal stress time to cycle period ratio. Acceleration of
the creep strain at variable stresses, compared with
creep at a constant stress, was found to take place
with decrease in the above ratio due to reduction of
the maximal stress time or increase in the loading
cycle period [12]. The effect of cyclic loading on the© V.I. MAKHNENKO and V.V. KVASNITSKY, 2009
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creep rate is estimated by coefficient ψ, which is a
ratio of the creep rate relative to the «net» loading
time in creep with periodic loading to the creep rate
at a constant stress. The experiments proved the strain
dependence of coefficient ψ. For example, at a strain
of more than 0.1 % per loading cycle, its value is close
to one. As follows from study [12], at a high tempera-
ture and short period of variations in stress, even in
the case where a mean stress is superimposed by a
sinusoidal cyclic stress (repeated-stress cycle), the
creep curve is the same as in the case of static creep.
Results of the creep tests [12] of low-carbon steel,
nickel alloy Nimonic 75 and other metals under con-
ditions of uniaxial loading and complex stressed state
caused by tension and torsion show that the creep
curve is the same independently of the tensile stress
to torsion stress ratio.

In diffusion bonding with thermal cycling, the
creep strain occurs at a variable temperature and vari-
able stress. The effect of variations in the above values
on the creep rate is characterised by the internal state
parameter, which is determined by creep strain ε and
described by the mechanical equation of state of solid
[12] ε⋅  = f(p, T, ε), i.e. the creep rate at any time mo-
ment is determined by the stress, temperature and
strain at the given time moment.

Based on the theory of strain and time hardening,
there are two approaches to a specific writing of the
mechanical equations. As to the character of variations
in diffusion bonding parameters, we chose the equa-
tion for time hardening, which has the following form
for the first stage of creep:

ε⋅  = C1p
C2 t C3 exp 




-- 

C4

T




, (2)

where C1 > 0, C2 and C3 are the coefficients deter-
mined from the experimental curves of creep of a ma-
terial; C4 = (∆Hn/R); and t is the strain time.

The values of strain at the first and second stages
of creep, proceeding from expressions (1) and (2), are
determined from the following equation:

ε = C1p
C2 

tC3 + 1

C3 + 1
 exp 




-- 

C4

T




 + C5p

C6 t exp 



-- 

C7

T




,   (3)

where C1 > 0, C2, C3, C5 > 0 and C6 are the coefficients
determined from the experimental curves of creep of
a material; C4 = (∆Hn(1)/R); and C7 = (∆Hn(2)/R).

Coefficients C5--C7 for the steady-state stage of
creep in equation (3) were determined by the tem-
perature perturbation method. As the energy of acti-
vation of a high-temperature creep is identical at the
first and second stages [13], coefficient C4 was as-
sumed to be equal to C7. Values of the rest of coeffi-
cients C1--C3 were determined by processing the creep
curves.

Calculations of SSS were made by using equations
(1) and (3) for the cases of loading of the S--S assembly
by a constant pressure of 15 MPa, thermal cycling
and pressure with thermal cycling. Combination of
the materials to be joined was such that the creep
process occurred only in the upper piece (1). The creep
rate in this piece was determined from equation (1)
at T = 1373 K. Values of the coefficients were taken
from the experimental data: C1 = 2⋅10--31 and 1⋅10--31

(models 1 and 2, respectively), and C2 = 3.65.
Fields of radial, axial, circumferential, tangential

and equivalent stresses, as well as plastic strains, were
investigated for both models and all variants of load-
ing. It was found that the creep rates at loading with
a constant pressure of 15 MPa form a complex stressed
state in one of the materials being joined, both in the
upper and lower non-deformed piece. Radial, circum-
ferential and tangential stresses form and grow, and
particularly near the bond, their maximal values
reaching the level of the applied axial ones as early
as within the first minutes of holding. Uniformity of
axial stresses is also markedly violated. In general,
they decrease in both materials, but only in a small
zone on the external surface of material 2 [5--7] they
increase 2--2.5 times. The fields of all the stresses
rapidly stabilise, and their character remains almost
unchanged during subsequent holding.

The field of equivalent stresses also changes ac-
cording to individual components. As seen from the
diagrams of distribution of equivalent stresses (Fi-
gure 1), in material 1 the equivalent stresses markedly
decrease in a major part of the bond as early as within
the first minute of holding, this decrease being espe-
cially pronounced in the internal part of the bond at
a distance of about 1/4 of thickness of the sleeve from
its internal surface. In material 2, on the contrary,
they grow in a major part of the bond to a level which
is 2 times or more in excess of nominal values of the
equivalent stresses, reaching the maximal values near
the internal and external edges of the bond.

To compare the SSS modelling results with the
results obtained by using equations (1) and (3), Fi-
gure 2 shows time variations in equivalent and tan-
gential stresses at a point located at a distance of
5 mm from the internal surface of the sleeve and
0.2 mm from the bond in material 1. It can be seen
from the Figure that stresses differ in value only within
the first minute, further on they fully coincide. There-
fore, for a time of impact of the stresses equal to more

Figure 1. Diagrams of distribution of equivalent stresses along the
bond in material 1 in loading by compression pressure of 15 MPa
in 0 (1), 30 (2), 60 (3), 90 (4) and 300 (5) s after loading
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than 1.0--1.5 min, it is possible to use a simpler equa-
tion to reduce the calculation time. The equivalent
stresses form a complex field of plastic creep strains
(Figure 3).

Unlike the stress fields, the strain field changes
during the entire holding time. However, its main
peculiarity persists ---- plastic strains develop in ma-
terial 1 mainly at a distance from the bond. A point
of concentration of strains forms at the external edge
of the bond during holding, the zone of increased
strains near this point gradually increases, but there
are hardly any plastic strains in the major part of the
bond. It is reported [13] that one of the methods to
localise plastic strains within the bond zone in solid-
state joining is to increase the strain rate. In diffusion
bonding with its low-intensity force effect, such
method cannot be realised at a low strain rate (1⋅10--6 --
1⋅10--4 s--1). Analysis of SSS with allowance for instan-
taneous plastic strains shows that thermal cycling is
an efficient method for localisation of plastic strains
within the bond zone [7]. The fields of instantaneous
plastic strains, allowing for instantaneous plasticity,
in the S--S assembly loaded by pressure, thermal cy-
cling and pressure with thermal cycling are shown in
Figure 4.

It can be seen from the Figure that thermal cycling
without and with pressure provides the distribution
of stresses in height of the pieces joined that is close
to the ideal one. Also, it leads to a more uniform
distribution of plastic strain in the bond, compared
with compression at a constant temperature. However,
SSS for the C--C assemblies under thermal cycling
conditions is characterised by a point with zero tan-
gential stresses present in the bond, and by a zone
with minimal equivalent stresses [4, 6, 7] and minimal
plastic strains (Figure 4, b) present near the above
point. It is suggested that the point and zone near it
should be called the stagnation point and zone, in
analogy with the terminology used in the theory of
hot pressure working of metals [11]. Formation of
plastic strains in this zone is hindered, and absence
of shear strains excludes any strain activation of the
mating surfaces [3]. Tangential stresses in bonding of
cylinders are equal to zero at the centre of a cylinder,
and in bonding of sleeves they are equal to zero near
the internal surface. The character of the fracture sur-
face in mechanical tests of the bonded specimens is
indicative of the fact that their fracture begins par-
ticularly in these zone. As seen from Figure 5, a, the
fracture surface of specimens of the C--C assembly
made from dissimilar materials has a conical shape

Figure 2. Variations of equivalent (curves 1, 1′) and tangential
(curves 2, 2′) stresses with time in central part of the bond according
to equations (1) (curves 1, 2) and (3) (curves 1′, 2′)

Figure 3. Field of plastic creep strains ε in loading with compression
at different time moments after loading: a ---- 60; b ---- 90; c ----
180; d ---- 300 s

Figure 4. Fields of instantaneous plastic strains εp in S--S type samples loaded by compression (a), heating and cooling (b), compression
with heating (c), and compression with cooling (d)

8/2009 9



with an apex on the specimen axis, and that of the
sleeves has the form of a strip near the internal surface
(Figure 5, b). The fracture develops from the strip to
the external and internal surfaces with a tear in a less
strong metal.

The most uniform distribution of plastic strains in
the bond is provided by compression combined with
thermal cycling (see Figure 4, c, d), which provides
the full-strength bonds with a fracture occurring in
tests in a less strong metal. Modelling of SSS allowing
for instantaneous plastic strains shows that plastic
strains reach their highest values in compression com-
bined with thermal cycling in a case where the mate-
rials joined have close yield stress values. In this case
the plastic strains propagate in the bond almost uni-
formly, being localised during heating and cooling in
turn in one and the other material.

Modelling of SSS of cylindrical assemblies allow-
ing for creep strains proved the mechanisms of its
formation established in solving the elasticity and in-
stantaneous plasticity problems. A variant of holding
of pieces of dissimilar materials at a bonding tempera-
ture and constant pressure does not provide formation
of plastic strain in the entire bond. Moreover, the
creep rate in material 1 within the bond zone is much
lower than at a distance from it, this leading to in-
creased general strains of the bonded assembly. The
fields of strains for variants of thermal loading and

Figure 5. Character of fracture surfaces on bonded samples of cy-
linders (a) and sleeves (b)

Figure 6. Fields of creep strains ε under thermal (I) and combined loading by compression and increase in temperature (II) at different
time moments after loading: a, f ---- 0; b, g ---- 1; c, h ---- 2; d, i ---- 30; e, j ---- 300 s
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compression with thermal cycling, allowing for creep
strains, are shown in Figure 6.

The level of equivalent stresses in both materials
decreases in thermal loading as a result of creep of
material 1. Plastic creep strains are concentrated in
material 1 near the bond, and with time they cover
an increasingly wider zone (Figure 6, a).

Under combined loading by compression and heat-
ing, the strains in the first seconds are also concen-
trated near the bond (Figure 6, b), and they reach
their maximal values during 1 min, their distribution
in this case being almost uniform. In long-time holding
(for 300 s), the creep strains propagate in the entire
height of a specimen, their values growing with dis-
tance from the bond.

As proved by the investigation results, the creep
strains increase the level of plastic strains both in
thermal and combined loading by compression and
heating. In thermal cycling, they level the distribution
of strains in the bond.

Therefore, the calculation results showed that the
combined loading by compression and thermal cycling
is indicated only in short-time loading, where the in-
stantaneous plasticity strains are distributed along the
bond almost uniformly, thus providing formation of
a physical contact between the materials joined over
the entire bond. The initial stresses, when they de-
crease due to creep of a material, should not be re-
stored. At the holding stage, it is better to apply
purely thermal loading, which provides not only lo-
calisation of plastic creep strains near the bond, but
also their sufficiently uniform distribution over its
entire surface area.

CONCLUSIONS

1. Modelling of SSS allowing for creep strains in dif-
fusion bonding of dissimilar materials showed persist-
ence of the main mechanisms of its formation estab-
lished for the stages of elastic deformation and for-
mation of short-time (instantaneous) plasticity
strains, as well as some increase in the level of strains.

2. In terms of SSS, combined loading by compres-
sion and increase in temperature is most efficient in
the initial period of formation of the bond, where
plastic strains are distributed almost uniformly along
the bond.

3. At the holding stage, it is better to apply a low
compression pressure and thermal loading, which pro-
vide not only localisation of plastic strains near the
bond, but also their sufficiently uniform distribution
over its entire surface area. The holding time and
compression pressure values should be selected with
allowance for properties of the materials being joined
(creep resistance).
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The paper describes the results of application of power sources with a combined external volt-ampere characteristic for
narrow-gap welding of plates and repair cladding of freight car wheel flanges.
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Substantiation of the possibility of performing auto-
matic submerged-arc welding and cladding by low-
density current. Automatic submerged-arc welding
and cladding of steel structures is one of the leading
processes in fabrication and repair of steel structures
and machine parts.

Automatic welding can be performed in a broad
range of currents, using local equipment and different
engineering solutions aimed at arc length stabilization
and improvement of the stability of operation of
«power source--arc--weld pool» system (PS--A--WP)
[1]. However, application of electrode wire of 4--5 mm
diameter and welding modes with current density be-
low 40 A/mm2 aggravates the problem of arc length
stabilization. For each wire diameter del minimum ad-
missible values of current I or current density j were
established (Table), at which it is possible to achieve
a stable arcing process at application of standard weld-
ing equipment. At the same time, it is possible to
perform automatic welding in modes with current den-
sity below the values given in the Table, thus opening
good prospects for application of large diameter elec-
trode wire instead of thin wire.

Application of large diameter wires and low-den-
sity welding current is rational at automatic narrow-
gap submerged-arc welding (pressure on the weld pool
is reduced), in fabrication of complex 3D structures
(residual welding deformations are reduced), as well
as at performance of cladding operations (base and
clad metal mixing is reduced) [2]. Lowering of current
density and increase of electrode diameter are also

favourable for current-conducting tip resistance, thus
reducing the equipment operation costs. Application
of 4--5 mm electrode wires instead of 2--3 mm wires
for welding is cost-effective due to the low cost of
larger diameter wires, irrespective of their grade, as
manufacture of 5 mm wire from the rolled bar does
not include such a labour-consuming operation as
high-cycle «hot drawing», which is compulsory for
thin wires.

So, for instance, the cost of 1 t of 2 mm welding
wire of Sv-08A (Sv-10Kh2M) grade is equal to approxi-
mately 4.08 (8.96); 3 mm ---- 3.84 (8.43); 4 mm ---- 3.78
(7.92); 5 mm ---- 3.72 (7.84) thou UAH [3].

Arc process stability in low-density current weld-
ing can be essentially increased by application of rec-
tifiers with a combined external volt-ampere charac-
teristic [4]. The electrode wire feed rate is unchanged,
and is determined by the specification, while arc volt-
age is controlled by adjustment of welding circuit
voltage and resistance. Rectifiers of VDU25 series
with a combined external volt-ampere characteristic
(Certificate of compliance # UA1.012.0165143--06)
accommodate a controllable rectifier block, assembled
as a six-phase circuit of current rectification with a
paralleling reactor, which ensures a low welding cur-
rent ripple factor and high accuracy of welding voltage
stabilization. The adjustable combined external char-
acteristic provides optimum welding modes and high
dynamic properties of the sources [5].

The process of automatic submerged-arc welding
or cladding at low-density current using rectifiers with
a combined external characteristic is performed as fol-
lows. The source is set up so as to ensure arcing at
working values of voltage and current, i.e. so that
voltage U in point A (point of transition from the

© S.V. DRAGAN, Yu.A. YAROS and A.A. YAROS, 2009

Admissible values of current (density) depending on electrode wire diameter

Kind of current, arc stabilization principle
Electrode wire diameter, mm

2.0 3.0 4.0 5.0

Alternating current, automatic regulation 290 (92.3) 400 (56.6) 530 (42.2) 680 (34.7)

Alternating current, self-regulation 220 (70.0) 330 (46.7) 420 (33.4) 550 (28.0)

Direct current 160 (51.0) 220 (31.1) 320 (25.5) 450 (22.3)

12 8/2009



steeply-falling to the flat part of the combined exter-
nal characteristic) was by 14--21 % lower than working
voltage U of the welding process (Figure 1). The
welding process starts after ignition of the welding
arc by short-circuiting of the electrode on the item
and achievement of working values of voltage U and
current I.

However, the arising voltage fluctuations in the
range from Uw1 to Uw2 can lead to the respective
current changes. So, at voltage increase from Uw up
to Uw1 (up to 10.5 %) welding current drops from Iw
to Iw1, and at voltage lowering from Uw to Uw2 current
rises up to Uw2. As arc power in the range of working
voltages and currents is applied in the steeply-falling
part of the external characteristic, current fluctuations
are small. This essentially reduces the variation of the
depth of base metal penetration and improves the clad
layer formation. At development of disturbances and
lowering of arc voltage by 21 % and more (for instance,
from Uw to Uw3), which may lead to welding process
disturbance and beginning of short-circuiting mode,
the power to the arc is fed in the flat part of the
external characteristic. As a result, current rises from
Iw up to Iw3, the process of arc self-regulation is in-
tensified, i.e. electrode wire melting rate rises, the arc
becomes longer and the set working voltage U is re-
stored. At the same time, current is automatically
decreased to value I. Thus, an abrupt pulsed increase
of current stabilizes the welding process, preventing
the short-circuiting mode and improving the quality
of weld formation [6].

Narrow-gap welding of large-sized panels. Auto-
matic narrow-gap submerged-arc welding by low-den-
sity current of 20--25 mm thick panels is promising in
fabrication of large-sized ship and mechanical engi-
neering structures. Compared to the widely used weld-
ing into an X-shaped groove, this process has the fol-
lowing obvious advantages:

• elimination of the operation of two-sided beveling
of the abutted plate edges from the technological process;

• absence of labour-consuming additional opera-
tions, associated with reduction of the longitudinal
welding deformations by panel pre-tension before
welding both from one, and the other side (rigid at-
tachment of the plates to the bench, heating of stretch
straps, their removal and re-mounting after the panel
has been turned over);

• reduction of transverse welding deformations of
the panel as a result of the possibility of free expansion
of the metal across the weld axis.

One of the conditions for producing a sound weld
in automatic narrow-gap welding is the stability of the
arcing process during the arc migration from one of the
edges being welded to the other with periodical short-
ening of the arc with edges melting and weld pool for-
mation. To ensure a continuous running of the welding
process, PS--A--WP system should have a high stability
at arc length variations. Arc pressure on the weld pool
should be minimum to eliminate the possibility of the
molten metal flowing out of the gap [7].

The complexity of simultaneous fulfillment of the
above conditions when batch-produced equipment is
used, limits the application of narrow-gap welding in
industry, despite its advantages. Power sources with
flat and drooping characteristics do not provide weld-
ing current stability at the change of arc length in
operation with standard automatic machines, thus
leading to development of lack-of-fusion on one of the
edges, due to interruption of the process of arc migra-
tion (Figure 2, a).

Specialized automatic machines fitted with the
mechanism of transverse oscillation of welding wire,
which stabilizes the arc length and welding current,
respectively, are usually mounted on welding gantries.
Mounting of such a mechanism on tractor-type auto-
matic machines, applied in shipbuilding, is difficult,

Figure 1. Combined external characteristic of the power source at
arc length variations

Figure 2. Macrosections of the joints made by narrow-gap welding with application of standard equipment (a) and power source with
a combined external characteristic (b)
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because of limitations on weight and overall dimen-
sions.

Power sources with a combined external charac-
teristic provide a high elasticity of the arc and welding
current stabilization in the working part and stable
operation of PS--A--WP system in the low-density cur-
rent range, thus promoting a lowering of welding arc
pressure and prevention of weld pool running out.

The bench for narrow-gap welding applied in fab-
rication of large-sized panels, is a light-weight (due
to absence of a high rigidity requirements) framed
metal structure with 10 mm deck. A 120 mm wide
slot is envisaged along the weld axis for placing the
trough with the flux.

The developed technology of automatic narrow-
gap welding of panels from 3sp1 (killed) steel 20 mm
thick using AN-348A flux and Sv-08A wire of del =
= 5 mm with application of VDU25-1202 rectifier
with a combined external characteristic and TS-77
welding tractor envisages the following sequence of
work performance: mounting the trough with the flux
backing; mounting the plates to be welded with 4 mm
gap and its fixation with technological straps; mount-
ing the tractor guide rail and adjustment of tractor
motion; welding the first weld in the following mode:
Iw = 450--460 A (j = 22.9--23.4 A/mm2), Uw = 31--
32 V, vw = 20 m/h; item turning over; weld root
cleaning with a pneumatic tool; re-mounting of the
tractor guide rail with the tractor and adjustment of
tractor motion; welding the second weld in the fol-
lowing mode: Iw = 890--900 A (j = 45.4--45.9 A/mm2),
Uw = 33--34 V, vw = 30 m/h.

Samples welded by the above technology were sub-
jected to metallographic investigations and mechani-
cal testing: static tension, bending and hardness meas-
urement. Mechanical characteristics of weld metal
(average values over five measurements) were as fol-
lows: σt = 472 MPa; σy = 294 MPa; δ5 = 28.5 %; ψ =
= 68.2 %; impact toughness value KCU for root weld
metal at +20 °C was 217 J/cm2.

Hardness of welded joint metal for the root weld
was HV10--184 (weld); HV10--18 (HAZ metal);
HV10--179 (base metal); for the facing weld: HV10--
194 (weld); HV10--182 (HAZ metal); HV10--179
(base metal).

Results of metallographic analysis and mechanical
testing of the welded joint showed the following;

• the joint has no cracks, slag inclusions, lacks-of-
fusion on the edges (Figure 2, b) or other defects,
which confirms the stability of the arc migration from
one of the edges being welded to the other when pow-
ering the arc by low-density current from a source
with a combined external characteristic;

• at tensile testing of the welded joint all the
samples failed in the base metal, at testing for static
bending in the longitudinal and transverse direction
in a 30 mm mandrel the samples withstood a bending
angle of 100° without cracking; weld metal has a fer-
rite-pearlite structure, HAZ length is 4--6 mm; geo-
metrical dimensions of the weld, mechanical charac-

teristics and structure of the welded joint metal meet
the requirements of SNiP III-18--75 and SNiP 3.03.01--
87 and specifications.

Developed equipment and technology of automatic
welding of up to 25 mm thick panels, providing a
sound weld formation without preliminary rigid fas-
tening of the plates being welded, have been intro-
duced at MK MONTAZh (Krivoj Rog).

Cladding freight car wheel flanges. The most rap-
idly wearing elements of freight car wheel pairs are
flanges of all-rolled wheels made from 65G steel. For
their reconditioning, repair factories apply the tech-
nology of automatic twin-arc submerged-arc cladding
with preheating up to 200 °C with 2 mm solid wires.
A feature of this technology is welding into two pools,
when the second arc remelts the bead deposited by
the first arc, without any direct contact of the arc
with the base metal.

Cladding is performed in the following mode: cur-
rent of the first arc Icl1 = 190--250 A; that of the second
arc Icl2 = 290--330 A; each arc voltage Ua = 30--34 V;
cladding rate vcl = 24--25 m/h; cladding step is
4.5 mm [8]. The above parameters of the mode corre-
spond to arc current density j = 60--100 A/mm2. When
such a mode is used, base metal penetration depth
reaches 3--4 mm. In addition, because of the intensive
heat evolution into the wheel mass, there is a high
probability of formation of quenching structures with
a high hardness, and, hence, of cracks or tears in the
clad layer metal, inadmissible by the wheel service
requirements [8, 9]. On the other hand, machining of
the clad surface also becomes more difficult.

The required properties of the clad metal and HAZ
at a simultaneous reduction of the cladding process
cost can be ensured by application of larger diameter
electrode wire at preservation of the currently used
mode parameters.

Application of cladding by current of less than
40 A/mm2 density allows lowering both the penetra-
tion depth and the extent of base metal dilution by
the clad metal at a simultaneous improvement of the
clad metal structure.

In order to develop the commercial technology we
studied the quality of automatic submerged-arc bead
deposition by low-density current with 4 mm Sv-
08KhM wire and AN-348A flux on 65G steel plate
samples 5 mm thick.

Cladding was performed in a welding station fitted
with TS-77 tractor and VDU25-630K rectifier with a
combined external characteristic. Beads were depos-
ited in the following mode: Icl = 220--230 A (j = 17.5--
18.3 A/mm2), Ua = 31--32 V, vcl = 24 m/h. Experi-
ments were conducted with initial condition variation.

Variant 1. Deposition of one bead with intensive
heat removal into water. This variant simulates the
technology of wheel flange cladding and models heat
removal in the radial direction. Before deposition the
sample-plate was fastened on a special bench so that
its lower surface was immersed into water.
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Variant 2. Deposition of one bead with base metal
preheating to temperature T = 250--300 °C.

Variant 3. Successive deposition of two beads with
shifting by one step over the metal preheated up to
T = 250--300 °C (close to the actual conditions of
operation of an industrial cladding machine).

Study of the macro- and microstructure of the
transverse sections led to establishment of the follow-
ing regularities:

• at deposition by variant 1, quenching cracks in-
itiate in the HAZ metal because of the high cooling
rate (Figure 3, a) and an insignificant penetration of
base metal in the weld peripheral regions is observed.
Deposited bead width reaches 16 mm, penetration
depth is 2.6 mm;

• application of preheating (variant 2) leads to a
greater width of the deposited bead and base metal
penetration depth by 10--15 % (Figure 3, b). However,
the penetration depth still turns out to be 30--40 %
less than with the currently applied industrial tech-
nology. Deposition of the second bead on the surface
of the plate preheated by previous deposit (variant 3)
does not increase the depth of base metal penetration
(Figure 3, c);

• at successive deposition of two beads the metal
structure of the second bead (Figure 4, a) is medium-
grained sorbite, line of fusion of the second bead with
the first one (Figure 4, b) is characterized by transition
from medium-grained sorbite to fine-grained one.
Structure of the metal deposited by the first arc (Fi-
gure 4) is fine-grained sorbite, tempered by the second
arc, line of fusion of the first bead with the base metal
(Figure 4, d) has a graded structure: from fine-grained
sorbite to pearlite-sorbite structure;

• measurement of metal hardness at different vari-
ants of cladding confirms the results of metallographic
investigations. Deposited metal hardness for variant
1 is equal to HV5--440; 2 ---- HV5--270; 3 ---- HV5--
240; for HAZ metal for variant 1 ---- HV5--630; 2 ----

Figure 4. Metal microstructure at successive deposition of two beads: a ---- deposited metal of the second bead; b ---- fusion line of the
first and second bead; c ---- metal of the first bead; d ---- fusion line of the first bead and base metal (×170)

Figure 3. Macrosections of bead cross-sections under different clad-
ding conditions: a ---- without preheating; b ---- with preheating;
c ---- successive deposition of two beads
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HV5--300; 3 ---- HV5--250; base metal hardness for
all the deposition variants is the same and is equal to
HV5--240.

When cladding is performed without preheating
(variant 1) the deposited metal develops hardness,
which is higher than that of the base metal more than
1.5 times; HAZ metal demonstrates a considerable
hardening with its abrupt lowering at transition to
the base metal. At deposition on preheated metal (vari-
ant 2) a lowering of hardness in the deposited metal
is observed and the hardened metal zone in the HAZ
is preserved. Deposition of two beads with one-step
shift (variant 3) ensures a practically complete equal-
izing of the deposited and base metal hardness in the
deposition zone.

Metal hardness obtained in variant 3 does not hin-
der further mechanical treatment of the clad layer of
reconditioned wheel flanges and meets the require-
ments made of the service conditions of the wheel
pair. Thus, the third variant of cladding technology
by current of less than 40 A/mm2 density, is admis-
sible for commercial application.

The pilot-production technology and batch of
power sources with a combined volt-amphere charac-
teristic included into KT 068 units (developer is De-
sign Office of «Ukrzaliznytsa», Kiev) for recondition-
ing railway car wheel pairs, have been introduced into
production in «Ukrzaliznytsa» repair enterprises.

CONCLUSIONS

1. Technology of automatic submerged-arc welding
and cladding by low-density current (17--24 A/mm2)
using power sources with a combined external char-

acteristic was developed for fabrication of large-sized
panels and reconditioning worn wheel pairs of railway
freight cars.

2. Replacement of welding with a two-sided edge
preparation by narrow-gap welding of up to 25 mm
thick panels ensures sound weld formation without
rigid pre-fixing of the sheets to be welded and achieve-
ment of joint properties meeting the SNiP specification
requirements.

3. Cladding of freight car wheel flanges by two
4 mm electrode wires allows obtaining base metal
properties satisfying the requirements of subsequent
machining of the surface and conditions of wheel pair
service.
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INFLUENCE OF THE RATIO
OF DIMENSIONS OF CYLINDRICAL PARTS
FROM DISSIMILAR MATERIALS ON THEIR

STRESS-STRAIN STATE IN DIFFUSION WELDING*

V.F. KVASNITSKY1, M.V. MATVIENKO1, G.V. ERMOLAEV1, A.V. LABARTKAVA1 and V.D. KUZNETSOV2

1Admiral Makarov National Shipbuilding University, Nikolaev, Ukraine
2NTUU «Kiev Polytechnic Institute», Kiev, Ukraine

Computer simulation based on finite element method was used to study the influence of the ratio of dimensions (radii
and height) of cylindrical parts of the type of cylinders and bushings from dissimilar materials on the stress-strain state
in the butt zone in diffusion welding, allowing for plastic deformations under the conditions of loading by compression
and thermal cycling, and to establish the regularities of its formation.

K e y w o r d s :  diffusion welding, dissimilar materials, stress-
strain state, plastic deformation, cylinder--cylinder component,
bushing--bushing component, relative radius, relative height,
computer simulation, stagnation point

The main regularities of formation of stress-strain state
(SSS) in vacuum diffusion welding of components
from dissimilar materials are given in [1--4]. It is es-
tablished that welding of blanks with different
physico-mechanical properties leads to formation of a
bulk stressed state, promoting localizing of plastic
deformations in the butt zone. The most effective
method to localize deformations is thermal cycling.

Bulk stressed state is due to the difference in ri-
gidity, strength and coefficients of linear thermal ex-
pansion (CLTE) of the materials being joined. Stresses
and strains are non-uniformly distributed along the
butt joint. The most unfavourable for joint formation
is the so-called stagnation zone with zero tangential
stresses, minimum equivalent stresses and plastic de-
formations, as deformation-induced activation of the
surface in it is eliminated [5]. The position of this
zone needs to be known, when designing blanks for
dissimilar material components to be welded by dif-
fusion process. During earlier research [6] the influ-
ence of the combination of the materials being joined
and loading modes on SSS was studied on models of
the type of cylinder--cylinder (C--C), bushing--bush-
ing (B--B) and bushing--flange. Model dimensions (ra-
dius and height) and position of the stagnation zone
remained constant. It is obvious that the size and
position of this zone can change at the change of the
ratio of the part dimensions. Therefore, studying the
degree of the influence of the geometrical factors on
the earlier established regularities is urgent.

The purpose of this work is establishing the influ-
ence of the main dimensions of cylindrical parts of

C--C and B--B type on the SSS at diffusion welding
of dissimilar materials.

Investigations were performed by the method of
computer simulation using ANSYS program package.
Components and models, the shape and size of which
were similar to those used in previous studies [1--4]
were considered. Moduli of elasticity and strength of
materials were taken to be the same (E1 = E2 =
= 1⋅105 MPa), yield points were selected on such a
level that plastic deformations ran in both the parts
(on the level below the maximum equivalent ones,
found in an elastic solution, i.e. σy1 = σy2 < σeq

max).
Modulus of hardening at plastic deformation was
taken to be zero for all the materials. CLTE for all
the materials being joined in all the variants differed
2 times (α1 = 10⋅10--6; α2 = 20⋅10--6 1/deg).

In C--C and B--B type components thermal loading
(heating by 100 °C) in an unrestrained state was con-
sidered, as it is the main cause for appearance of tan-
gential stresses in the butt joint and presence of stag-
nation point and zone is the most pronounced. In order
to generalize the obtained regularities, the results were
compared with the variant of simultaneous loading by
compression (40 MPa) and thermal cycling (±100 °C).

Proceeding from the ratio of the main dimensions
(inner radius, thickness and height of the bushing)
the cylindrical components were conditionally divided
into three groups: bushings (height is greater than the
radius and thickness, i.e. the prevailing dimension is
height), flat rings ---- discs (thickness is much greater
than the inner radius and height, i.e. the prevailing
dimension is thickness), and thin rings (inner radius
is much greater than the height and thickness, i.e. the
prevailing size is the inner radius).

Accordingly, the dimensions of components C--C
and B--B were varied within the following ranges:
bushing inner radius r from 0 (cylinder) up to 450 mm;
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bushing height h from 1 to 20 mm, bushing thickness
(difference between the inner and outer radii) b = R --
-- r from 4.5 up to 20 mm. Here, the ratio of dimensions
changed within the following ranges: r/b from 0 up
to 90 (thin ring) at h/b from 0.13 (flat ring) up to
2.7 (0.13, 0.67, 1.6 and 2.7).

Influence of relative radius. Ratio of inner radius
to bushing thickness r/b was studied at constant bush-
ing thickness b = 7.5 mm, height h = 1, 5, 12 and
20 mm, and radius r from 0 (cylinder) up to 200 mm
(ring). Fields of axial, tangential, equivalent stresses
and plastic deformations at heating were investigated.

Analysis of the results showed that the nature of
tangential stress distribution along the butt at vari-
ation of inner radius is constant (Figure 1). Stresses
decrease almost linearly from the maximum near the
outer surface to zero in the stagnation point and then
increase again after sign change closer to the inner
surface. Maximum stresses near the outer surface are
preserved at increase of inner radius from 0 (C--C

component) up to 100 mm (B--B component), and
near the inner surface the stresses first rise at increase
of the relative radius up to 2 and then remain constant.
The position of the stagnation point along the butt
length (bushing thickness) x/b changes from 0 (in
the cylinder) up to 0.45 (at r/b = 13), i.e. at increase
of the inner radius the stagnation point shifts from
the cylinder center at r(r/b) = 0 closer to bushing
mid-thickness (3.75 mm).

At loading by compression with thermal cycling,
the nature of distribution of tangential stresses in the
butt joint changes insignificantly, their level de-
creases, and stagnation point moves to the left only
slightly (fractions of a millimeter).

At the change of inner radius the nature of distri-
bution of plastic deformations along the butt joint
changes (Figure 2). At its increase the deformations
at the outer surface gradually decrease, and near the
inner surface they increase. In samples of C--C type
plastic deformations are absent, they appear already
at inner radius of 1 mm (r/b > 0.13) and noticeably
increase with increase of the radius.

With greater distance from the inner and outer
surfaces, plastic deformations decrease to zero. Stag-
nation zone (zero plastic deformations) changes only
slightly with increase of the radius, remaining at about
4 mm (0.55b) at all the radii.

At the change of heating to cooling the axial stress
fields are mirrored relative to the butt line, those of
tangential stresses reverse their sign, while fields of
equivalent stress and plastic deformations do not
change.

At simultaneous loading by compression and ther-
mal cycling plastic deformations increase along the
entire butt joint from the side of the material with

Figure 1. Epures of tangential stresses in the butt at h = 12 mm:
1 ---- cylinder welding r(r/b) = 0 (0); 2--4 ---- bushing welding at
r(r/b) = 2.5 mm (0.33), 15 (2.0) and 100 (13.3), respectively, at
loading by thermal cycling (solid curves) and compression and
thermal cycling (dashed)

Figure 2. Epures of plastic deformations in the butt joint at r(r/b) = 0 (a), 2.5 (0.33) (b), 15 (2.0) (c) and 100 mm (13.3) (d)
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smaller CLTE at heating and that with larger CLTE
at cooling. From the side of the second material, plas-
tic deformations decrease to zero at heating in the
material with a higher CLTE and at cooling ---- in the
material with smaller CLTE, respectively.

Figure 3 shows the graphs of dependence of the
position of stagnation point (zero tangential stresses)
relative to the bushing inner surface along the butt
joint length on the relative radius at different relative
height of the bushing h/b at loading by thermal cy-
cling. For comparison, the position of stagnation
points at simultaneous loading by compression and
thermal cycling is shown. As can be seen from the
Figure, at r/b = 0 (cylinder without inner surface)
the stagnation point is exactly on the axis (in the butt
joint center), i.e. ratio x/b is equal to zero. In the
presence of a bore of even a small radius inside the
cylinder the stagnation point is shifted farther from
the axis (from the inner surface) the faster, the smaller
the relative height.

At a small relative height (h/b = 0.13), i.e. in a
component of flat disc type, even at relative radius
h/b = 0.2, the relative distance from the inner surface
x/b reaches 0.5, i.e stagnation point moves closer to
mid-thickness.

At large relative heights (h/b from 0.67 to 2.67)
stagnation point is also shifted closer to mid-thickness,
but to a smaller degree. At r/b = 1 ratio x/b is equal
to 0.45, 0.33 and 0.3 at relative heights of 0.67, 1.6
and 2.67, respectively.

Further increase of inner radius, i.e. transition
from the bushing to the ring, continues to gradually
shift the stagnation point from the inner surface to
mid-thickness, and the stronger, the smaller the rela-
tive height of the bushing. At relative radius r/b >
> 40 position of stagnation point x/b = 0.5, practi-
cally at all the heights.

At simultaneous loading by compression with ther-
mal cycling the position of stagnation points practi-
cally does not change in a flat disc (see Figure 3,
curve 1) and somewhat shifts towards bushing axis
(Figure 3, curve 3), i.e. application of a compressive
force has an influence similar to increase of bushing
height.

Influence of relative height. Ratio of bushing
height to its thickness, h/b, was studied at constant

bushing thickness b = 7.5 mm, height from 1 to 20 mm
and radii r = 3, 8 and 50 mm.

Analysis of epures of tangential stresses (Figure 4)
shows that the level of maximum stresses both near
the inner and the outer surfaces changes only slightly
at all the heights. However, the nature of distribution
along the butt changes from abruptly non-uniform
with a large stagnation zone (zero tangential stresses)
at a small height (h/b = 0.13) to a value close to a
linear one at large heights (h/b > 1). The Figure also
clearly shows the shifting of the stagnation point (zero
tangential stresses) and its removal from bushing mid-
thickness with increase of relative height.

Plastic deformation zone changes considerably
with increase of relative height of the bushing and
deformation level also changes. Relative extent of the
stagnation zone decreases from 0.9 at h/b = 0.13 to
0.65 at h/b > 1.

At simultaneous loading by compression and ther-
mal cycling distribution of tangential stresses changes
noticeably only at a small relative height (see Fi-
gure 4, curves 1). Zone with zero tangential stresses
disappears, stress peaks near the bushing surfaces be-
come somewhat smaller, and the epure takes on the
shape characteristic for bushings of a large relative
height. Thus, the conclusion about application of a
compressive force being equivalent to increase of the
bushing relative height is confirmed.

Figure 5 shows the graphs of dependence of stag-
nation point position (relative to bushing inner sur-

Figure 3. Dependence of the position of stagnation point on bushing
relative radius r/b at the height: 1, n ---- h = 1 mm (h/b = 0.13);
2 ---- 5 (0.67); 3, l ---- 12 (1.6); 4 ---- 20 (2.67) Figure 4. Epures of tangential stresses in the butt joint in welding

of bushings: 1 ---- r = 8 mm, h(h/b) = 1 mm (0.13); 2 ---- 3 (0.4);
3 ---- 7.5 (1.0); 4 ---- 15 (2.0) at loading by thermal cycling (solid
curves) and compression and thermal cycling (dashed)

Figure 5. Dependence of the position of stagnation point on relative
bushing height h/b: 1, n ---- r(r/b) = 3 mm (0.4); 2, l ---- 8
(1.07); 3 ---- 35 (4.67); 4 ---- 50 (6.67)
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face) along the butt joint length on relative height at
different inner radii of the bushing. Respective values
for the variant of loading simultaneously by compres-
sion and thermal cycling are also shown there by dots
for comparison. As is seen from the Figure, position
of stagnation point at low relative height (h/b = 0.1 --
0.2) only insignificantly depends on radii and thick-
ness and is close to 0.5. At medium and large relative
heights (h/b > 0.2) relative distance from the bushing
inner surface to stagnation point depends both on the
relative height and relative radius, decreasing with
increase of relative height and increasing with increase
of relative radius. At simultaneous loading by com-
pression and thermal cycling, the stagnation point,
similar to previous cases, shifts closer to the inner
surface.

Thus, analysis of simulation results allows estab-
lishing the following main regularities of the influence
of the ratio of dimensions (radius, height and thickness)
of cylinders and bushings on SSS of dissimilar material
joints in diffusion welding at heating (cooling).

The nature of the fields of stresses and plastic
deformations changes at increase of relative inner ra-
dius of the bushing. At small radii, plastic deforma-
tions are concentrated near the butt joint in its half
adjacent to the outer surface and uniformly cover both
the materials. Increase of the radius leads to appear-
ance of the second field of plastic deformations in the
half of the butt adjacent to the bushing inner surface.
At increase of inner radius, the plastic deformation
zone near the outer surface is somewhat decreased,
and near the inner surface it is increased. Stagnation
zone changes only slightly with increase of relative
radius, remaining equal to about 4 mm (0.53) at all
the radii.

Nature of distribution and level of tangential
stresses along the butt joint does not change at increase
of inner radii, but stagnation point shifts from the
cylinder center closer to the bushing mid-thickness.
At small relative height (h/b = 0.13), i.e. in a com-
ponent of the type of a flat disc, even at small relative
radii (r/b = 0.5) stagnation point becomes closer to
mid-thickness. At large relative heights stagnation
point shifting closer to mid-thickness is also found,
but to a smaller degree. Further increase of inner radii,
i.e. transition from bushing to ring, continues to
gradually shift the stagnation point from the inner
surface to mid-thickness, and the stronger, the smaller
the relative height of the bushing.

Fields of tangential stresses retain their symmetry
relative to the butt at all heights. However, skew
symmetry relative to mid-thickness is preserved only
at small relative height, being disturbed with greater
height.

Fields of plastic deformations somewhat change,
with height increase the plastic deformation zone in-
creases to a greater extent near the outer surface.

Level of maximum tangential stresses both near
the inner and the outer surface changes only slightly
at all the heights. Nature of distribution along the
butt changes from abruptly non-uniform with a large
stagnation zone (zero tangential stresses) at a small
height (h/b = 0.13) to that close to the linear one at
large heights (h/b > 1). Stagnation point shifting
and its removal from bushing mid-thickness occur with
increase of relative height.

Stagnation point position at a small relative height
(h/b = 0.1--0.2) only slightly depends on radius and
thickness and is close to 0.5. At medium and large
relative heights (h/b > 0.2) relative distance from
the bushing inner surface to stagnation point depends
both on relative height, and on relative radius, de-
creasing with increase of relative height and increasing
with increase of relative radius.

At simultaneous loading by compression and ther-
mal cycling, the established regularities are preserved,
but stagnation point somewhat shifts to the side of
the bushing inner surface, i.e. the influence of the
compressive force is similar to increase of bushing
relative height.

CONCLUSIONS

1. Position of stagnation point and size of stagnation
zone depend on the ratio of dimensions (inner radius,
thickness and height) of cylindrical components from
dissimilar materials, which should be taken into ac-
count in design of parts to be joined by diffusion
welding.

2. In components of the type of disc and thin ring
stagnation point is located in the butt middle part
close to mid-thickness.

3. With decrease of relative inner radius and in-
crease of relative height of bushings being welded the
stagnation point shifts from mid-thickness to bushing
inner surface. At joining of cylinders it is located in
the butt joint center.

4. Minimum value of stagnation zone in joints of
cylindrical parts is provided by diffusion welding at
simultaneous compression and thermal cycling.
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INFLUENCE OF WELDING AND POST-WELD HEATING
ON STRUCTURAL TRANSFORMATIONS

AND PROPERTIES OF HAZ OF WELDED JOINTS
ON HARDENING STEELS

Yu.M. LEBEDEV
Admiral Makarov National Shipbuilding University, Nikolaev, Ukraine

Experimental investigations of influence of welding and post-weld heating on hardness and impact toughness of simulated
high-temperature areas of heat-affected zone (HAZ) of joints on low-carbon high-strength steels and medium-carbon
40Kh steel were carried out. Peculiarities of phase transformations in these steels were studied. It is determined that the
most effective is fast post-weld heating of HAZ metal in a temperature interval, corresponding to intercritical interval
of AC1--AC3.

K e y w o r d s :  heat-affected zone, high-strength hardening
steels, post-weld heating, diagrams of thermal-kinetic transfor-
mation of HAZ austenite, hardness, impact toughness

Martensite structure, tending to delayed fracture and
formation of cold cracks, is formed in a heat-affected
zone (HAZ) during welding of low- and medium-alloy
steels. Product preheating allows preventing or lim-
iting the hardening of HAZ metal at given welding
or cladding modes, however, it complicates welding
engineering procedure and increases product cost. Ap-
propriateness of using this operation in steel welding
should be proved in each particular case. Analysis of
the possibility of HAZ hardening and calculation of
minimum heating temperature, at which cold crack
formation is eliminated, can be done using results
obtained in work [1]. Time of metal cooling in the
range from critical point AC3 up to temperature of the
start of martensite transformation Ms at a given weld-
ing or cladding mode should be determined for that.

Time of cooling of HAZ metal in specified tem-
perature interval in single-pass welding or cladding
on a massive body can be calculated by the following
formulas:
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where qh.i is the heat input; λ is the heat conductivity
coefficient; T0 is the item initial temperature; v is the
welding (cladding) speed; cγ is the volumetric heat
capacity; δ is the thickness of plates being welded at
single-pass welding.

Values of critical points depend on steel composi-
tion, which for low-alloy steel can be determined by
following dependences:

AÑ3 [°Ñ] = 910 -- 229 C + 32 Si -- 25 Mn --

-- 8 Cr -- 18 Ni + 2 Ìî + 117 V --

-- 24 Cu + 7 W -- 120 Â;

Ms = 520 -- 380 C -- 18.4 Mn -- 12 Cr -- 8.2 Ni --

 -- 21.5 Mo -- 170 V + 6.6 Zr + 500 Ti

(content of all elements is given in weight percent
and root-mean-square deviation is equal to ±15 °C).

Practical experience of welding operations and re-
sults of analysis of steel weldability showed that cold
cracks in the HAZ can appear at martensite content
above 50 vol.%.

Time of HAZ cooling from critical point AC3 to
Ms, when 50 vol.% of martensite forms, also depends
on steel composition and is calculated by formula

∆t0.5M = (9 C)1.45⋅10n,

where n = 0.48(Si -- 0.3) + 0.73(Mn -- 0.6) + 0.75(Cr --
-- 0.15) + 0.32(Ni -- 0.15) + 0.63 Mo + 1.14 V is the
exponent, depending on the content of alloying ele-
ments in steel.

If cooling time in welding or cladding is less than
∆t0.5M, then 50 vol.% of martensite is formed in HAZ,
and preheating is necessary in order to prevent cold
cracks. Minimum preheating temperature Tpr, at
which 50 vol.% of martensite is contained in the HAZ
metal, for the case of cladding on a massive body is
calculated from condition ∆tcl = ∆t0.5M by the follow-
ing equation:

Tpr = 
AC3 + Ms

2
 --

-- √


AC3 + Ms

2
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 + 






qh.i(AC3 -- Ms)

2πλ∆t0.5Ì






 -- AC3Ms .

Minimum temperature of preheating Tpr, at which
50 vol.% of martensite is formed in the HAZ metal in
single-pass welding, can be calculated by equation
(1), substituting ∆t0.5M value instead of ∆tw, if it is©  Yu.M. LEBEDEV , 2009
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larger than ∆tw, and solve it by the method of half-
division considering that Tpr < Ms.

Preheating significantly complicates and raises the
price of welding (cladding) procedure, and can have
a negative influence on ductility of steel welded joints
because of the increase of the period of HAZ being at
high temperature. This results in grain growth in the
overheated zone. If mechanical properties of the joints
do not satisfy normative requirements, then an addi-
tional procedure ---- heat treatment ---- is required.
Besides, preheating can not be used for all types of
welded structures. Local post-weld heating is used dur-
ing manufacturing of higher-strength steel welded
structures with the aim of eliminating formation of
cold cracks. It promotes martensite decomposition in
the HAZ or results in recrystallization with generation
of other structural components of steel. Local heating
can be realized with the help of different heat sources,
including welding ones. In the last case heat treatment
(or heating) operation is carried out in the process of
welding proper. Short beads welding [2], transverse
bead weave welding, twin-arc welding with shifted
arcs [3--5], modulated current welding [6, 7], welding
with application of pulsed-arc power sources etc. [8]
can be named as such methods of autoheat treatment.
Similar technology of post-weld heat treatment is eas-
ily implemented during welding of sheet structures of
high-strength steels with further or concurrent heating
of the joint by a nonconsumable electrode arc [9, 10].

As the high-temperature areas of HAZ with coarse-
grained structure of overheated metal are the weakest
point in the welded joints, during performance of post-
weld heating or heat treatment their mode should
provide at least a partial correction of overheating
effects and promote achievement of a satisfactory com-
plex of mechanical properties in the specified zones.
In the case of steel quenching during welding, the
primary task is creation of such conditions of formation
of welded joints at which the possibility of cold crack
formation is eliminated. Effective control of the struc-
ture of different areas of welded joints at the impact
of reheating by welding or special sources can be re-
alized in full scale in the case of previously known
metal behavior under the conditions of change of tem-
perature-time characteristics of such heating. Wide
introduction of post-weld heating in welding of hard-
ening steels is prevented by the fact that processes of
structural transformations in HAZ metal at specified
heating and their influence on mechanical properties
of steels is virtually not studied.

The aim of the present study is investigation of
influence of temperature of initial and post-weld heat-
ing on structural transformations of high-temperature
areas of HAZ as well as on its mechanical properties
for the range of a number of high-strength steels.

Influence of different temperature modes of weld-
ing heating on the change of metal structure and prop-
erties of simulated areas of HAZ of welded joints from
high strength steels with different alloying was inves-

tigated. Heating of 10 × 10 mm section samples with
a semi-circular cut designed for impact toughness tests
(type 1 to GOST 9454--78) is performed with passing
current in ASA-30 machine for butt resistance weld-
ing, specially refitted for this purpose. Temperature
was controlled with the help of chromel-alumel ther-
mocouple, welded by a capacitor discharge to the sur-
face of middle part of heated samples. Simultaneously,
thermal cycle of heating--cooling was recorded by os-
cillograph N-700 at visual inspection. Distance be-
tween the clamps was equal to 35 mm. Heating of
billets was performed with average speed of about
100 °C/s and cooling ---- in clamps of the device in
air. After impact bend testing the samples were sub-
jected to metallographic analysis.

In 40Kh steel with initial ferrite-pearlite structure
significant change of strength properties takes place
after high speed heating of samples up to the tempera-
ture somewhat below critical point AC1 or intercritical
interval AC1--AC3. Heating up to such a temperature
led to significant increase of values of impact tough-
ness KCU from 18 up to 43--65 J/cm2 and certain
lowering of hardness from HV 260 to 230 (Figure 1,
a). After heating above critical point AC3 the impact
toughness decreases to values below those of the initial
metal and hardness notably increases. Maximum hard-
ness value HV 580 is observed after heating up to
1100 °C. At that impact toughness of metal drops to
KCU = 11 J/cm2. Further increase of heating tem-
perature up to 1375 °C has practically no influence
on the specified indices.

Structural changes of 40Kh steel visible in optical
microscope take place only after its heating above
critical point AC1. Thus, heating in intercritical inter-
val up to 790 °C and further cooling with speed w550 =
= 15 °C/s leads to pearlitic transformation of gener-
ated austenite. The volume fraction of free hypoeu-
tectoid ferrite, located in the form of very thin inter-
layers along some boundaries of former austenite
grains, is significantly reduced in comparison with the
initial structure. Such heating promotes some grain
size refinement. Pearlitic transformation also takes
place after cooling of 40Kh steel from 825 °C virtually
without any hypoeutectiod ferrite precipitation from
austenite.

Higher heating temperature results in a change of
transformation mechanism of overcooled austenite.
So, austenite undergoes bainite-martensite transfor-
mation after heating up to 900 °C and hardness of
metal with such a structure is equal to HV 390. Com-
pletely martensite transformation is observed after
heating 40Kh steel up to 1100 °C and higher.

Influence of post-weld heating on impact tough-
ness and structural transformations was investigated
on samples of simulated HAZ with high-temperature
areas of 40Kh steel, i.e. those which underwent heat-
ing up to 1250 °C. For this purpose samples after
heating up to 1250 °C were cooled down to 200 °C.
Here, austenite underwent martensite transformation
beginning from temperature Ms = 340 °C. Metal struc-
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ture consisted approximately of 75 vol.% of martensite
and 25 vol.% of austenite after cooling to 200 °C.
Presence of one fourth of ductile austenite in the struc-
ture provides satisfactory metal resistance to cold
crack formation. Then reheating was carried out for
the purpose of martensite temper or recrystallization
of metal structure. Influence of temperature of such
post-weld heating on change of impact toughness of

simulated high-temperature HAZ of 40Kh steel is
shown in Figure 1, b.

As follows from this Figure, post-weld heating
from 200 up to 700 °C allows achieving HV 375 hard-
ness instead of HV 590 in high-temperature areas of
HAZ of 40Kh steel samples at cooling only by the
welding thermal cycle. Sample structure after cooling
from reheating temperature of 700 °C consists of troos-

Figure 1. Influence of temperature of fast heating on hardness (1) and impact toughness (2) of samples from 40Kh (a, b), 07Kh3GNM
(c, d) and 14KhGNMDFB (e, f) steels: I ---- heating in as-delivered state; II ---- second heating after heating up to 1300 °C
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tite and secondary sorbite with separate inclusions of
martensite (about 5 vol.%), which is formed at the
final stage of cooling from remaining austenite. In
spite of presence of visible temper transformations,
however, such a reheating below critical point AC1
does not allow achieving high indices of HAZ tough-
ness. In this case the impact toughness is equal to
KCU = 13 J/cm2 that, approximately, corresponds
to similar indices for hardened HAZ area.

Heating from 200 up to 725 °C lowers 40Kh steel
hardness to HV 320 and increases impact toughness
up to KCU = 50 J/cm2. After such a reheating the
volume fraction of martensite decreases in metal struc-
ture, its inclusions having significantly smaller sizes
in comparison with those after heating up to 700 °C.

Post-weld heating in intercritical temperature in-
terval up to 745 and 770 °C results in increase of
impact toughness indices up to KCU = 75 and
64 J/cm2, correspondingly, at metal hardness
HV 365 and 375. Further increase of post-weld heat-
ing temperature notably lowers impact toughness and
increases hardness. Thus, after heating up to 800 °C
hardness rises up to HV 400 and impact toughness
drops to KCU = 31 J/cm2. After heating up to 840 °C
these indices change to HV 545 and KCU = 8 J/cm2.
In the latter case 40Kh steel structure consists of fine-
needled martensitic areas of bainite.

07Kh3GNM steel in the initial state after normal-
izing has a structure of fine-needled martensite with
impact toughness KCU = 80 J/cm2 and hardness
HV 340. Heating of such a steel by welding thermal
cycles leads to increase of impact toughness starting
from the temperature above 600 °C (Figure 1, c). It
is especially noticeable at heating in intercritical tem-
perature interval AC1-- AC3. In comparison with initial
state the impact toughness rises more than 2 times,
maximum value of KCU = 210 J/cm2 is obtained
after heating up to 825 °C. Heating in intercritical
temperature interval also results in insignificant (up
to HV 270--300) hardness reduction.

Further increase of heating temperature above
critical point AC3 reduces the impact toughness on
average to KCU = 100 J/cm2 and increases hardness
of 07Kh3GNM steel up to the level of hardness values
in the initial state.

Post-weld heating for low carbon 07Kh3GNM and
14KhGNMDFB steels with high temperature of
martensite transformation Me was carried out after
martensitic transformation of austenite has been prac-
tically completed. Cooling of billets was carried out
to the temperature of 250 °C after first heating up to
1300 °C.

At subsequent heating of quenched samples of
07Kh3GNM steel significant structural changes were
discovered after heating above 600 °C. Thus, heating
up to 700 °C results in elimination of martensite ori-
entation. Significant grain refinement along the
boundaries of the former initial structure and inten-
sification of structure contrast at microsection etching
take place after heating in intercritical temperature

interval up to 750 °C, that is, probably, induced by
inhomogeneity of metal volumes on carbon. Heating
up to 793 °C leads to bainite net precipitation along
the boundaries of former initial grains and process of
recrystallyzation after heating up to 825 °C promotes
generation of extra fine-grain structure. Only the
martensite transformation takes place after heating
up to the temperature above critical point AC3 and
further cooling of 07Kh3GNM steel austenite.

Post-weld heating of 07Kh3GNM steel billets from
250 °C up to the temperature below critical point AC1
does not result in noticeable change of hardness and
impact toughness of metal in comparison with these
indices of steel quenched from 1300 °C. Microstructure
of tempered steel retains martensite orientation. Sig-
nificant changes of strength properties take place after
heating hardened steel in intercritical temperature in-
terval (see Figure 1, d). After heating up to 768--
800 °C impact toughness increases (KCU ≈
≈ 170 J/cm2) that almost 2 times exceeds values of
this index in hardened steel. Metal hardness somewhat
decreases after such a heating. It has a minimum value
(HV 265) after heating up to 790 °C. After such heat-
ing the metal structure, even though it retains grain
orientation of hardened steel, corresponds to a greater
degree to bainite structure. Post-weld heating up to
830 °C also restores the structure of initial hardened
steel in terms of shape. Metal hardness is equal to
HV 280 and impact strength KCU ≈ 120 J/cm2. Fur-
ther increase of post-weld heating temperature from
860 to 1035 °C results in significant change of hardness
value and impact toughness of high-temperature HAZ
areas due to presence of coarse-grained martensite of
07Kh3GNM steel, obtained directly after first welding
heating up to 1300 °C and complete cooling of the
billets.

Particular change of strength properties at weld-
ing heating is observed in 14KhGNMDFB steel. This
steel was studied in the state after normalizing with
bainite structure and 6--8 vol.% of retained austenite.
In the initial condition, its hardness was HV 320 and
impact toughness KCU = 92 J/cm2. Heating of the
above steel up to the temperature below critical point
AC1 and further cooling maintain the impact tough-
ness on the level of initial metal, while increasing its
hardness (see Figure 1, e). Higher heating in the
interval of intercritical temperatures AC1--AC3 results
in a rather considerable lowering of impact toughness
that for samples heated up to 760 and 830 °C is ap-
proximately equal to 30 % of KCU level of steel in
the initial state. Further increase of heating tempera-
ture leads to restoration of impact toughness of
14KhNMDFB steel. However, while after heating up
to 885 °C it is still lower than the level of KCU
values in metal in the initial state, it exceeds this
level after heating up to higher temperatures. Thus,
heating up to 930 and 1320 °C increases impact tough-
ness value up to 103 and 106 J/cm2, correspondingly.
As a result, steel acquires martensite structure with
hardness HV 410--395.
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Post-weld heating of 14KhGNMDFB steel samples
with martensite structure from 250 °C up to the tem-
perature below 700 °C provokes noticeable change of
metal hardness, but makes only an insignificant in-
fluence on impact toughness in comparison with these
indices in hardened metal of high-temperature HAZ
areas (see Figure 1, e). Thus, heating up to 615 °C
decreases hardness to HV 350 with preservation of
KCU equal to 106 J/cm2. Effect of dispersion hard-
ening becomes apparent after heating up to 680 °C.
Steel hardness increases up to HV 375 after such heat-
ing, but impact toughness still remains on the level
of hardened metal, being equal to 96 J/cm2. Heating
up to 755 °C results in an increase of hardness up to
HV 400, and lowering of impact strength value to
52 J/cm2. Further increase of post-weld heating up
to 770 and 845 °C virtually does not lead to any change
of hardness, but increases the value of impact tough-
ness (KCU = 65 and 85 J/cm2, respectively).

Thus, post-weld heating of high-temperature HAZ
areas with martensite structure of steel alloyed with
carbonitride-forming elements, in intercritical tem-
perature interval causes an increase of metal hardness
due to dispersion hardening and marked lowering of
impact toughness. Therefore, for such steels it is ra-
tional to perform heating during post-weld heat treat-
ment up to the temperature below temperature inter-
val of dispersion hardening. Now, quenching of other
steels from intercritical temperature interval leads to
formation of ferrite-martensite metal structure with
sufficient level of strength and ductility.

Thus, welding heating in intercritical temperature
interval AC1--AC3 has the most significant influence
on impact toughness of investigated steels. During the
indicated heating of steels, which do not contain such
strong carbonitride-forming elements as vanadium,
niobium, aluminium, the impact toughness signifi-
cantly increases, and an adverse effect is observed in
the case of their presence in steel composition.

Influence of cooling rate on transformation kinetics
of austenite formed during post-weld heating in in-

tercritical temperatures interval, was studied by
means of heating--cooling of rigidly fixed samples by
a procedure, described in [11]. Tubular samples were
heated by passing current up to 1300 °C, cooled at
the rate of w550 ≈ 17 °C/s up to specified temperature,
again heated in intercritical temperature interval with
average temperature of about 100 °C/s and again
cooled at different rate. Change of the temperature
and physical properties at sample heating--cooling was
registered with a loop oscillograph. Diagram of ther-
mokinetic transformation of 40Kh steel austenite,
formed at post-weld heating up to 770 °C, is given in
Figure 2, a. The thermokinetic transformation of
austenite after one time heating of 40Kh steel up to
1300 °C and cooling of samples at various rates is also
shown here by a hatched line for comparison.

During post-weld heating up to 770 °C about 20 %
of ferrite phase, formed from martensite at it fast
heating, remains in 40Kh steel structure. Austenite
newly formed during heating in the intercritical tem-
perature interval has non-uniform carbon content due
to high heating rate. Subsequent cooling of such an
austenite-ferrite structure at the rate of 12.0--
31.6 °C/s results in austenite decomposition. During
cooling at the rate of 12 °C/s at 670 °C about 50 vol.%
of austenite is preserved, and at 600 °C it completely
decomposes by the pearlite mechanism into a ferrite-
cementite mixture. Sample hardness after such a cool-
ing is HV 230. Cooling at the rate of 15 °C/s does
not lead to a change of transformation mechanism,
just the temperature interval of phase transformation
shifts downwards. Thus, the temperature of the pres-
ence of 50 vol.% of austenite is 630 °C, and transfor-
mation is over at 595 °C, while sample hardness rises
to HV 275.

Increase of cooling rate up to 31.6 °C/s results in
a significant change of kinetics of austenite transfor-
mation. In this case all three types of its transforma-
tion are already observed: pearlite, bainite and
martensite. Temperature of the presence of 50 vol.%
of austenite drops to 440 °C. Transformation is sus-

Figure 2. Diagrams of thermokinetic transformation of austenite of 40Kh (a) and 07Kh3GNM (b) steels obtained at different cooling
rates (1--5): dashed curves ---- after sample heating up to 1300 °C; solid ---- after heating up to 1300 °C, cooling in air with rate of about
17 °C/s up to 200 °C and reheating up to 770 °C; h.t ---- heat treatment; S and E ---- start and end of structural transformation; B ----
bainite; F ---- ferrite; M ---- martensite
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pended at 390 °C and martensite formation starts at
the temperature of 295 °C during cooling. Structure
of sample metal after complete cooling consists of
martensite (about 45 vol.%), as well as free ferrite
and ferrite-cementite areas, formed by pearlite and
bainite mechanisms. Hardness of metal, having such
a structure, is equal to HV 360.

Cooling at the rate of w550 ≈ 100 °C/s leads to
complete depression of pearlite mechanism of austenite
transformation, which starts at the temperature of
460 °C, when bainite forms from austenite. Martensite
phase forms from more carbon-saturated austenite, it
is located, primary, in the areas adjacent to the
boundaries of former austenite grains, formed at initial
heating of steel up to 1300 °C. Metal hardness after
such a mode of post-weld heating and cooling is equal
to HV 460.

Comparison of stability of overcooled austenite
formed at one time heating up to 1300 °C and post-weld
heating up to 770 °C shows that in the last case it is
lower approximately by an order. This is accounted
for by inhomogeneity of austenite formed by heating
in intercritical temperature interval with preservation
of ferrite and, possibly, carbide phases, being sub-
strates at further austenite recrystallization, as well
as extensive area of grains boundaries.

Post-weld heating of coarse-grained martensite of
07Kh3GNM steel up to 800 °C results in preservation
of about 15 vol.% of untransformed α-phase. Bainite-
martensite transformation of austenite takes place
(Figure 2, b) at further cooling at the rate from 3.3
up to 33.3 °C/s.

With cooling rate increase in this range, the tem-
perature of the start of bainite transformation de-
creases from 520 to 480 °C. A similar regularity is
found at the temperature of the end of austenite trans-
formation from 350 to 250 °C. Hardness of samples
increases from HV 300 up to 330.

Comparison of diagrams of thermokinetic transfor-
mation of austenite, obtained at cooling with different
rate after one time heating of 07KH3GNM steel sam-
ples up to 1300 °C [12] and for heating cycles up to
1300 °C, cooling up to 200 °C, reheating up to 800 °C
and subsequent cooling, indicates their significant dif-
ference. Reheating of high-temperature HAZ area

leads to increase of temperature of the start of its
transformation at subsequent cooling of residual and
newly formed austenite. Line of presence of 50 vol.%
of austenite virtually coincides with the line of trans-
formation start, obtained at austenite cooling after
one time heating up to 1300 °C. Formation of ferrite
phase and bainite, as well as high enough temperature
of martensite transformation, increases HAZ metal
resistance to cold crack formation after its post-weld
heating in intercritical temperature interval.

Performed studies allowed establishing the opti-
mum modes of local post-weld heating in welding of
high-strength steels of various alloying systems. Such
heating provides sufficient resistance of HAZ metal
to cold crack formation and its high impact toughness.
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POWER SUPPLY SYSTEMS
BASED ON RESONANCE INVERTERS

E.N. VERESHCHAGO and V.I. KOSTYUCHENKO
Admiral Makarov National Shipbuilding University, Nikolaev, Ukraine

The paper gives a generalizing analysis of development and application of promising resonance power sources for arc
welding and related processes. Shown are the examples of development of special power supply systems on their basis
with a reduced level of high-frequency noise and improved reliability.

K e y w o r d s :  power system, arc welding, power source, air-
plasma cutting, resonance topologies

Manufacturing of semi-conductor electric power con-
verters as the main functional sources of power sup-
plies for welding and related processes and technolo-
gies is developing along the path of miniaturization,
improvement of efficiency and reliability, reducing
their influence on the mains, lowering their cost, etc.
The above problems are solved with application of
up-to-date local and foreign electronic components
and new magnetic materials, advanced electric circuits
and technique of power addition. Promising electric
circuits ensure an increase of conversion frequency,
without which it is impossible to increase the specific
power of the source.

In the traditional circuits of high-frequency con-
verters with square-wave voltage and current in order
to ensure the optimum use of the frequency charac-
teristics of the elements, electromagnetic compatibil-
ity with the mains, overvoltage and secondary break-
down protection of the semi-conductor devices, low-
ering the switching power losses and noise generated
by the power sources (PS), these problems were solved
by forming a favourable path of transistor and diode
switching. Dissipative generating circuits, providing
a delay between voltage drop and current front of the
transistor at switching on and current drop and voltage
front at its switching off, considerably lower the
switching power losses in transistors.

On the other hand, their application has a number
of disadvantages. First, formation of the switching
path is accompanied by energy accumulation in the
reactive elements, which then evolves in the form of
heat on additional resistors. Secondly, their introduc-
tion limits the admissible values of the coefficient of

transistor utilization by current and voltage, while
the shape of transistor current remains practically
square wave. Therefore, all the associated disadvan-
tages are preserved, namely the high level of electro-
magnetic noise, overvoltages on semi-conductor de-
vices, etc.

Alternatively, resonance topologies can be used
[1--4]. This variant of pulsed PS is used in applica-
tions, which require high reliability, minimum weight
and smallest dimensions, high efficiency and, what is
most important, a lower level of generated noise. Reso-
nance converters (RC) are based on circuits of tradi-
tional high-frequency voltage converters, into which
resonance circuits are incorporated, which are formed
by additional or parasitic reactive elements [1--4]. As
current, or voltage on the key during the switching
time are close to zero, switching on or off losses are
eliminated, and for some modes both the kinds of
losses, namely for switching on and off, are eliminated.
Therefore, RCs can operate at much higher frequencies
than the regular PWM converters.

RCs can be divided into the following groups:
those with series resonance circuits and load switched
on in series or in parallel to the resonance circuit
elements; quasiresonance; E class; with soft switching.
The Table gives the results of comparison of some
topologies of pulsed PSc, which allow taking a com-
promise decision as regards selection of a suitable tech-
nology of the designed PS.

The Chair of Welding Engineering of the National
Shipbuilding University gives a lot of attention to
improvement of the principles of design of PSc for arc
load. This paper gives descriptions of devices, which
were designed with the authors’ participation, and
the technical characteristics of the developed devices

© E.N. VERESHCHAGO and V.I. KOSTYUCHENKO, 2009

Results of comparison of some topologies of pulsed PSs

Type of pulsed PS Cost Weight RF-noise EMI-interference Efficiency, %

Pulsed stabilizer with PWM High Small High High 70--80

Resonance converter Same Same Medium Medium 78--92

Quasiresonance converter » » Same Same 78--92
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give a certain idea of the main indices achievable for
this class of semi-conductor energy converters.

Arc welding power source based on zero voltage
switching circuit ---- ZVS. A functionally complete
module of an all-purpose professional inverter of a
welding system was developed for arc welding of steel
materials 0.5--10 mm thick, and with the use of special
accessories and materials ---- for argon-arc welding of
stainless steel and copper alloys. The system can be
used as part of automatic and semi-automatic welding
machines, and it can be integrated into robotic, auto-
mated and mechanized complexes and devices. The
optimized module simplifies design of multimodule
PSc. Figure 1 shows the appearance of the arc welding
power source.

The main technical characteristics of the self-suf-
ficient single-phase module (open-circuit voltage is
90 V, open-circuit losses are not more than 10 W,
ambient temperature range is from --20 to 40 °C, fre-
quency range is from 25 to 150 kHz) are as follows:

Mains voltage, V .............................  220 (+10 %; --15 %)
Open circuit voltage, V ........................  not more than 90
Range of smooth adjustment:

output current, A ...........................................  20--160
output voltage, V ............................................. 19--26

Duty cycle, % .........................................................  60
Consumed power, kW ............................ not more than 6
Efficiency at rated power, % ......................................  90
cos ϕ .................................................................... 0.85
Operating mode ................................  TIG/MAG/MMA
Consumable electrode diameter, mm ...................  1.5--3.25

Wire diameter, mm ...........................................  0.6--1.0
Overall dimensions, mm .....  not more than 400 × 180 × 280
Weight, kg .........................................  not more than 8.5

The base of the power source is a quasi-resonance
converter with a «soft» switching with frequency
method of output power adjustment in the inverter,
providing high values of efficiency, power factor, re-
liability and impulse noise level [1].

Used as the power keys are high-voltage MOS-
transistors of the new series L, meeting a whole num-
ber of additional requirements to ensure reliable op-
eration of ZVS-converters manufactured by Interna-
tional Rectifier Company.

Simplified electric circuit of one of the proposed
structures for powering an arc load based on a bridge
inverter of ZVS-type is shown in Figure 2.

The power components of the quasi-resonance volt-
age converter with an AC choke generated output
voltage according to the following expression [1]:

U0∗ -- Irr∂∗ = U1∗
 ′ γ -- 4Lk∗f∗Ir∗ -- U1∗

 ′ trrf0f∗ -- Ir∗r∗, (1)

where U0* = U0/Ur0; Ir* = Ir/Ir0 f* = f/f0; Lk* =
= Lkf0/Rr0; Ur0, Rr0 are the base (rated) voltage and
equivalent load resistance corresponding to the oper-
ating mode with the rated load current Ir0; f0 is the
base value of modulation frequency; Rr0 = Ur0/Ir0;
U1* = U1/Ur0 = nU1/Ur0 is the relative (normalized)
input voltage reduced to the secondary winding.

Power source internal resistance reduced to in-
verter output, is given by the following expression: 

RLk
 = 2Lk/T,

where T is the pulse repetition rate; Lk is the induc-
tance.

It is obvious that the higher the power source fre-
quency ω, the higher inductance Lk, the steeper is the
slope of the output characteristic and the more it dif-
fers from that of an ideal converter.

In the actual circuit, resistance rc rises because of
the resistance of the diodes, keys and resistance of
copper of the transformer and choke windings. Stabi-
lization of output current Ir in the stabilizer at desta-
bilizing disturbances of output voltage U1, arc voltage
U0, temperature, etc. is performed by changing the
conversion frequency.

Frequency variation is performed according to the
control action [3]:

ω(t) = ω0 + ∆ωmaxU
__

∗(t), (2)

where ∆ωmax = 2π∆fmax is the maximum frequency
deviation at modulation (frequency deviation); U

__
∗(t)

is the rated input control signal equal to U(t)/Umax;
Umax is the maximum value of the input signal.

Maximum level of current at the output will be
obtained at ωmin = ω0, and minimum level at ωmax =
= ω0 + ∆ωmax. Range of adjustment D of modulation
frequency in this case is given by the following ex-
pression:

Figure 1. Appearance of PS for arc welding

Figure 2. Diagram of frequency converter with a quasiresonance
inverter (L ---- load; S ---- sensors; R ---- regulator, Uref ---- reference
voltage)
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D = 
Imin

Imax
 = 

ωmax
ωmin

.

Having divided the left and right parts of expres-
sion (2) by ω0, we get

ω(t)
ω0

 = 
ω0
ω0

 + 



ωmax
ω0

 -- 
ω0
ω0




U∗(t).

Hence,

ω(t) = ω0[1 + (D -- 1)U*(t)].

In the steady-state mode modulation frequency f
and input signal value (u = U) are related to each
other by a linear dependence

f = f0 + kmkcU = f0 + kmkskc(Ir -- Is), (3)

where km, ks, kc are the transfer constants of voltage
controller generator (frequency modulator), current
sensor and control device, respectively; Is is the setting
current.

In the steady-state mode the setting current (is =
= Is) is equal to the initial load current:

Is = Ir0.

In relative values equation (3) has the following
form:

f∗ = 1 + 
kmkcUmax

f0
 U∗ = 1 + 

kmkcksIr0

f0
 (Ir∗ -- Is∗) =

= 1 + 
(D -- 1)kcksIr0

Umax
 (Ir∗ -- Is∗),

(4)

where km = f0(D -- 1)/Umax.
Substituting expression (4) into (1), we obtain a

relationship determining the output current of a sta-
bilizer with a closed-loop feedback circuit:

Ir∗
2  -- Is∗Ir∗ + 

r∗ -- rd∗ + 4Lk∗

a
 Ir∗ -- 

U1∗
 ′ γ -- U0∗

a
 = 0, (5)

where a = 4Lk∗ 
kmkcksIr0

f0
.

Load current is determined as a positive root of
expression (5):

Ir∗ = 
Is∗ + 

r∂∗ -- r∗ -- 4Lk∗

a
2

 +

+ √






Is∗ + 

r∂∗ -- r∗ -- 4Lk∗

a




/2




2  +

+  
U1∗

 ′ γ -- U0∗

a
.

Approximating expression (5) by two first terms
of the power series, we get

Ir∗ = Is∗ + 
r∂∗ -- r∗ -- 4Lk∗

a
 + 

U1∗
 ′ γ -- U0∗

Is∗a + r∂∗ -- r∗ -- 4Lk∗
, (6)

where the condition of convergence of the series is




U1∗

′ γ -- U0∗

a




 ≤ 




Is∗ + 

r∂∗ -- r∗ -- 4Lk∗

a





2

.

Static adjustment error ∆st of stabilizer current,
the power circuit of which is made by the diagram of
Figure 2, has the following form:

∆st = |Is∗ -- Ir∗| = 
r∂∗ -- r∗ -- 4Lk∗

a
 +

+ 
U1∗

 ′ γ -- U0∗

Is∗a + r∂∗ -- r∗ -- 4Lk∗
.

(7)

As is seen from expressions (6) and (7), the accu-
racy of maintaining the load current increases with
increase of transfer constants km and kc of frequency
modulator, and of amplifier, respectively. At kmkc =
= ∞ adjustment static error is zero. At a finite value
of kmkc the accuracy of maintaining the current is
influenced, for instance, by arc voltage. Adjustment
error increases with U0 decrease, as well as with de-
crease of inductance Lk*, current Is* and load voltage
Ur*.

It follows from expression (7) that in the compen-
sation stabilizer changes of the value of any parameter,
determining Ir, including voltage U0, lead to output
current instability. In order to assess the influence of
these changes let us use the sensitivity of output cur-
rent to a change of any parameter P (parameter in-
cluded into control of adjustment characteristics, or
describing the operation of frequency modulator) in
the stabilizer, for instance (∂Ir/∂P)0. Then, the total
change of output current ∆Ir at an aggregate effect of
destabilizing factors will be given by the following
expression:

(∆Ir)0 = ∑
P

(∂Ir/∂P)0∆P/

(r∂∗ -- r∗ -- 4Lk∗ -- 2aIr∗
0  + aIs∗

0 ).
(8)

It follows from formula (8) that in order to reduce
the forced (steady-state) component of the error, it is
necessary to increase kckm. However, at kckm increase
the stability margin decreases, the system moves closer
to stability limit, and the transient process becomes
oscillatory to a greater extent (transient process char-
acteristics deteriorate).

Formation of static and dynamic characteristics of
the power source--arc system is performed under the
effect of delayed negative load current feedback. Cur-
rent feedback signal acts through the «insensitivity
zone» link. In an approximated piecewise-linear form
the equation of the static characteristic of the non-
linear link in the circuit of negative current feedback
is expressed as follows:

x2 = 






0  at  x1 ≤ b;
k(x1 -- b)  at  x1 > b;  k = tg α . 

It is obvious that the converter external charac-
teristic in the general form has three characteristic
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sections: I ---- small load section, characterized by an
insignificant voltage drop at increase of load current
(voltage stabilization); section II of output current
stabilization, in which the slope of the working section
changes from zero to a unity and an abrupt drop of
output voltage occurs; section III, in which the con-
verter moves into a non-controlled mode, charac-
terized by a smooth decrease of output voltage at in-
crease of load current (limitation of maximum current
right down to the load short-circuiting mode). Fi-
gure 3 shows experimentally measured PS external
characteristics at different values of output voltage
and current [1].

The developed PS allows realizing load power on
the level of 5 kW. In design of more powerful PSs
their parallel operation for a common load is envis-
aged, the more so, since the use of the considered
principle of construction of the power components
provides an increase of load power in the most simple
way by connection of additional modules without the
need to use special means for equalizing the current
and power between the modules.

In the realized PS the following advantages of the
frequency method of adjustment and combined modu-
lation were confirmed:

• practically complete absence of through currents
(impulse noise) due to unblanked and smooth switch-
ing on--off of the switching transistors and rectifier
diodes;

• possibility of increasing the switching frequency
up to 100 Hz;

• lowering of static and dynamic losses in the tran-
sistors and diodes provided the efficiency > 92 %.

Inverter PS for welding, for instance, with stick
electrodes with MP control, has a complex-combined
external VAC ensuring realization of the functions of
«hot start», arc boosting, selection of the slope of
VAC working section in the range from 0.4 up to
2.0 V/A, depending on the specific conditions of
welding and electrode type, rigidity of the external
characteristic of 0.01 V/A.

The system also ensures a smooth adjustment of
current in the range of 20--160 A; lowering of open-
circuit voltage U0 to 12 V at long-time breakdowns
(more than 0.6--1.0 s); maintaining the set current at
mains voltage fluctuations; protection from electrode
sticking at short-circuiting for more than 0.5 s, etc.

An important advantage of the new PS with a
completely digital control system relative to the tra-
ditional one, is the possibility of a smooth variation
of output VAC of the source to make it close to an
ideal one.

Figure 4 shows that the technology used in PS
development allows an essential lowering of the noise
level. For the considered PS the noise level at the
output and in the power circuit does not exceed 65 dB
in the entire frequency range.

Power supply units (PSU). PLASMA-2 PS (Fi-
gure 5). A practical application of power sources op-
erating for the arc gap, were devices of power supply
for plasma ignition of fuel [2]. In practical develop-
ment of PSU for plasma technologies, alongside the
main quality indices (efficiency, reliability, weight),
the following additional ones were also taken into
account: power voltage and its scatter; frequency
range and stability; ambient temperature and possible

Figure 3. Experimental external characteristics of the power source:
1--4 ---- Is = 424, 102, 142 and 160 A; 5--8 ---- Us = 20, 21, 22 and
24 V, respectively

Figure 5. Appearance of PLASMA-2 PS
Figure 4. Results of measurement of noise spectra of a quasireso-
nance (solid) and standard (dashed line) PS for arc welding [5]
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cooling methods; power factor; specific weight; design
requirements (overall dimensions, impact and vibra-
tional overloads, standard and tropical versions); op-
eration cycles, and service life. Each of the above
indices is of a fundamental importance and can change
the technical characteristics of the designed device.

Power units for systems of plasma ignition of fuel
were made to have the circuit of quasi-resonance high-
frequency transistor inverters with switching at zero
current or voltage [2, 4].

Main technical characteristics
Kind of plasma medium ............................................  air
Pressure gradient of plasma medium, MPa ..........  (1--6)--10
Plasma medium consumption, g/s ......................  0.1--0.5 
Kind of arc current ................................................. DC
Open-circuit voltage, V ......................................  600±40
Arc working voltage, V .......................................  150±30
Short-circuit current, A ....................................... 7.5±1.0
Range of arc current adjustment, A ...................... 1.5--7.5
Operating mode ................................  repeated-short-term
Power unit life, switching ..................  not less than 10000

PLASMA-3 PS (Figure 6) is designed for power
supply to ignition systems of gas turbine engines from
27 V on-board mains, as well as simultaneous opera-
tion with VPT-5 (VPL-8) plasmatron.

Main technical characteristics
Power circuit voltage, V ......................27 (+10 %; --20 %)
Kind of output current ............................................ DC
Open-circuit voltage, V ......................................  600±40
Rated arc working current, A ...................................  2.5
Arc working voltage, V .....................................  150--270
Overall dimensions, mm .......  not more than 250 × 160 × 80
Weight, kg ........................................  not more than 2.0
Operating mode ................................  repeated-short-term

PS circuit is based on two-step converter built with
field transistors of new L series of International Rec-
tifier Company, which forms 50 Hz AC pulses in the
matching transformer windings.

PLASMA-4 PS. «PLASMA-4» unit can be applied
to determine the main power characteristics of air
micro-plasmatrons and life testing of plasma ignitions
(Figure 7).

Main technical characteristics
Mains voltage, V ................................................. 1--220
Open-circuit voltage, V ....................... not more than 700
Arc current range, A ..............................................  2--20
Maximum consumed power, kV⋅A .................................  7
Weight, kg ........................................... not more than 8

Overall dimensions, mm .....  not more than 400 × 180 × 280

Power unit for air-plasma cutting. Development of
power units based on bridge converters with transistor
quasi-resonance inverters with phase control, providing
soft transistor switching (power key switching at zero
voltage values ---- ZVS) is of practical interest for power
supply to powerful air plasmatrons [3].

A fragment of electric circuit of power components
of an improved ZVS with an adaptive structure for a
converter with full-wave rectifier and L-filter for the
case of arc load operation with output current varying
in a broad range, is shown in Figure 8.

Converter control system is based on ATmega 16
microprocessor [3, 4]. In addition to improvement of
the accuracy of the process unit operation, new topol-
ogy of the power components with microprocessor con-
trol significantly (by 15--20 %) improves the accuracy
and quality of the cut out blanks specified by GOST
14792--80 (EN 60791--1) and similar standards of Ger-
many, France and other countries, reduces consump-
tion of rapidly-wearing parts of the plasmatrons not
less than 2 times, ensures self-diagnostics of the con-
dition and protection of the entire controlled complex,
digital indication of the real and set values of current
and voltage of the arc and interfacing with higher
level computer.

Figure 6. Appearance of PLASMA-3 PS

Figure 7. Appearance of a bench for testing systems for plasma
ignition of fuel
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Oscillograms given in Figure 9 show the advan-
tages of the new technology application: operating
mode becomes more symmetrical, thus promoting a
lowering of losses in the power components and allows
a considerable (3--5 times) lowering of the level of
electromagnetic noise. Voltage surges in the oscillo-
grams are practically absent. Figure 9, b shows that
converter efficiency turns out to be increased and prac-
tically independent in the range of currents from 20 %
up to the rated value. Figure 10 gives the appearance
of transistor PLASMA 110i HF PS. Specific bulk
power of the converter was 160 W/dm3.

Main technical characteristics
Voltage, V/phase number/frequency, Hz ... 380/3/50--60
Kind of current .................................................... direct
VAC .................................................................... CC 

Figure 8. Diagram of power components of the developed PS

Figure 9. Oscillograms (mt = 7.2 µs/div) of primary voltage UPRI (mU = 1000 V/div), primary current IPRI (mI = 15 A/div), rectified
voltage U0 (mU = 200 V/div) (a) and dependence of efficiency E of the conventional (1) and ZVS-FB-converter (2) on load current (b)

Figure 10. Appearance of PLASMA 110i HF PS 
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Maximum consumed power, kW .................................  20
Current adjustment range, A ...............................  20--100
Maximum open-circuit voltage, V .............................. 250
Duty cycle, % ........................................................ 100
Maximum cut thickness, mm:

quality cut ..........................................................  25
severing cut ........................................................  35

Efficiency, % ...........................................................  85
Power factor ......................................................... 0.95
Overall dimensions, mm .......................... 710 × 285 × 485
Weight, kg .............................................................  28

Experimental studies of the interaction of current
regulator with the actual technological load showed
that the transition to a high conversion frequency
provides a high stability of the arc discharge at output
circuit inductance below 300 µH. Short response time
of the regulator ensures a fast increase of current at
arc discharge excitation, while the high steepness of
the current limitation section (> 40 V/A) ensures
reduction of current fluctuations at the change of the
air flow velocity.

During the switching process in the inverter, the
transistor working point moves at a maximum distance
from the limit of the region of transistor safe operation,
so that dynamic losses are decreased and reliability is
increased (Figure 11).

The modified module incorporated into the qua-
siresonance converter for powering the plasmatron in
ZVS mode provided a 15--25 dB lowering of the emit-
ted radio-noise, generated during the instrument op-
eration in different operating modes compared to
standard ZVS-converter, while the relative voltage
level of the generated radio-noise did not exceed the
norms in keeping with GOST 13281 in the entire fre-
quency range. This was promoted by absence of the
influence of current of reverse restoration of antipar-
allel diodes and lower du/dt level, which are char-
acteristic for this application. An additional improve-
ment of spectral composition can be achieved when
using higher-capacity snubber capacitors.

In order to analyze the current regulator dynamic
properties, processes occurring in the system at jum-
plike variations of the load were considered. Result
of transient process simulation «in the large» in a
system with an optimized regulator [3, 4] is shown in
Figure 12. The stabilized current converter provides
the set static accuracy of the system, stability and
desired aperiodic nature of the process of output cur-
rent drop-build-up at load jumps. Figure 12 gives the
parameters of the transient process: maximum over-

regulation ∆I0max = 4 A, process duration tpr = 2⋅10--3 s.
Comparison of the main characteristics shows the good
prospects for application of the new topology of power
components as an intermediate frequency link for pow-
ering the plasmatron.

PLASMA 110i HF PS was awarded the Diploma
of the All-Ukrainian Competition-Exhibition «Best
Local Product 2008».

In conclusion it should be noted that improvement
of the principles of construction of transistor convert-
ers of electric power parameters, regarding the power
units as power supply system elements, provision of
electromagnetic compatibility with the mains and
electric power users in these systems has a considerable
influence on circuit design solutions and, eventually,
on their technical characteristics.

Thus, results of scientific and engineering devel-
opments on creation of special power supply systems
on the basis of resonance transistor inverters, with
maximum allowance for the features of technological
loads, showed the high potential of the accepted ap-
proach to development of PSs with a high efficiency,
high density per a unit of power, a reduced level of
high-frequency noise and increased reliability, oper-
ating for arc loads.
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Figure 11. Process of switching in the inverter and paths of transistor working point movement

Figure 12. Transient processes in the system «in the large» (Rn =
= 5 Ohm; Rn1 = 5 Ohm; i = 20 A)
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EXPERIENCE OF EFFECTIVE ORGANISATION
OF TRAINING OF SPECIALISTS

OF WELDING PRODUCTION FOR SHIPBUILDING

A.M. KOSTIN
Admiral Makarov National Shipbuilding University, Nikolaev, Ukraine

The positive experience of regional centre for training specialists of welding production for shipbuilding is described.

K e y w o r d s :  welding production, personnel training, ship-
building

The integration of Ukraine into European Commu-
nity, including the field of training the specialists of
welding production complies with the adopted prin-
ciples of Bologna system accounting for the gained
international experience and branch practice inside
the country [1]. In this relation the experience of the
Admiral Makarov National Shipbuilding University
(NSU) represents an interest. This University was
approved in 1996 by common Decree of Ministry of
Education and Science and Ministry of Industry of
Ukraine as a leading organization in training personnel
of all levels in shipbuilding welding production. At
NSU together with shipbuilding plants of South of
Ukraine the association «Shipbuilding Training Cen-
ter of Welding» (STCW) was founded, the co-foun-
ders of which were «Vadan Yards Okean», State En-
terprise «Zarya-Mashproekt», «Khersonsky Sudo-
stroitelny Zavod», «Zavod imeni 61 Kommunara»,
«Chernomorsky Sudostroitelny Zavod» and NSU. The
association is an independent legal organization and
conducts its activity on the principles of self-sustain-
ing and self-management. The supreme direction body
of STCW is the Board of Trustees. Apart from this
the Chair organized two branches at the leading en-
terprises of the city: «Vadan Yards Okean» and
«Zarya-Mashproekt», to expand practical training of
engineers and their adaptation to industrial condi-
tions. The chiefs of the Chair branches are Yu.V.
Solonichenko, Technical director, and Yu.V.
Butenko, Chief welder. The enterprises are the basic
ones to carry out all kinds of training among the stu-
dents.

The foundation of new effective organizational
structure allowed the Chair to expand significantly
the list of performed works and cooperation area with
leading enterprises of the region. In particular, begin-
ning since 1997 STCW together with German Welding
Association of the land Meklenburg-Vorpommern
(SLV) within the scope of international program
«Transform» started retraining of leading specialists
of welding production of enterprises of the South of
Ukraine with issue of a certificate «European Welding
Engineer», and since 2000 the training on the program

«International Welding Engineer» is performed. The
realizing of this program allowed the teachers of the
Chair to improve their qualification and to receive the
appropriate certificates [2].

The association carries out also the training and
attestation of welders in accordance with NPAOP
0.00-1.16--96 (Permission 019.05.48.80.42.0) and
Russian Marine Navigation Register (RMNR) regu-
lations (Enterprise Certification Certificate
05.00035.160). For these purposes the training class
for twelve welding stations and attestation laboratory
are equipped at the Chair of Welding Engineering,
where complete training and attestation of welders is
performed with issue of qualification certificates with
the right to manufacture, mount, reconstruct and re-
pair objects and equipment in compliance with all
acting standard documents in Ukraine (NPAOP,
SNiP, DBN, DSTU). The attestation base of STCW
is also an official regional test center of Nikolaev de-
partment of RMNR, with which the Chair has as fruit-
ful cooperation. The training and attestation are per-
formed practically on all welding methods. For this pur-
pose a constant acting attestation commission was founded
with chairmen: Yu.V. Butenko, Chief welder of «Zarya-
Mashproekt» (Nikolaev), Yu.M. Konashchuk, Chief
welder of CNGS Engineering (Simferopol), A.N.
Vorobiov, Chief welder of Odessky Priportovy Zavod,
A.M. Kostin, Senior lecturer of NSU. STCW trains
specialists of the first and second level on NDT of
welds. The protocols of welder’s attestation tests
are recognized practically by all classification so-
cieties and is a basis to issue certificates in accord-
ance with requirements of classification societies
(GL, LR, BV).

As the experience of work showed it is reasonable
for enterprises to carry out attestation of welders at
the common basis disposing considerable material and
scientific potential. The independent expert evalu-
ation completely excludes the influence on attestation
results and gives possibility to estimate welders quali-
fication objectively. Using this approach the person-
nel of the Chair is always conscious of production
problems which in general has positive influence on
studying process. The existing attestation base fosters
attraction of funds for repair and modernization of© A.M. KOSTIN, 2009
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equipment, studying classes and rooms, allows stu-
dents to master the working profession of welder, here
all welding consumables are purchased by STCW.
Some students successfully pass qualification tests and
get basic certificates of electric welder, which allows
work on the profession during industrial practice.

In the frames of attestation-test work the Chair
constantly carries out practical seminars, consult-
ations and lectures on development and implementa-
tion into production of new welding consumables,
basic and auxiliary welding equipment inviting the
leading specialists of our country and from abroad. In
the recent years on the basis of the Chair such com-
panies as KZESO, SELMA, «Arksel», «Amiti»,
«Messer Cutting & Welding», «Boehler», «Abicor
Binzel», ESAB, «Drahtzug Stein», «MezhGosMetiz»
and other propagate their production on regular basis.
The works on the trend are carried out attracting
students, who obtain new knowledge directly from
developers in active and interesting way.

The specialists of the Chair, being independent
experts, systematically participate in estimation of
quality of manufacture of single parts, assemblies and
objects, perform certification of welding technologies
in accordance with DSTU 3951--2000 and RMNR
regulations, provide consultations and carry out
classes for workers and engineer-technician personnel
directly at enterprises without work interruption. The
training as a rule is conducted as regards to definite
products with a detailed discussion of existing prob-
lems. The possibility of joint scientific work and in-
troduction of progressive technical and technological
solutions into production arises. One of the most sig-
nificant examples in this trend is a joint development
of plasma cutting source Plasma 110i HF by NSU and
SPE «UkrTertMash», which was awarded diploma at
all-Ukrainian exhibition and competition «The best
domestic goods 2008» in the nomination «Shipbuild-
ing» [3] or, for example, the power source VDU1202,
developed by «Amiti», with combined external char-
acteristic in complex with automatic machine TS77
which allows using solid wire in automatic mode under
flux to produce butt joints of thickness from 16 up to
40 mm into slot gap without edge preparation [4].
Still there are plenty examples.

In the recent years the fruitful mutually benefitial
cooperation was established with our constant part-
ners such as SELMA, KZESO, «Vadan Yards Okean»,
«Zarya-Mashproekt», Nikolaev department of RMNR
and other. The enterprises regularly invite our gradu-
ates for a work and send their workers for a study by

correspondence. The study is performed according to
the working area of regional enterprises, the consid-
erable part of diploma projects is performed on their
order. The Chief welders of enterprises are actively
involved in studying process, they regularly attend
defense of diploma projects, that make their choice of
graduates for widening the welding departments per-
sonnel easier. The mentioned enterprises, except of
active cooperation in the area of personnel training,
render considerable material aid to Chair of Welding
Engineering. Just in the recent years the Chair has
received new equipment, materials and aid from spon-
sors at the sum of more than 100 thou UAH. The aid
is not interrupted even under conditions of total eco-
nomic crisis.

The Chair keeps close relations with graduates
working at enterprises of Nikolaev, Kherson, Simfero-
pol, Kerch, Odessa and many other cities, involve
them into participation in practical seminars, coop-
eration in the frames of STCW working plan, the most
gifted are invited to post-graduate courses. STCW
undertook the functions of regional coordinator and
consolidated efforts of enterprises in the area of per-
sonnel training of all levels for the needs of welding
production. The expansion of the Chair activity con-
solidates the relations of teaching personnel with suc-
cessfully working enterprises which positively influ-
ence its image.

As the experience showed the complex approach
to the problem of personnel training on the basis of
close relation with enterprises of different forms of
property, the creation of branches of the Chair on the
basis of leading industrial enterprises of the region,
common organization of regional center of personnel
training provide the modernization of material-tech-
nical and methodical base on training of welding spe-
cialists of all levels for the needs of different branches
of industry.
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PECULIARITIES OF STRUCTURE OF METAL
DEPOSITED ON EDGES OF SINGLE-CRYSTAL BLADES

MADE FROM NICKEL SUPERALLOYS

K.A. YUSHCHENKO1, B.A. ZADERY1, A.V. ZVYAGINTSEVA1, V.S. SAVCHENKO1, I.S. GAKH1

and O.P. KARASEVSKAYA2

1E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
2G.V. Kurdyumov Institute for Metal Physics, NASU, Kiev, Ukraine

Peculiarities of crystallography and structure of metal deposited on free edges of single-crystal blades made from
heat-resistant alloy JS-26 are considered. Their dependence upon the crystallographic orientation of the initial metal has
been established. It is shown that, in general, inheritance of the crystallographic orientation and changes in the structural
state of the initial metal by the deposited metal in cladding obeys the same qualitative mechanisms as in welding.

K e y w o r d s :  electron beam cladding, filler metal, single
crystals, heat-resistant nickel superalloys, crystallographic orien-
tation, shape of solidification front, thermal gradient, direction
of preferred solidification, dislocation density

As shown by systematisation of service damages on
GTE blades conducted by the authors of this article,
as well as the data of studies [1--3], most defects occur
within the edge portion of a blade. The major part of
them (50--90 %) takes place in the leading edge, while
the rest of them ---- in the end part and trailing edge.
Such damages are repaired mainly by arc or plasma
cladding, or with the electron beam. In the blades
produced by the directed solidification method, the
edge to be repaired consists of a single, bi- or tricrystal.
Crystallographic orientation of the edge to be clad is
determined by location of a defect. 

It is well known that structure of the weld metal
in welding of single-crystal nickel-base superalloys is
determined, in the first turn, by the crystallographic
orientation of the initial metal and by the welding
direction [4--9].

Differences in structure of the welds and clad metal
are caused by a specific character of the thermal-de-
formation cycle, shape of the molten metal pool so-
lidification front and other peculiarities. In this con-
nection, the purpose of this study was to investigate
the effect of an initial crystallographic orientation of
substrate of a single crystal being clad on the degree
of its inheritance by the deposited metal, as well as
peculiarities of structural changes in the initial single
crystal.

In order to obtain comparable results to exclude
the impact on structure by natural fluctuations and
conditions of growth and cladding of samples of dif-
ferent supplies, the investigations were conducted on
bicrystals, and only the check ones ---- on single crys-
tals.

Initial 60 × 80 mm billets of nickel superalloy JS-26
were made in the process of growth of single-crystal
plates 6--8 mm thick by the method of high-speed
directed solidification. Chemical composition of the

alloy was as follows, wt.%: 0.8--1.2 V, 4.3--5.6 Cr,
0.8--1.2 Ti, 0.8--1.4 Mo, 10.9--12.5 W, 8.0--10.0 Co,
4.5--8.0 Al, 1.4--1.8 Nb, 0.22--0.27 Mn, 0.9--1.1 Fe,
0.13--0.18 C. One of the crystals was chosen so that
its crystallographic orientation was close to the direc-
tion of high-symmetry axes. Cladding was performed
layer-by-layer on the edge of a plate using the same
filler metal as the initial alloy by the electron beam
method. Height of a layer deposited per pass was
1.5--2.0 mm. Up to three layers were deposited in the
experiments (Figure 1). Values of the cladding pa-
rameters were limited by a requirement to provide the
quality formation of the deposited metal (absence of
rolls, fusion with the base metal (BM), and smooth
surface geometry), as well as the absence of cracks.

The investigations showed that the sensitivity to
cracking of single crystals of the alloy in cladding on
the edge was determined by height of the deposited
layer, quantity of cladding passes, initial crystal-
lographic orientation and structure.

Cracks were very scarce in the case of the deposited
metal up to 1 mm high. Increase in the height of the
deposited metal, like the quantity of the passes, in-
creased the probability of cracking. The unfavourable
crystallographic orientation for inheritance, which did
not coincide with the high-symmetry axes of the initial
single crystal (as well as the presence of high-angle
grain boundaries in it) led to distortion of the initial
structure, formation of stray grains and cracks. How-
ever, no cracks were formed in the case of a small
(less than 6°) disorientation of grains, «soft» thermal
cycle (cladding speed 10--20 m/h, preheating to 400--
600 °C) and small height of the deposited metal. In
the presence of high-angle grain boundaries, the cracks
might initiate not only in the deposited metal, but
also in the HAZ metal, at some distance from the
fusion line. This can be associated, to a major degree,
with peculiarities of distribution of thermal stresses,
rather than with structural changes (refinement of the
γ′-phase, etc.). Also, it should be noted that in clad-
ding the probability of cracking is much lower than
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in butt welding, which seems to be associated with
peculiarities of distribution of welding stresses across
the section of a joint, their values, more favourable
shape of the solidification front (see Figure 1), and,
hence, perfection of structure of the deposited metal.

The investigations were carried out on longitudinal
and transverse sections by the optical metallography
and X-ray diffractometry methods. Distribution of the
intensity of scattered X-rays near the reciprocal lattice
points was evaluated. Regions were examined by ir-
radiation of the surface area measuring 0.3 × 2.0 mm
with a reflex located in a direction normal to the plane
of the deposited metal, by gradually passing from BM
to the deposited metal, the irradiated (examined) area
remaining parallel to the fusion line (sample edge).
36 regions were examined on the surface of a sample
10 mm wide. The displacement step was 0.28 mm.
The main point of the procedure is described in more
detail in studies [7--9].

It can be seen from examination of the pole figures
(Figure 2) that orientations of surfaces of the plate
and deposited metal (edge being clad) in crystal II of
the examined sample are identical and correspond with
an accuracy of up to 2° to orientation <100>. In crystal
I, orientation of the plate is (013) and that of the
deposited metal surface (edge) is <100>. Therefore,
the surfaces of the crystals being clad are planes of
zone <100>. Morphology of the crystalline structure
and crystallography of the clad samples of crystals I
and II are shown in Figures 3 and 4. It can be seen
from the Figures that the initial crystallographic ori-
entation at a meso-level is inherited very closely at a

substantial refinement of elements of the weld struc-
ture.

As seen from Figure 5, positions of maxima of
distribution of Iq|| of the reflection in BM and depos-
ited metal coincide, i.e. the values of lattice parame-
ters of the γ- and γ′-phases persist [10]. Width of the
reflection in the deposited metal grows, compared to
BM, by 10--15 % in crystal I, and by 4 % (within the
error limits) in crystal II. Therefore, imperfection (dis-
location density) of metal structure in cladding on
asymmetrically oriented crystal I is much higher than
on symmetrically oriented crystal II. However, this
increase (difference) is much lower than in welding
[8, 9].

The shape and width of distributions of Iq⊥ of the
reflection in BM (Figure 6, a, e) are typical for the
grown single crystals, i.e. they are smooth in all az-
imuthal directions, and the iso-intensity lines are el-
liptical. As seen from Figure 6, a, reflection (024) for
crystal II is located exactly on a vertical line (355° ----
instrument coordinates in Figure 6; therefore, devia-

Figure 1. Appearance (a ---- ×5) and macrosection (b ---- ×25) of
three-layer cladding on sample edge (cladding direction [013], clad-
ding plane (100), and section plane (031))

Figure 2. Pole figures {220} for crystals II (a) and I (b) (square ----
orientation (001)). Cladding direction in crystal II ---- <010> and
crystal I ---- <013>, section plane in crystal II ---- {001}, in crys-
tal I ---- {031}

Figure 3. Microsections (×50) and crystallography of clad samples
(dark field) of crystal I: a ---- longitudinal section; b ---- transverse
section (arrows ---- stray grains in deposited metal)
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tion from the vertical is 5°). Arrow in Figure 6, a
indicates the cladding direction on a section along the
fusion line. In HAZ, a change from the initial elliptical
shape of distribution of Iq⊥ can be seen on the iso-in-
tensity lines. Broadening in the cladding direction
(Figure 6, b) is observed in parallel to the fusion line.
It grows in the fusion zone (FZ) (Figure 6, c), i.e.
there is a turn about the direction normal to the clad-
ding surface. Isolated reflections of a low intensity
can be seen in the deposited metal, this being indica-
tive of the presence of stray grains (see Figure 3).
Width of the iso-intensity lines in layers which are
closest to BM are maximal (Figure 6, c). In the layers
which are distant from BM (Figure 6, d), at an ob-
served broadening in the direction parallel to the fu-
sion line, the width of the reflection decreases normal
to the fusion line. Since broadening of the reflex re-
flects direction of preferred stresses in the sample
plane, it can be concluded that substantial longitudi-
nal stresses take place near the fusion line, and that
they decrease at the deposited metal surface.

In contrast to crystal II, crystal I has reflection
(311) on the vertical (359° ---- instrument coordinates
in Figure 6, therefore, deviation from the vertical is
1°). Like in crystal II, in HAZ of crystal I the iso-in-
tensity lines of distribution of Iq⊥ broaden in a direc-
tion parallel to the fusion line, and the elliptical lines
transform into the round ones. A turn about a direction
normal to dendrites in BM is seen in FZ (Figure 6,
g), i.e. the broadening projection on the sample plane
is normal to the projection of dendrites on the same
plane. The reflection of other orientation deviating
from the main reflex mainly in a direction of its broad-
ening can be seen even on the fusion line (Figure 6,

g). Localised, asymmetrical regions of an increased
intensity can be seen in distribution of Iq⊥ in the de-
posited metal, in the layers adjoining BM, with the
reflection width increasing in different directions
(Figure 6, g), which is also characteristic of the welds.
Broadening in different directions, i.e. in a direction
normal to the projection of direction of dendrites on
the sample plane, as well as in the other directions,
is observed in the iso-intensity curves in the layers
located at a distance from BM (Figure 6, h). There-
fore, residual stresses are locally heterogeneous in
crystal I, in contrast to crystal II with their homoge-
neous distribution. Most probably, this is the effect
of the asymmetry of crystallographic orientation of
the initial single crystal with high-symmetry axes.

It should be noted that, along with a very clear
inheritance of the initial crystallographic orientation
of the examined single crystals by all the layers of a
multilayer cladding (see Figures 3 and 4), one can
also see the following peculiarities, which are not that

Figure 4. Microsections (×50) and crystallography of clad samples
(dark field) of crystal II: a ---- longitudinal section; b ---- transverse
section

Figure 5. Distribution of intensity Iq|| in different regions of a
welded joint (a): 1 ---- weld metal near FZ; 2 ---- weld axis; 3 ----
HAZ; 4 ---- BM; in deposited metal (b, c) (b ---- crystal I, reflection
(420)); c ---- crystal II, (133): 1 ---- BM; 2 ---- deposited metal.
Orientation of fusion surface in the welded joint ---- {011}, and in
the deposited metal ---- {100}
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significant numerically, but are important for under-
standing of the inheritance mechanism.

Claddings on crystals I and II (Figure 7, a) are
characterised by a change of 1.5° in orientation in the
plane of a section located near FZ. Then, with distance

from the fusion line, orientation of the deposited metal
becomes close to that of BM. A turn in crystals I and
II is approximately identical, but character of this
change near FZ is different. The turn in the FZ of
crystal II (orientation in the section plane is (001))

Figure 6. Iso-intensive distributions of inten-
sity Iq⊥ of reflection (024) for crystal II (a--d)
and reflection (311) for crystal I (e--h): a,
e ---- BM; b, f ---- HAZ; c, g ---- FZ; d, h ----
deposited metal (numerical values along the
axes are given in degrees)

Figure 7. Change in orientation across the section of plate in the welded joint and deposited metal with respect to the fusion surface
(a) and welding or cladding direction (b): 1 ---- fusion surface {110} (15--18° to {310}); 2 ---- {310}; 3 ---- {100}; 4 ---- {100}; «0» ---- FZ
of the deposited metal and weld; width of the welds and height of the claddings is approximately 3 mm
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is smooth, whereas in crystal II (orientation (013))
it is stepwise, with local heterogeneities and fragmen-
tation of crystal appearing in distribution of intensity
Iq⊥ (Figure 8). Most probably, the turn is associated
with non-coincidence of the thermal gradient direction
with normal to the sample surface (edge) and, hence,
the shape of the weld pool solidification front. This
leads to a gradual change in orientation in the clad
zone for crystal II, and to a stepwise one for crystal
I, which seems to be also associated with crystal-
lography of the samples, which is symmetrical for
sample II and asymmetrical for sample I.

A change in orientation of the deposited metal
relative to the sample surface also takes place in crys-
tals I and II (see Figure 7, b). The turn in crystal II
is approximately 1°, and in crystal I it is approximately
2°. The change in orientation in crystal II begins from
FZ, and in crystal I ---- from HAZ. The turn in HAZ
seems to result from an increased dislocation density
(which can be seen from the distribution of intensity
Iq⊥) under the effect of welding stresses. It is likely
that the initial crystallographic orientation and turn
(2°) are the causes of fragmentation of the crystal
(formation of stray grains and local heterogeneity in
the distribution of Iq⊥). Decrease in the change of
orientation at the external edge with respect to BM
can be seen in crystal II, whereas in crystal I the turn
on the external edge of the sample grows.

Apparently, the ratio of direction of the maximal
thermal gradient (weld pool shape) to direction of
the preferred growth is a key factor affecting peculi-
arities of structure formation in the deposited metal.

There is a large difference in intensity Iq⊥ in the
deposited metal between crystals I and II (see Fi-
gure 8). In crystal II the intensity in the deposited
metal at a substantial distance from BM is constant
(although it is lower than in BM). In crystal I the
intensity in the deposited metal gradually decreases
with distance from BM. The following peculiarities
can be distinguished in behaviour of the intensity: the
intensity of reflection in the deposited metal is much
lower (2 times) than in BM (crystal II). Dip of the
intensity occurs at an interface between BM and the
first layer of the deposited metal. Absolute values of

the intensity of reflections may decrease also as a
result of refinement of the structure [11], as when the
structural components become smaller, and diffraction
of radiation on them leads to an irreversible escape of
X-ray from the interval of diffraction angles [10, 12].
Examination of microstructure of the deposited metal
showed a 5--10 times decrease in distance between
dendrites.

It should be emphasised that intensity Iq⊥ in the
deposited metal on crystal II decreases approximately
2 times and remains unchanged in the entire height
of the deposited metal. In crystal I with the same
refinement of dendrites in the deposited metal, the
intensity continuously decreases, which may be re-
lated to fragmentation of crystal and appearance of
stray grains within the irradiated volume. Stray grains
in the deposited metal of crystal I grow in number
towards the end in height. This corresponds to the
presence of local heterogeneities and formation of
stray reflections, in addition to the main ones, in dis-
tribution of Iq⊥ for crystal I. Therefore, the considered
character of the change is determined by the fact how
close the orientation of the solidification front is to
the direction of the preferred growth of the crystal
(to what extent they coincide).

Probably, the observed structural and crystal-
lographic changes in height of the deposited metal are
also associated with successive intrusion of dendrites
with an unfavourable crystallographic orientation,
and increase in the quantity of stray grains is related
to overcooling of the surface of the deposited metal
because of evaporation.

Analysis of the results of investigation of structural
changes in the process of cladding on edges of heat-
resistant nickel alloy single crystals allows a conclu-
sion that inheritance of the initial structural states
and crystallography by the deposited metal obeys the
same qualitative mechanisms as in welding [7--9, 12]:

• single-crystallinity and general crystallographic
orientation persist;

• clear dependence of inheritance of the initial
structural state upon the asymmetry of crystal-
lography of the initial metal (substrate) and cladding
(welding) direction takes place;

Figure 8. Change in distribution of maximal intensity Iq⊥ in height of a cladding for crystal I, reflection (420) (a), and for crystal II,
reflection (113) (b)
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• structural components substantially decrease in
size, and dislocation density grows in the deposited
metal (weld);

• lattice parameters of the γ- and γ′-phases remain
almost unchanged (within the error limits) in all re-
gions (see Figure 5);

• formation of cracks in the deposited metal during
cladding, like during welding, seems to be promoted
by formation of the local stress zones related to the
heterogeneous distribution of dislocations.

The following takes place at an edge in the depos-
ited metal because of a flatter shape of the solidifica-
tion macro front and, hence, more unidirectional heat
removal, as well as lower welding stresses compared
with the welds:

• more uniform distribution of dislocations (Fi-
gures 6 and 10);

• 2--3 times decrease in deviation of crystal-
lographic orientation of the deposited metal from the
initial one (see Figure 7);

Figure 9. Three-dimensional (a) and iso-intensive (b) distribution of intensity Iq⊥ of reflection (311) in the initial material (numerical
values along the axes are given in degrees)

Figure 10. Distribution of intensity Iq⊥ of reflections (311) in the weld zone (a, c) and in cladding (b, d) at different fusion surfaces:
a--c ---- {310}, d ---- {100} (numerical values along the axes are given in degrees)
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• 8--10 times decrease in the quantity of stray grains
at deviation of crystallographic orientation of the clad
edges from the direction of high-symmetry axes (Fi-
gures 9 and 10);

• growth of dislocation density: for the welds made
at low welding speeds (about 10--20 m/h) the dislo-
cation density grows 6--8 times, and at high welding
speeds (about 60--80 m/h) it grows 15--20 times, com-
pared with the initial one (see Figures 5, 6, 9 and 10).

CONCLUSIONS

1. The quality of cladding on edges of single crystals
of heat-resistant nickel alloys is determined by geome-
try of the deposited metal, absence of cracks, degree
of deviation of crystallographic orientation of the weld
from the initial substrate, presence of stray grains,
and density, concentration and distribution of dislo-
cations.

2. The sensitivity to cracking depends primarily
upon the cladding speed, bead height and crystal-
lographic orientation of the initial metal and weld.

3. The degree of deviation of crystallographic ori-
entation from the initial one, formation of stray grains,
density and distribution of dislocations at an almost
flat solidification macro front depend mainly upon the
crystallographic orientation of the initial single crys-
tal, direction of making of the weld relative to the
high-symmetry axes, and perfection of its single-crys-
talline structure.

4. Inheritance of crystallographic orientation of
the initial metal at a sufficiently perfect single-crys-
talline structure takes place at the investigated pa-
rameters and conditions of cladding on edges of single
crystals of heat-resistant nickel alloys.

5. Cladding on edges of single crystals of casting
heat-resistant nickel alloys of the JS-26 type is rec-

ommended to perform on a material oriented close to
the high-symmetry axes by using the 1.0--1.5 mm thick
filler metal of the same chemical composition, at a
height of metal deposited per pass equal to no more
than 2 mm. The recommended cladding speed is 10--
15 m/h.
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EFFECT OF CONCENTRATION OF HARD PARTICLES
ON GAS-ABRASIVE WEAR RESISTANCE

OF COMPOSITE ALLOY

A.P. VORONCHUK
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Effect of the concentration of hard particles on wear resistance of composite alloys is considered. The selectivity of wear
of composite alloys is shown. Calculation of wear resistance of a composite alloy has been made by using the additivity
rule, and comparative data on this alloy have been obtained by experiments.

K e y w o r d s :  arc cladding, cladding composite alloys, hard
particles, wear resistance, concentration of particles, gas-abra-
sive wear

Effect of the concentration of hard particles on wear
resistance of cladding composite alloys is insuffi-
ciently studied. Achievement of a different and speci-
fied concentration of hard particles in the matrix dur-
ing cladding of composite alloys involves difficulties.
This is associated with the fact that hard particles,
e.g. tungsten carbides, sink in the weld pool, their
distribution in it being very non-uniform. Therefore,
the concentration of tungsten carbide particles in the
initial charge is assumed to be the concentration of
these particles in a composite alloy [1]. However, this
assumption is inadmissible for induction cladding.

Special model samples with a preset concentration
of hard particles in the wear plane were made for the
experiments described below. A recess was turned in
a billet of steel 45, which was filled with one layer
of special 1.0 mm beads of alloy VK8. Gaps between
the beads were filled with a powder of a binding nickel
alloy of the Colmonoy type, having the following
chemical composition, wt.%: 15 Cr, 4.5 Si, 4.0 Fe,
and 3.75 B. A sample was heated up to melting of the
binding alloy between two graphite electrodes by us-
ing projection resistance machine MR-8001. The re-
quired concentration of the VK8 particles in the wear
plane was provided by grinding of the composite layer
to a certain depth. This caused a change in cross section
diameter of a bead in the wear plane. However, this
change was small and not exceeded the range within
which the value of wear depends but insignificantly
upon the particle size [2, 3]. Samples of three concen-
trations of the particles were produced in this way,
vol.%: 30--32, 49--53, and 73--77. Microhardness of
the alloy matrix was 4200--5860, and that of the VK8
particles was 20780--22140 MPa.

The tests were carried out by using the OB-876 ma-
chine under the following conditions: jet attack angle ----
30°, abrasive ---- quartz sand, and excessive pressure
ahead of the nozzle ---- 0.24 MPa. Wear was evaluated
from the loss of weight of the samples and by plotting
profilograms of the worn-out surface. Relative wear re-
sistance of the composite alloy was determined by com-
paring it with wear of annealed low-carbon steel. The

kinetics of wear of the composite alloy can be consid-
ered by conducting tests (at a constant consumption
of an abrasive) depending upon the test time deter-
mined by the consumption of the abrasive. Here two
approaches can be used to analyse the wear process.
With the first approach, the relative wear resistance
after each measurement is determined as

ε = 
∆mr

∆mc
, (1)

where ∆mr and ∆mc are the losses of weight of a ref-
erence sample and sample of the composition tested
from the beginning of the test up to a given measure-
ment.

Relative wear resistance ε is determined on the
basis of the total losses of weight of the samples during
the total test time. Figure 1 shows a change in relative
wear resistance ε depending upon the consumption of
the abrasive for compositions with a different concen-
tration of the VK8 particles. Some decrease in ε takes
place at the beginning of the tests. Then, as the test
time increases, the relative wear resistance reaches
some constant value, which depends upon the concen-
tration of a wear-resistant component of the alloy.
Increase in the concentration of the wear-resistant
component in the alloy is accompanied by increase in
ε. Some decrease in ε in the initial period of the tests
is related, most probably, to exposure of the VK8
particles and bombardment of their side faces at a
high attack angle, this leading to an accelerated wear
of the particles.

© A.P. VORONCHUK, 2009

Figure 1. Dependence of total relative wear resistance ε upon the
consumption of abrasive at different concentrations of particles in
the composition: 1 ---- 75; 2 ---- 52; 3 ---- 30 %
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The kinetics of wear of the composition can also
be considered discretely during separate time periods.
In this case, relative wear resistance ε1 is determined
as follows:

ε1 = 
mn -- 1, r -- mn, r

mn -- 1, c -- mn, c
, (2)

where mn--1, c and mn--1, r are the weights of samples of
the composition and reference sample in previous
weighing, respectively; and mn, c and mn, r is the same
in subsequent weighing.

Variation of ε1 with time is of a cyclic character
(Figure 2). This character of variations in ε1 should
be attributed to the selectivity of wear of the compo-
sition. Consider one cycle. The first to wear is a com-
paratively less wear-resistant matrix, and ε1 of the
composition decreases. Then the projecting reinforcing
particles prevent the matrix from further destruction,
and mostly they start wearing out. The value of ε1

grows. Gradually, with wear of the reinforcing par-
ticles, the favourable shadow effect for the matrix
diminishes, and the intensive wear of the matrix re-
commences, the cycle is repeated. The character of
the cycle (deviation of ε1 from an average value, cycle
duration, etc.) depends upon the concentration of the
reinforcing particles, difference in physical-mechani-

cal properties of the matrix, and different ability of
the composition components to resist wear at different
attack angles used during the tests. The fact that the
intensity of wear of the matrix grows in a time period
(see Figure 2) is proved by the profilograms of the
worn-out surface shown in Figure 3. Valleys in the
profilogram correspond to a depth of wear of the com-
position matrix. The lower the concentration of the
reinforcing particles, the larger is the depth of the
valleys. Thus, at an abrasive consumption of 0.06 m3,
the mean depth of the valleys for samples with the
concentrations of the VK8 particles equal to 75, 52
and 30 % was 21.2, 30.9 and 35.4 µm, respectively.

Determine whether wear Wc of the «hard parti-
cle--matrix» composition obeys the additivity rule:

Wc = WrCr + Wm(1 -- Cr), (3)

where Wr and Wm are the values of wear of the par-
ticles and matrix, respectively; and Cr is the volume
content of the particles in the composition.

The model samples, i.e. matrix and sintered alloy
VK8, were subjected to gas-abrasive wear at an attack
angle of 30°. Quartz sand was used as an abrasive,
and low-carbon steel was used as a reference, like in
the previous experiments. The test results are shown
in Figure 4.

According to the experimental data, wear of the
matrix (alloy of the Colmonoy type) was 2.74 g, and
that of the VK8 hard particles was 0.46 g. Wear of
composite alloys with content of the hard particles
equal to 30 vol.% was 1.62 (experiment) and 1.916
(calculation). Wear of composite alloys with 52 vol.%
content of the hard particles was 1.24 (1.396), and
that with 75 vol.% ---- 0.91 (0.947).

Therefore, the difference between the experimental
and calculated results for wear is about 12 %. The cal-
culation of wear of the composite alloy by using the
additivity rule leads to substantial errors caused by the
selectivity of wear of the composition components.

1. Klejs, I.R., Stupnitsky, A.M., Pirogov, S.Ya. (1977) Wear
of composite tungsten carbide based alloys caused by a slid-
ing jet of abrasive. Avtomatich. Svarka, 5, 60--61.

2. Yuzvenko, Yu.A., Zhudra, A.P., Frumin, E.I. et al. (1972)
Peculiarities of gas-abrasive wear of composite alloys. Ibid.,
8, 35--38.

3. Yuzvenko, Yu.A., Zhudra, A.P., Frumin, E.I. (1973) Abra-
sive wear of composite alloys. Ibid., 7, 62--63.

Figure 3. Profilograms of worn-out surface of the composite alloy
with concentration of the hard particles equal to 75 vol.% (τ1 and
τ2 ---- see Figure 2)

Figure 2. Dependence of discrete relative wear resistance ε1 of the
composite alloy upon the consumption of abrasive at different con-
centrations of the VK8 particles: 1 ---- 75; 2 ---- 52; 3 ---- 30 %;
dashed curve ---- theoretical

Figure 4. Effect of concentration of hard particles on wear of com-
posite alloys: solid curve ---- experimental data; dashed curve ----
calculation using equation (3)

44 8/2009



THESES FOR SCIENTIFIC DEGREES

E.O. Paton Electric Welding Institute of the NAS
of Ukraine
V.V. Kurenkova (E.O. Paton Electric Welding In-
stitute) defended on the 17th of June 2009 her thesis
for the Candidate of Technical Sciences Degree on
subject «High-Temperature Brazing of Casting Heat-
Resistant Nickel Alloys Using Boron- and Silicon-
Containing Filler Metal». The thesis is dedicated to
investigation of materials science aspects of producing
brazed joints on casting heat-resistant nickel alloys
for repair of heat-loaded parts of gas turbine engines
and power units. One of the problems of repair brazing
is low ductility of the seam and seam--substrate dif-
fusion zone, which is caused by heterogenisation of
structure and precipitation of central-axis or inter-
dendrite boride/carboboride eutectics in the brazed
seam metal during solidification.

The goal of the thesis is to develop a method for
neutralisation of the negative effect of boron in com-
posite filler metal NiCoCrAl--2.5 % B + Rene-142 used
as a charge by adding to it 15--25 wt.% of filler metal
Ni--12 % Si of the eutectic composition. Diffusion of
boron into the alloys being brazed was decreased,
liquidus temperature of the complex filler metal was
lowered by 60 °C, and high homogeneity of the seam
metal in short-time (10--25 min) high-temperature
(1200--1230 °C) brazing in vacuum was achieved by
using a mutual effect of boron and silicon (as two
interstitial elements) and partial diluting the filler
metal melt with nickel. Precipitation of dispersed car-
boboride phases uniformly distributed in the seam,
the volume content of which after heat treatment was
f = 4.2--5.9 %, and shape of the carbide particles close
to the globular one provided increase in the techno-
logical ductility and strength of the brazed joints.

Adding powder of filler metal Ni--12 % Si to com-
posite filler metal NiCoCrAl--2.5 % B + 60 wt.% Rene-
142 excludes formation of boride eutectics  γ-Ni +
+ CrB, the formation of which leads to decrease in
heat resistance of the brazed seam and brittle fracture
of the joints below the yield point. Alloying with
silicon decreases the level of internal stresses of the
crystalline lattice of matrix solution of the filler metal,
while boron, according to the X-ray diffraction ex-

amination data, precipitates mostly in the form of
dispersed inclusions Ni3B along the boundaries of the
γ/γ′-phases during solidification of the seam.

Systematic investigations were carried out to study
microstructure, phase composition, strength and duc-
tility of metal of the brazed joints on alloys ChS70VI,
VJL12U, JS26VI and NK.

Quality factor (σtBJ/σtBM) at 20 °C was 0.92--1.0,
depending upon the type of alloys being brazed. It
was established that width of the technological gap
(or natural capillary) within a range of 50--950 µm
has no effect on strength of the brazed joint on alloy
JS26NK at room temperature with a minimal width
of the mutual diffusion zone at an interface with the
metal brazed. Depth of a reliable brazed seam in the
bulk of a blade was 4 mm. Long-time strength at
900 °C slightly decreased with increase in the gap
width. At a long-time high-temperature load effect,
diffusion of boron into the base metal after 22 h
reached 3 mm on the brazed joints formed by using a
boron-containing filler metal. In the case of using a
boron- and silicon-containing filler metal, after 68 h
of long-time tests the diffusion zone did not exceed
120 µm.

100 h gas-dynamic tests were conducted (at the
Institute for Strength Problems of the NAS of
Ukraine) on fragments of shutters of alloy VJL12U
with the cracks repaired by brazing (thermal cycle
time  τ = 90 s; Tmax = 1000 °C). No fracture of frag-
ments of the shutters was detected, thus proving fit-
ness of the repaired parts for further operation.

E.O. Paton Electric Welding Institute of the NAS
of Ukraine
V.D. Poznyakov (E.O. Paton Electric Welding In-
stitute) defended on the 24th of June 2009 his doctoral
thesis on subject «Weldability of High-Strength
Steels in Repair of Durable Structures». The thesis is
dedicated to investigation of peculiarities of formation
of structure and welding stresses in joints on high-
strength steels with tensile strength of 350--800 MPa,
which were welded under rigid restraining conditions,
evaluation of the effect of this factor on changes in
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mechanical properties and resistance of these joints
to brittle, delayed and fatigue fractures, and devel-
opment of theoretical principles and practical meas-
ures providing increase of the technological and serv-
ice strength of the repaired metal structures.

The character of variations in strength properties
of HAZ of high-strength steels under conditions of
continuous heating--cooling of metal according to the
welding thermal cycle was studied. It was shown that
an intensive decrease of 600--800 MPa to 90--130 MPa
in yield stress and strength of the high-strength steels
heated above the Ac3 temperature occurred in a tem-
perature range of 400--780 °C. At the same time, elon-
gation and reduction in area of metal increased by
40--50 %, the metal transforming into the thermal
plastic condition. Strength properties of the metal
monotonously increased during the cooling process.
Dramatic changes in yield stress (with an intensity of
up to 45--65 MPa/°C in formation of bainite, and
120--145 MPa/°C in formation of martensite) took
place in the initial period of structural transforma-
tions. Strength at this moment reached the ultimate
values for specific steels and cooling conditions. For-
mation of the above structures was accompanied by
increase in volume of the metal, this causing its in-
crease to a level the relative values of which might
change from 0.18 to 0.47 %, depending upon the chemi-
cal composition of steel and cooling rate of specimens.
The set of the generated data made it possible to widen
notions on the kinetics of development of temporary
stresses within the heat-affected zone of structurally
unstable high-strength steels. It was experimentally
proved that dislocation structure and properties of the
deformed metal changed under the effect of residual
stresses, the value of which amounted to 0.8σ0.2 of
this metal. It was shown that this process is related
to development of low-temperature plastic deforma-
tion, generation of dislocations and evolution of the
dislocation structure. Intensive interaction of disloca-
tions promotes formation of new sub-grains and frag-
mentation of structure. Fragments become finer with
increase in load, and their disorientation grows. The
combination of these factors leads to an 8--12 % in-
crease in values of microhardness and yield stress of
the metal. Formation of local regions with an increased
dislocation density favours development of brittleness
of the metal, as a result of which its cold resistance
decreases by 25--40 %. Welding stresses have a
stronger effect on cold crack resistance of welded
joints. The degree of this effect depends upon the
composition and properties of the base and deposited

metals, as well as upon the saturation of welds with
diffusible hydrogen. It was shown that at moderate
(w6/5 ≤  10 °C/s) cooling rates and a limited content
of diffusible hydrogen in the deposited metal equal to
4 ml/100 g, the probability of initiation of cold cracks
in rigidly restrained welded joints on steels with Ceq =
= 0.35--0.40 % would be minimised if σres ≤ 0.9σ0.2,
and with Ceq = 0.45--0.55 % and Ceq = 0.60--0.70 % ≈
≈ 0.7σ0,2 and 0.5σ0.2, respectively. It was proved that
increase in cooling rate w6/5 of welded joints to
25 °C/s and hydrogen content to 16 ml/100 g causes
the need to reduce residual stresses, which are per-
missible in terms of formation of cold cracks, 1.7--1.9
times at Ceq = 0.35--0.55 %, and 2.5 times at Ceq =
= 0.60--0.70 %.

It was experimentally found that the level of trans-
verse and longitudinal stresses can be lowered, the
latter by 20--25 %, due to welding by the block method
with a layer-by-layer peening of the deposited metal,
as well as due to adjustment of the composition of
welding consumables and limitation of welding pa-
rameters.

It was established that resistance of welded joints
to fatigue and brittle fracture after the first and second
repair could be restored in full. No substantial changes
in structure of the weld and HAZ metals were ob-
served. They occur after numerous (not less than 3-
fold) thermal and force effects on the metal, which
take place in repair and cyclic loading of the welded
joints and show up in an increased heterogeneity of
structure. Tensile strength of T-specimens decreased
as a result of such changes after the third repair by
30--50 %, and after the fourth repair it decreased al-
most twice. A marked decrease in values of KIc and
δc (more than by 30 %) occurred after the fourth
repair. Factors determining the insufficient strength
of the low-alloy and high-strength steel joints repaired
by welding were analysed. It was shown that fatigue
life of the T-joints could be increased more than twice
by employing the welding technology based on the
use of the combined welds, where the root and filling
layers are made with traditional welding consumables
for the given steels, providing the required strength
and cold resistance, and a cover (cladding) layer is
made with the consumables allowing decrease in the
stress raiser in the weld to base metal transition lo-
cations, or with austenitic-martensitic consumables
with a lower (below 200 °C) temperature of beginning
of martensitic transformation, favouring formation of
compressive stresses in the welds.
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PETRANIEVSKY READINGS
(DEVOTED TO 70th ANNIVERSARY OF CREATION

OF UONI-13 ELECTRODES)

International scientific and technical conference
«Welding Consumables» took place at FSUE «Cen-
tral R&D Institute of Materials» in St.-Petersburg on
May 18--22. It was dedicated to an outstanding event
in the history of welding science and engineering ----
70th anniversary of creation of a range of high quality
UONI-13 electrodes in this Institute (former R&D
Institute-13). This product played an excetionally im-
portant role in production of armored defense vehicles,
artillery and in military shipbuilding during the Great
Patriotic War and the post-war period in all branches
of machine- and shipbuilding, in construction of elec-
tric power stations, bridges, pipelines, in transport,
etc. At present time indicated electrodes and their
modifications make up a significant part of output of
high quality electrodes for welding highly loaded
structures for critical applications in Russia and other
countries of the post-Soviet space.

130 specialists, institute professors and post-gradu-
ate students, including 2 Academicians and 2 Corre-
sponding Members of the RAS and NAS of Ukraine,
14 General Directors of enterprises-manufacturers of
welding consumables, 13 professors and doctors as
well as 37 candidates of science in engineering took
part in the Conference activities or were co-authors
of papers. 38 papers on topical issues of improvement
of welding consumables, their production and devel-
opment of raw material sources, as well as arc welding
technologies were made at the Conference. Many-
sided and highly productive activity of Konstan-
tin V. Petran was broadly covered in the detailed pa-
per «Konstantin Vatslavovich Petran ---- prominent
Russian scientist in the welding field» by Yu.M. Belov
and V.B. Vikhman.

Competition among young scientists and post-
graduates for the best papers on the works, which are
of scientific and practical importance for development
of welding engineering, was conducted within the
framework of the Conference.

In the light of present achievements in the area of
development and improvement of welding consumable
manufacture in CIS, increase of requirements to their
quality for improvement of performance and safe op-
eration of welded structures, from one side, as well
as taking into account the critical state in most of the
areas of machine-building and expansion of foreign
manufacturers into the CIS market of welding consu-
mables, from the other side, Conference participants
developed a range of recommendations on improve-
ment of welding consumables quality and competi-
tiveness.

A collection of papers of Conference materials was
issued, which includes 38 papers of leading specialists
of Russia and Ukraine in area of welding consumables
manufacture and development of welding practices.
Different aspects of development, production and ap-
plication of electrodes, fluxes and flux-cored wires as
well as new sources of minerals for their production
are considered.

The number of papers was dedicated to simulation
during development of welding consumables, investi-
gation metallurgical processes, peculiarities of heat-
ing, cooling and structure formation in welded joints.

A lot of attention was given to international and
Russian standardization in the field of welding, cer-
tification of welding consumables and international
system of quality management in welding engineering,
including manufacture of welding consumables.
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TO CENTENNIAL OF BIRTH OF G.V. RAEVSKY

Georgy Vladimirovich Raevsky, a well-known scien-
tist in the field of welded structures, Doctor of Science
in engineering, laureate of Lenin Prize and State Prize
of the USSR, would celebrate his 100th anniversary
on July 7. After graduation from the Dnepropetrovsk
Institute of Transportation Engineers in 1932, he
started his engineering activity in «Dneprostroj» man-
agement, leading the engineering operations in mount-
ing of open-hearth, blast-furnace shops and some other
facilities of «Zaporozhstal». He was invited in 1934
to work in Moscow in «Promstrojproekt» Institute,
where for two years he was involved in project work
of the second stage of Magnitostroj. Since 1963 and
up to the end of his life Georgy V. Raevsky had been
succefully working at the E.O. Paton Electric Weld-
ing Institute on development of different structures,
first as a senior researcher and since 1939 as Laboratory
Head and later as Department Head. In the prewar
years comprehensive investigations of railway car
welded structures were carried out with direct par-
ticipation of G.V. Raevsky under the leadership of
Evgeny O. Paton, academician of AUAS, which re-
sulted in development of a new design of welded rail-
way car that allowed a significant metal saving. Dur-
ing the Great Patriotic War, Georgy V. Raevsky was
in Nizhny Tagil in the Urals together with Institute.
In this period under the leadership of academician
E.O. Paton and with participation of G.V. Raevsky
important work on improvement of technological ef-
fectiveness of tank bodies was carried out, scheme of
production line for welding of T-34 tank body in as-
sembled form was proposed and developed. This al-
lowed a significant widening of the volumes of auto-
matic submerged-arc welding application in tank pro-
duction and noticeably shortening the time of their
construction. 

Method of industrial production of outsized
welded tanks for oil and oil products storage by the

coiling technique, yielding a significant technical and
economic effect, that was proposed by G.V. Raevsky
in 1944, developed and widely introduced under his
leadership together with other organizations of Min-
montazhspetsstroj of USSR and Ukr. SSR, received
worldwide recognition. New technology created fa-
vorable conditions for improvement of structure qual-
ity, reduction of labor consumption and cost of tank
construction, significant shortening of construction
time. In 1958 G.V. Raevsky, as work supervisor, and
a group of other specialists of the national economy,
was awarded the Lenin Prize for development and
implementation of the industrial method of construc-
tion of oil tanks from flat panels coiled into rolls. The
task of industrial cost-effective method of manufacture
of a number of outsized thick-walled welded cylindri-
cal structures was solved with the technology of tem-
porary deformation developed at the E.O. Paton Elec-
tric Welding Institute by the suggestion of G.V.
Raevsky. During investigations aimed at improvement
of welded structure reliability, a package of works on
improvement of the design and manufacturing tech-
nology of welded rotating cement and other furnaces
was carried out at the E.O. Paton Electric Welding
Institute at the suggestion of Georgy V. Raevsky, that
allowed using the industrial method of production of
furnace body shells on the basis of the method of
temporary deformation, developing a new support sys-
tem on pneumocushions, that prevents support over-
loading, finding a new solution of support unit with
usage of welded band. G.V. Raevsky is one the authors
of the development of welded pressure vessels of a
new design, so called multilayer coiled vessels. Inves-
tigations of new design with participation of G.V.
Raevsky showed its significant advantage over the
vessels with a solid wall in terms of production sim-
plicity and service reliability, and this became the
base for establishing the fabrication of multilayer ap-
paratuses for large-capacity chemical and petrochemi-
cal productions in the USSR. In 1976 G.V. Raevsky
was awarded the State Prize of the USSR for work
on establishment of industrial production of the mul-
tilayer variant of pressure apparatuses in the USSR.

G.V. Raevsky is the author of more than 150 sci-
entific works, author of more than 30 important de-
velopments; he has over 50 foreign patents. He was
a member of academic councils of the E.O. Paton
Electric Welding Institute and Kiev Construction En-
gineering Institute, member of editorial board of
«Avtomaticheskaya Svarka» journal. His work was
marked by governmental awards.

His pupils, colleagues and all those who knew him,
will always keep the blessed memory of
Georgy V. Raevsky, an outstanding person and scien-
tist.
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