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EVALUATION OF SUSCEPTIBILITY OF WELDED JOINTS
OF HEAT-RESISTANT CHROMIUM MARTENSITIC STEEL

TO CRACKING AT HEAT TREATMENT

V.Yu. SKULSKY, A.K. TSARYUK and S.I. MORAVETSKY
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The mechanisms of cracking of welded joints in tempering used to relieve stresses are considered. It has been found that
welded joints on steel 10Kh9MFB with a homogeneous martensitic structure are insensitive to temper cracking. Formation
of δ-ferrite in the martensitic structure may lead to cracking of the weld metal. Cracks form in tempering in the range
of about 450--550 °C as a result of concentrated deformation within the zone of soft ferrite interlayers in development
of secondary hardening of the martensitic matrix. A probable cause of hardening is precipitation of chromium carbide
M7C3.

K e y w o r d s :  arc welding, martensitic steel, welded joints,
heat treatment, dispersion hardening, soft interlayers, temper
cracking

Manufacture of welded structures from hardening
heat-resistant and high-temperature steels is related
to the need to perform heat treatment of welded joints
for tempering of quenching structures and lowering
of the residual stress level. In some cases temper cracks
can form in the welded joints during heating or soaking
in certain temperature intervals. The risk of cracking
increases at treatment of rigid joints, as well as in the
presence of design stress raisers, lacks-of penetration,
undercuts and extended inner defects in them.

Temper cracks (or reheating cracks) are defects
forming as a result of a non-uniform plastic deforma-
tion under the conditions of high-temperature relaxa-
tion of inner stresses [1]. The non-uniform nature of
relaxation creep of metal at tempering can be related
to chemical microinhomogeneity (which is charac-
teristic of weld metal) and development of dispersion
hardening of grain bodies at certain temperatures as
a result of precipitation of finely dispersed phases,
namely carbides, intermetallics. Grain strengthening
due to secondary hardening is a factor of «relative
softening» of grain boundary regions. As a result, the
deformation at relieving of inner stresses is concen-
trated in the grain boundary zone. A fast increase of
density of crystalline structure defects at local defor-
mation, as well as formation of interatomic disconti-
nuities under the impact of embrittling impurities,
leads to initiation of microdamage in the form of initial
pores [2--4] and to crack propagation. A feature of
temper cracks is their intergranular nature.

A susceptibility to hardening and, therefore, to
formation of cracks at tempering is found in steels
containing strong carbide-forming elements (tita-
nium, vanadium, niobium) and elements strengthen-
ing the solid solution (molybdenum, chromium, which
also belong to carbide-forming elements) [1, 5--9].
Depending on the alloying system, strengthening can

be induced in structural and heat-resistant steels by
Cr7C3, Mo2C, V3C4 carbides, in austenitic steels ----
by NbC, TiC carbides, in nickel-based alloys ---- by
intermetallics of Ni3(Al, Ti) type [1, 3, 7, 10, 11].
Lowering of high-temperature ductility in the bound-
ary zone and crack formation are caused by impurities
of phosphorus, arsenic, antimony, tin and sulphur [1,
5, 12--16]. According to the data of [17], the embrit-
tling action of such impurities as phosphorus and sul-
phur is due to weakening of the bonds between the
metal atoms as a result of formation of electronic bonds
on the levels of s-orbitals of metal atoms and p-orbitals
of impurity atoms. Such elements as silicon, manga-
nese, carbon, aluminium and copper [3, 5, 18] also
increase the temper cracking susceptibility. They,
however, have an indirect influence on embrittlement,
for instance, by enhancing the grain-boundary segre-
gation of phosphorus (silicon, carbon, manganese)
[5], or ousting carbon from the zone of their clustering
with formation of soft microstructural components
(silicon, aluminium).

In welded joints the metal in the near-weld sections
is more susceptible to cracking, these sections devel-
oping a coarse-grained structure as a result of heating
to subsolidus temperatures and a high degree of hard-
ening as a consequence of a more complete dissolution
of the carbide precipitates and saturation of γ-solid
solution by carbon and carbide-forming elements. In
the welds cracks can form predominantly in the mi-
crosections, in which the solidification boundaries en-
riched in liquating impurities, coincide with the sec-
ondary boundaries ---- the austenite grain boundaries.

There is a sufficient number of publications de-
voted to studying the problem of temper brittleness
of low-alloyed pearlitic and bainitic heat-resistant
steels with up to 2--5 % Cr [2, 4--6]. Introduction of
new complex-alloyed martensitic steels with increased
chromium content leads to the need to study the prop-
erties of their welded joints, including temper crack
sensitivity. Possible predisposition of such steels to
development of processes usually accompanied by
cracking, is associated with the presence of carbide-
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forming elements in their composition, as well as with
martensite, the non-uniform decomposition of which
at tempering (develops quickly at grain boundaries
[19]) can be accompanied by non-uniform distribution
of deformations and increase of the density of defects
on grain boundaries.

The purpose of this work consisted in evaluation
of the susceptibility of welded joints of martensitic
steel with 9 % Cr to development of temper cracks. 

Relaxation testing was conducted by the procedure
of the I.I. Polzunov Central Institute for Boilers and
Turbines [20], based on performance of heat treatment
of welded joint samples loaded in a fixture of a high-
temperature nickel alloy up to a certain stress level
by four-point bending (Figure 1). Deflection f in the
zone of a uniform bending moment (between the sup-
port contact points) was monitored by a removable
indicator. Stresses s in the stretched zone on the sur-
face of samples of a rectangular section were calculated
using the following relationships:

σ = M/ W,   f = 
M

24EJ
 (3l2 -- 4c2),

where M = (P/2)c is the bending moment, N⋅m; W =
= bh2/6 is the axial moment of resistance of sample
section, m3; b, h is the section width and height; J =
= bh3/12 is the axial moment of inertia of sample

section, m4; E is the modulus of elasticity equal to
218⋅103 MPa for steel.

Samples fastened in the fixture were placed into
a cold furnace, heated up to the required temperature,
soaked for the specified time, and then cooled in air.
After heat treatment the visual and metallographic
inspection of welded joints was conducted to find
defects in them. Samples for testing were cut out across
the weld made when filling the groove in the plate
from 10Kh9MFB steel using automatic submerged-arc
welding. A V-shaped stress raiser was made in the
fusion zone in the samples. Welding was performed
using test flux and flux-cored wire providing the fol-
lowing composition of the deposited metal, wt.%:

Figure 1. Appearance (a) (1 ---- sample; 2 ---- welded bed; 3 ---- support; 4 ---- loading screw; 5 ---- removable plate for indicator fastening;
6 ---- indicator) and schematic for sample loading (b)

Figure 2. Nature of stress variation during tempering of pre-loaded
samples

Figure 3. Regions of cracking (a) and development of secondary
hardening (b) in the martensitic weld metal
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0.098 C; 0.72 Mn; 0.13 Si; 1.0 Mo; 0.52 Ni; 0.27 V;
0.053 Nb; 0.048 N; 0.01 Al; 0.014 S; 0.015 P, similar
to the steel to be welded. Welding was performed in
the modes with the heat input of 16 and 23 kJ/cm.

Metallographic investigations showed that in as-
welded condition the metal of the welds and HAZ
had a predominantly quenched martensitic structure.
However, in welding at higher currents (with in-
creased heat input) overheating of weld pool melt and
slowing down of the solidification rate lead to forma-
tion of a coarser crystalline structure, in which ap-
pearance of a small fraction of δ-ferrite is noted as a
result of development of chemical inhomogeneity.

As follows from the test results (Figure 2), relaxa-
tion creep develops quite intensively in the first 40--
50 min of tempering, which is indicated by the rate
of lowering of stress in the loaded samples. The re-
sidual stress level determined by metal softening rate
and its deformability, decreases with temperature in-

crease. Complete removal of stresses during short soak-
ing (from 2 to 1 h) is achieved at the temperature
above 600 °C. It is established that under these con-
ditions the metal with a purely martensitic structure
features a high cracking resistance. No cracks were
found in the base metal in the overheated section in
the stress raiser vicinity. On the other hand, in the
weld metal containing δ-ferrite, cracking was found
at tempering at temperatures of 500 to 550 °C (Fi-
gure 3, a). No cracks were formed at temperatures
above 550 °C.

In parallel with relaxation testing heat treatment
of welded joint samples was conducted in a free (un-
loaded) state with subsequent measurement of hard-
ness in the weld metal. It is established that in the
temperature range of ~400--550 °C (Figure 3, b) metal
of 10Kh9MFB type develops secondary hardening.
Taking into account the data of [21], it can be assumed
that the factor causing hardening in the weld metal

Figure 4. Microstructure of martensitic welds with δ-ferrite (a, b) and cracking in welds formed at relaxation testing (c--f): a, b ----
×500; c, e ---- ×2020; d ---- ×4780; f ---- ×1690
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of this type, is formation of alloyed carbide M7C3
((Fe, Cr)7C3 type). This carbide can form in high-
chromium steels both as a result of substitution of
cementite (Fe3C → (Fe, Cr)7C3), and irrespective of
cementite in the form of additional carbide.

Considered cracking in the welds is the conse-
quence of deformation concentration in the zone of
soft interlayers of δ-ferrite located in a more rigid
(insufficiently tempered) martensite metal, further
strengthened by chromium carbide precipitates. δ-fer-
rite proper features a high ductility and no cracks
form in it. However, plastic flow of metal in δ-ferrite
area leads to a higher density of dislocations along
the boundary with the stronger martensite. As a result,
cracks develop in the section of δ-ferrite--martensite
transition, or along the thin solidification interlayers,
which are a continuation of coarser sections of δ-ferrite
(Figure 4). Interphases are a continuation of secon-
dary boundaries of austenite grains, which could be
detected by their decoration by dense carbide precipi-
tates at tempering. Therefore, fracture in welds, simi-
lar to HAZ metal, develops along the grain boundaries.

Non-uniform distribution of chemical elements can
be regarded as one of the possible metallurgical factors
causing lowering of strength and ductility of the in-
terphases. So, for instance, in the cracking zone in the
section of δ-ferrite to martensite transition X-ray mi-
croprobe analysis recorded an increase of manganese
concentration (~1.04--1.06 % at the interphase, 0.6--
0.8 % in δ-ferrite zone, ~0.8 % in martensite). δ-ferrite
usually contains more ferritizers (for instance, 1.23 %
Mo; 10.15 % Cr) than the adjacent martensite
(0.7 % Mo; 9.48 % Cr). In addition, δ-ferrite forma-
tion is associated with depletion of this phase in carb-
on, which accumulates on the interphases [22] and in
the adjacent matrix microsections. Increased concen-
tration of carbon near δ-ferrite is indicated by a denser
arrangement of carbides after tempering, which was
noted at metallographic examination of the structure
of welds of this type. Carbide formation on the inter-
phases and possible enhancement of impurity segre-
gation (first of all phosphorus [5]) under the influence
of local increased concentrations of alloying elements
may cause boundary embrittlement. At fracture, car-
bides are the centers of dislocation accumulation and
microcrack initiation [2]. However, on the whole, the
mechanism of embrittlement of the studied metal with
a multicomponent alloying system (Fe--9Cr--Mo--V--
Nb--Ni--N taking into account manganese, silicon, alu-
minium, sulphur and phosphorus content) is quite
complicated and requires a special study. In this case
δ-ferrite may be regarded as the main structural factor
causing cracking in the welds.

Thus, it is established that dispersion hardening
develops in the martensitic metal of 10Kh9MFB type
in the temperature range of ~450--550 °C, the probable

cause of which is precipitation of Cr7C3 carbide. Dur-
ing tempering the welded joints with a martensitic
structure do not demonstrate any susceptibility to
cracking. However, as shown on the example of welds,
cracking is possible only in the presence of soft δ-fer-
rite interlayers in rigid martensite. In this case cracks
form at soaking of the hardened welded joints in the
dispersion hardening temperature interval. A condi-
tion of high resistance of 10Kh9MFB steel welded
joints to temper cracking is ensuring their uniform
martensitic structure.
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APPLICATION OF MATHEMATICAL MODELLING IN
THERMAL STRAIGHTENING OF SHIPBUILDING PANELS

O.V. MAKHNENKO1, A.F. MUZHICHENKO1 and P. SEYFFARTH2

1E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
2IMG GmbH, Rostock, Germany

Described is an example of application of mathematical modelling for investigation of the efficiency of the process of
thermal straightening of shipbuilding panels, based on the approach of a combined use of the general thermoplasticity
method and approximate shrinkage function method. It is shown that the approach suggested is particularly efficient
for prediction of general distortions of large-size spatial structures in the case of a large number of welds contained in
them or of local heatings used for straightening. The results of experiments on thermal straightening of shipbuilding
panels with buckling distortions have been analysed, and objective factors limiting the efficiency of this technological
operation, especially with large thicknesses of the panels, have been revealed.

K e y w o r d s :  thin-sheet welded structures, shipbuilding pa-
nels, welding distortions, thermal straightening, mathematical
modelling, thermoplasticity method, shrinkage function method

Modelling of the processes of welding or thermal
straightening of large-size structures by the finite ele-
ment and thermoplasticity methods involves problems
associated with the required accuracy of solution.
Firstly, a large-size structure has to be broken down
into a large number of elements, compared with an
individual piece, this requiring substantial computing
resources and time for computation. Secondly, the
problem becomes even more complicated when it is
necessary to model a large number of welds or local
heatings used for thermal straightening. All this makes
finding a solution hardly possible.

General distortions of large-size structures can be
determined by using the approximate shrinkage func-
tion method, which works within the ranges of the
elasticity theory, as the general distortions or displace-
ments of points of a welded structure are an integral
characteristic, and just insignificantly depend upon
the character of distribution of the shrinkage function
(especially at some distance from its application). The
study by E.O. Paton [1] can be considered the basic
one dedicated to this subject. The study described a
comprehensive investigation of residual welding
stresses induced in cylindrical vessels by making of

circumferential and longitudinal welds, as well as by
welding of a bottom, welding-in of branch pipes, etc.
Until now this study has not lost its scientific and
practical interest. The idea suggested in it for estima-
tion of residual welding stresses by the elasticity the-
ory methods on the basis of a preset value of longitu-
dinal shrinkage deformations, which are determined
experimentally from simple tests, found application
in a large number of studies [2--8]. The generalised
description of the shrinkage function methods is given
in study [2].

A series of experiments was carried out to study
the efficiency of thermal straightening of shipbuilding
panels with buckling distortions on samples of a lim-
ited size (1300 × 1300 mm), prepared with allowance
for design peculiarities, a technology and material
identical to those of a real shipbuilding panel (Fi-
gure 1). A sample of the panel consisted of a skin
sheet panel 6 mm thick with longitudinal and trans-
verse frameworks welded in such a way that two buck-
ling zones 600 × 1200 mm in size were formed between
the frameworks. The value of buckling had a minus
sign (deflection) in the majority of cases and was not
in excess of 3--7 mm.

Thermal straightening was performed by heating
of both round spots and strips 150 mm long using the
indirect-action plasma heat source (effective power
Qeff = 1100 W, concentration coefficient K =
= 0.004 l/mm2), flame heat source (Qeff = 2500 W,
K = 0.005 l/mm2) and laser source with a defocused
beam (Q = 2800 W, uniform distribution of power in
a round spot with diameter Dh = 24 mm).

Results of the experiments conducted on samples
showed a very low efficiency of thermal straightening
of buckling distortions. The effect of substantial local
bending deformations with a minus sign (deflection)
caused by non-uniform heating of the metal sheet
through its thickness was observed for almost all heat-
ings. This can explain the fact that the buckling dis-
tortions can be decreased only at a positive sign (flex-
ure) of buckling. Therefore, the straightening process
was performed not by tension of the skin sheet due to

Figure 1. Sample of shipbuilding panel

© O.V. MAKHNENKO, A.F. MUZHICHENKO and P. SEYFFARTH, 2009
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shrinkage in the sheet plane, but as a result of local
bending deformations within the heating zone.

Modelling of the process of thermal straightening
on the above experimental samples by using the AN-
SYS commercial software package was carried out to
study this type of the problems. A model of the ship-
building panel broken down into the finite elements

(approximately 240,000 elements) is shown in Fi-
gure 2. Heatings were set in the form of additional
shrinkage deformations in the skin sheet plane. A so-
lution for general distortions and displacements of
points of the skin sheet and stiffeners of a sample in
a 3D statement of the problem was sought within the
ranges of the elasticity theory by using the shrinkage
function method, which is approximate and does not
account for the history of formation and development
of plastic deformations. Therefore, the developed
model failed to determine the effect of a sequence of
heatings on general distortions of a panel sample. Ad-
vantage of the shrinkage function method over the
general thermoplasticity method is the possibility of
obtaining a solution for general distortions of complex
spatial structures with a large number of heatings.

Modelling of the process of thermal straightening
on an experimental panel sample was performed when
the skin of one panel had a buckling distortion, i.e.
uniform deflection or flexure from the skin plane.
Corresponding finite element models of a shipbuilding
panel sample with buckling distortions are shown in
Figure 3, a, b. Each model includes fixation of the
sample at four points in corners along the contour
against displacements from the skin sheet plane.
Shrinkage deformations induced by heating of one
strip 150 mm long were set equal to ∆tr = 0.3 mm and
∆l = 0.1 mm (in the transverse and longitudinal di-
rections with respect to the heating strip), which ap-
proximately corresponded to real values in flame heat-
ing of such a strip [9, 10].

As shown by the calculation results, displacement
of a skin sheet to 1.5 mm took place under the effect
of shrinkage deformations induced by heating of one
strip 150 mm long, located at the centre of a buckle

Figure 2. Finite element model of sample of a shipbuilding panel
with buckling distortions of its skin: a ---- deflection; b ---- flexure

Figure 3. Displacements Uy (mm) from the skin sheet plane (decrease in buckling) under the effect of shrinkage deformations induced
by heating of one strip 150 mm long: a, b ---- location at the centre of buckle; c, d ---- location at the end of buckle at a distance of
70 mm from stiffener; a, c ---- displacements on a general view of the panel sample; b, d ---- cross section at the centre of buckle
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(Figure 3, a, b), i.e. the buckling distortions decreased
from 10 (initial value) to 8.5 mm. The calculations
also showed that displacement of the heating strip
from the centre of a buckle to a stiffener (to 70 mm
from the framework) diminished the effect of straight-
ening approximately by 25 % (Figure 3, c, d). Loca-
tion of heating strips at the central part of a buckle
is most efficient (Figure 4).

An important effect in terms of understanding of
the thermal straightening process mechanism was re-
vealed by calculation of decrease in buckling induced
by one heating strip located at the centre of a buckle
at different values of the initial buckling (2, 3, 5, 10,
15, 20 and 30 mm). The calculation results in Figure 5
show that the efficiency of straightening (decrease in
buckling) first dramatically grows with increase in
the initial value of buckling, then becomes constant,
and further on decreases to some extent at high values
of the buckling. At a zero buckling, i.e. in the abso-
lutely plane sheet, the shrinkage due to heating in the
sheet plane does not cause any displacement from the
plane. This effect is in agreement with practical ob-
servations, i.e. it is more labour-consuming to
straighten small buckles by the thermal method than
big buckles. This effect can be explained by the fact
that a decrease in buckling, i.e. bend of a sheet, de-
pends upon the arm of application of shrinkage forces.
The bigger the buckling, the higher the bending mo-
ment caused by shrinkage. At the same time, the skin
sheet takes the spherical shape after the buckling
reaches sufficiently high values, this leading to in-
crease in bending resistance of the skin.

Therefore, as shown by the calculation results,
straightening of buckling distortions under the effect
of shrinkage deformations induced by heating of a

strip features a marked efficiency for the shipbuilding
panel sample under consideration. Moreover, this ef-
ficiency of straightening does not depend upon the
sign (direction) of the initial buckling distortion.
However, the calculations were made with no account
for local bending deformations induced by non-uni-
formity of heating of the skin sheet. These bending
deformations, which always cause deflection of the
skin sheet, will contribute to decrease in buckling at
the initial buckling distortion, while at the deflection
buckling distortion they will partially or fully com-
pensate for the effect of straightening due to shrinkage
deformations. As bending deformations occur almost
with any heat source, to ensure the efficiency of
straightening it is necessary that the positive effect of
shrinkage deformations in the sheet plane be much
higher than the effect of bending deformations.

The numerical algorithm based on the thermoplas-
ticity method, i.e. on tracing of temperature fields
and evolution of elasto-plastic deformations in a sheet
sample with a size of 500 × 500 mm and 6 mm thick
in the 3D statement of a problem was used to determine
residual shrinkage deformations and local angular de-
formations for the case of heating of a strip with a
moving heat source (material ---- low-carbon steel).

The data on temperature fields were obtained by
using the numerical method for solving the thermal
conductivity problem within the limits of the 3D
model for a range of 0 ≤ x ≤ 500 mm, 0 ≤ y ≤ 500 mm
and --δ/2 ≤ z ≤ δ/2 at initial temperature T0 = 20 °C,
where heat transfer with an environment having a
temperature of 20 °C, following the Newton’s law, is
set for all the surfaces at surface heat transfer coeffi-
cient αh = 0.00004 W/(mm2⋅°C). The surface heat
source with power Qeff, distributed over the surface
following the normal circular law, with concentration
coefficient K, acts on surface z = --δ/2. The centre of
the source at a moment of 0 < t < t0 is located at a
point of x = x0, y = y0, then it moves at speed v along
axis x at t > t0. The movement ends at t -- t0 = L/v,
and levelling of the temperature takes place.

Numerical experiments were conducted by using
the indirect-action plasma source, flame (acetylene)
heat source, which is widely applied now, and laser
heat source holding promise for application in the near
future. Experimentally measured effective power
Qeff = 1100 W and concentration coefficient K =
= 0.004--0.010 l/mm2 were set in the calculations for
the plasma heat source. Qeff = 2500 W and K =
= 0.004 l/mm2, corresponding to a torch employed
for thermal straightening at a thickness of 6 mm, were
set for flame heating. Effective power Qeff = 2800 W
and a uniform distribution of power in a round spot
of the defocused laser beam with diameter Dh = 24 mm
were set for the laser heat source.

The calculation results show that the temperature
gradient through thickness of a sheet heated strongly
depends upon power Qeff, concentration coefficient K
and the speed of movement of a heat source in heating
of a strip with length L = 150 mm. For the plasma

Figure 4. Decrease in the efficiency of straightening with displace-
ment of a heating strip from the buckle centre to stiffener (frame-
work)

Figure 5. Dependence of the efficiency of straightening upon the
value of buckling
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heat source, the difference in heating temperatures at
the upper and lower surfaces was approximately 40--
60 °C, and maximal deflections were not in excess of
0.1 mm. The higher effective power (2--2.5 times) of
the flame and laser heat sources, compared with the
above plasma source, and, hence, the higher movement
speeds of the sources cause a more substantial non-
uniformity of distribution of temperature through
thickness of the sheet. This explains the sufficiently
high values of maximal deflections caused by local
residual bending deformations. For the flame heat
source, depending upon concentration coefficient K,
the difference in heating temperatures on the upper
and lower surfaces was approximately 100--160 °C,
while for the laser heat source this difference
amounted to 300 °C, depending upon its movement
speed. Accordingly, maximal deflections Uz of local
bending deformations were at a level of --0.2 mm (Fi-
gure 6, a) for flame heating, and --0.8 mm for laser
heating (Figure 6, b).

Analysis of the calculation data given in the Table
shows that flame heating is most efficient among the
other heat sources under consideration for thermal
straightening of buckling distortions in the proportions
of values of the total volume of plastic shrinkage defor-
mations Vp and maximal deflection Uz. The unexpect-
edly high values of bending deformations for the laser
heat source, which is characterised by a uniform distri-
bution of power in the spot with a diameter of 24 mm,
might be explained by a sufficiently high reduced con-
centration coefficient K, obtained from a relatively small
diameter of the heat input spot. When using the law of
distribution of heating power from the formula

Q(r) = 
Qeff

πR2 e
--Kr

2

and regarding coordinate r as a boundary of the heat
spot, for which the Q(r)/Qeff = 0.1 condition is met,
the reduced concentration coefficient for the laser heat

source at R = 24/2 mm will be K = 0.009 l/mm2.
To compare, with the flame heat source at K = 0.003
and 0.005 l/mm2 the heating spot sizes will be 41
and 32 mm, respectively.

To allow for local bending deformations caused by
non-uniformity of heating of the skin sheet during
heating, different values of shrinkage deformation on
the upper and lower surfaces of a sheet were set in
the developed finite element model of heating of a
strip, based on the use of the shrinkage function
method. This difference in shrinkages should corre-
spond to angular deformations α according to the fol-
lowing dependence:

α = 
(∆tr

up -- ∆tr
low)

δ
,

where ∆tr
up and ∆tr

low are the shrinkages on the upper
and lower surfaces of the sheet, and δ is the sheet
thickness.

Figure 6. Distribution of residual deflections Uz (x, y) for flame (a) and laser (b) heat sources

Figure 7. Dependence of the efficiency of straightening upon the
initial buckling in heating of the 150 mm long strip at the centre
of buckle of the skin sheet 6 mm (solid curve) and 3 mm thick
(dashed curve), allowing for the effect of shrinkage in the sheet
plane and angular deformations: 1, 3 ---- shrinkage; 2, 4 ---- shrinkage
+ angular deformations; 5, 6 ---- angular deformations
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In the calculations, the difference in shrinkages
was selected so that deflection of a sheet caused by
angular deformation was approximately Ux = 0.2 mm,
this corresponding to the results of numerical estima-
tion of local angular deformations for a heating strip
150 mm long in flame heating. The mean value of
shrinkage was set to be ∆tr = 0.1 mm and ∆l = 0.1 mm
(in the transverse and longitudinal directions with
respect to the heating strip).

Figure 7 shows the calculation data for displace-
ments Uy from the skin sheet plane depending upon
the initial value of buckling of the skin sheet 6 and
3 mm thick, allowing for a separate and combined

effect of shrinkage in the sheet plane and angular
deformations. The results were obtained for the de-
flection buckling distortion, where angular deforma-
tions partially compensate for the efficiency of
straightening of shrinkage deformations. With this
relationship of shrinkage and angular deformations
the effect of the latter on the efficiency of straight-
ening, i.e. decrease in buckling, is insignificant. At
higher values of angular deformations the efficiency
of straightening will dramatically decrease.

The results also show that the efficiency of
straightening strongly depends upon the thickness of
a skin sheet. Providing that the shrinkage charac-
teristics are uniform at 3 mm thickness of the skin
sheet, a decrease in buckling due to heating of a strip
is 2 times as high as at 6 mm thickness. This is in
good agreement with practical experience, where the
application of thermal straightening of buckling dis-
tortions is most efficient at up to 4 mm thickness of
the skin sheet.

The model developed made it possible to conduct
numerical experiments to study the efficiency of
straightening depending upon the quantity and ar-
rangement of heatings. Figure 8 shows the calculation
data on displacements Uy from the skin sheet plane
for different variants of arrangement of the heating
strips 150 mm long at a skin thickness of 6 mm. The
initial values of buckling distortion was set equal to
5 mm. Displacements Uy under the combined effect
of shrinkage deformations in plane and angular defor-
mations were determined for each variant.

The results show (Figure 8, a, b) that a decrease
of buckling in heating of a strip is of a local character
and occurs in a zone limited by width of a buckle,
and along the length of the buckle ---- approximately
by two lengths of the heating strip. A small increase
in this buckle, as well as in the neighbouring ones,
takes place outside this zone. This effect is also con-
firmed by practical observations. Arrangement of sev-
eral heating strips within one zone close to each other
(Figure 8, c, d) provides a marked increase in the
efficiency of straightening (decrease in buckling)
within this zone. The uniform arrangement of the heat-
ing strips over the surface area of a buckle at a suffi-
cient distance from each other (Figure 8, e, f) leads
to a comparatively small decrease in buckling over
the entire area of the buckle. This is attributable to

Figure 8. Decrease in buckling (displacement Uy) in heating of
strips 150 mm long: a, c, e ---- scheme of heating of one, three and
nine strips; b, d, f ---- corresponding distribution of displace-
ments, mm

Calculation data on heating of strip with L = 150 mm for a sheet sample 500 × 500 mm in size and 6 mm thick

Heat source Qeff, W K, 1/mm2 Dh, mm v, mm/s Vð, mm2 Uz, mm

Plasma 1100 0.004 -- 1.0 --119 --0.08

1100 0.007 -- 1.0 --128.9 --0.09

1100 0.010 -- 1.0 --132 --0.07

Flame 2500 0.003 -- 2.0 --631 --0.18

2500 0.005 -- 2.0 --669 --0.20

Laser 2800 N/D 24 4.0 --390 --0.55

2800 Same 24 6.0 --269 --0.80
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a mutual effect of the zones of increase and decrease
in buckling due to different heating strips. Therefore,
the results of straightening at a large number of heat-
ings must not be considered to be a simple sum of
decreases in buckling due to individual heatings.

As seen from comparison of heating of strips and
round spots (Figure 9), even at a set value of shrinkage
a decrease in buckling (the initial value of a buckling
distortion is 5 mm) in heating of round spots has a
much lower effect than in heating of strips. This is
associated with a lower total volume of plastic defor-
mations formed in heating of round spots. In addition,
all of the above peculiarities related to a local char-
acter of the efficiency of straightening and mutual
effect of heatings on each other persist in this case.

CONCLUSIONS

1. The efficiency of thermal straightening strongly
depends upon the initial buckling, i.e. a decrease in
buckling (in fact, bend of a sheet) depends upon the
arm of application of shrinkage forces. At low initial
values of buckling, or with decrease in buckling during
the process of straightening its efficiency dramatically
decreases.

2. The efficiency of thermal straightening is highly
affected by thickness of a skin sheet. At a big thickness
of the sheet (6 mm) the efficiency of straightening as
a result of shrinkage deformation in the sheet plane
greatly decreases. Additional bending deformations
are formed at a big thickness, caused by non-uniform-
ity of heating through thickness, which may substan-
tially decrease the efficiency of straightening depend-
ing upon the sign (direction).

3. The result of thermal straightening depends to
a considerably degree upon the quantity and location
of heating spots and strips over the surface area of a
buckle, and at their large quantity the efficiency of
straightening cannot be considered to be a simple sum
of decreases in buckling due to separate heatings. De-
crease in buckling due to one heating is of a local
character and occurs within the zone that is approxi-
mately equal in size to width of a buckle. Even a small
increase in this buckle, as well as in the neighbouring
ones takes place outside this zone. Therefore, thermal
straightening should be performed by heating of spots
or strips located within the zone of the maximal buck-
ling.

4. The process of thermal straightening of buckling
distortions has a number of objective factors that limit
the efficiency of this technological operation, espe-
cially at big thicknesses of the skin sheets. The positive
effect of straightening can be achieved only with the
optimal selection of parameters and arrangement of
heating spots.
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round spots: a, c, e ---- scheme of heating of one, nine and eighteen
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PRODUCING PERMANENT JOINTS OF γ-TiAl BASED
ALLOYS USING NANOLAYERED Ti/Al INTERLAYER

BY VACUUM DIFFUSION WELDING

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

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

The possibility of producing diffusion bonds of γ-TiAl based alloys using nanolayered Ti/Al interlayer has been studied.
It is shown that utilization of nanolayered foil as an intermediate element allows formation of sound joints in vacuum
diffusion welding. Peculiarities of microstructure of the joint zone have been studied.

K e y w o r d s :  vacuum diffusion welding, titanium aluminide,
structure, joint zone, nanolayered interlayer

γ-TiAl based alloys are regarded as promising materials
for manufacture of structural elements of aerospace
system components operating at higher temperatures.
The advantages of such alloys, compared to other high-
temperature materials, mainly are their low (3.8--
4.0 g/cm3) density and high heat resistance [1].

The prospects of using γ-TiAl alloys in structural
element design stimulated investigation and develop-
ments in the field of the technology of producing per-
manent joints of these alloys. A possibility of produc-
ing permanent joints by fusion [2] and diffusion [3--7]
welding was considered.

Application of the traditional welding processes
based on local melting of material in the joint zone
showed that the quality of the produced welded joint
depends essentially on phase transformations in the
HAZ. At deviation of the welding mode from the
optimum one, phase transformations accompanied by
bulk effects occur in the joint zone, this leading to
development of stresses in the HAZ and, as a result,
to crack initiation near it [2]. In order to avoid it,
welding has to be performed in strictly specified
modes.

Use of vacuum diffusion welding is believed to be
promising. Possible technological variants of this
welding process for welding titanium aluminides are
considered in [3--7]. Study [3] gives the results of
vacuum diffusion welding of γ-TiAl alloy (49 % Ti,
47 % Al and 4 % Cr, Mn, Nb, Si, B) produced by the
method of precision casting and hot pressing with
subsequent homogenizing annealing in the following
mode: welding temperature T = 950--1100 °C, welding
time τ = 1--3 h, pressure P = 20--40 MPa, heat treat-
ment at 1400 °C, 30 min. The authors determined the
optimum welding mode: T = 1000--1100 °C, τ = 3 h,
P = 20--40 MPa. Heat treatment ensures formation of
the lamellar structure in the weld area. In [4] the
possibility of pressure welding of Ti--Al--Nb alloy
based on α2-Ti3Al (T = 900, 1000 and 1100 °C, τ =
= 4--5 min, P = 200--300 MPa) was studied. Joints

produced at T = 1000--1100 °C have equivalent
strength with the base metal (σt = 800--820 MPa).

It is known that additional activation of the welded
surfaces can be achieved when using interlayers, which
are ductile or consist of two foils based on different
elements, in which contact melting processes develop
at temperature increase. So, [5] is a study of the pos-
sibility of using aluminium and titanium interlayers
0.15 and 0.20 mm thick, respectively, in pressure weld-
ing of γ-TiAl alloy (60.947 % Ti, 31.152 % Al,
4.65 % Nb, 2.73 % Mn. 0.31 % B). Welding was per-
formed in the following mode: T = 750--850 °C, τ =
= 10--20 min, P = 100 and 300 MPa with subsequent
stabilizing annealing at 1000 °C, 50 h. The authors
note that use of aluminium interlayers leads to for-
mation of defects in the joint zone, namely microvoids
and cracks. When titanium interlayers are used, a
joint zone forms, which features a high strength, and
considerable chemical and phase inhomogeneity.

In [6, 7] it is shown that deposition of thin nano-
layered Ti/Al coatings on the surfaces of γ-TiAl alloy
samples to be joined ensures a uniform structure in
the joint zone in vacuum diffusion welding (T =
= 1100 °C). The authors came to the conclusion that
formation of a strong welded joint at 700--1100 °C is
related to dynamic recrystallization of γ-TiAl alloy,
thus promoting refinement of its structure and initia-
tion of plastic deformation.

On the other hand, the process of deposition of
such coatings on the part surfaces to be joined runs
into certain technological difficulties in a number of
cases. The technology of producing permanent joints
is simplified when nanolayered materials in the form
of foil are used. Such an approach was implemented
by us, for instance, in welding of composite materials
based on Al--Al2O3 using nanolayered Ni/Al foil [8].
The method of electron beam deposition enables pro-
ducing nanolayered foil over a short enough period,
owing to a high (up to 100 nm/s) rate of the depo-
sition process. Conditions of formation of permanent
joints using nanolayered Ti/Al foils as an interlayer
were studied.
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Nanolayered Ti/Al foil was produced by layer-by-
layer electron beam deposition of elements on a hori-
zontal rotating substrate by a procedure described in
several studies (see for instance [9]). Schematic of
the process of foil formation is given in [10]. To per-
form layer-by-layer deposition of elements, the vac-
uum chamber was separated by a vertically located
continuous screen into two equal parts, in each of
which copper water-cooled crucibles were installed,
one of them accommodating an ingot of titanium, and
the other ---- an ingot of aluminium. The substrate
was fastened on a vertical shaft located above the
separating screen. Electron beam gun performed heat-
ing of the substrate up to the specified temperature,
which was monitored during deposition by a thermo-
couple. Before deposition, a layer of CaF2 was applied
on the substrate, which promoted interlayer separa-
tion from the substrate. Then electron beam guns were
used to induce a molten pool on the ingot surfaces,
from which the elements were evaporated. Substrate
rotation and presence of a separating screen allowed
successive deposition of metal layers. The ratio of
thickness of these layers was determined by the ratio
of the ingot evaporation intensity, and their total
thickness varied, depending on the substrate rotation
speed. Total thickness of the interlayer at the set in-

tensity of element evaporation depended on the dura-
tion of the deposition process.

Ti--48 at.% Al alloy with niobium and manganese
additives was selected as the object of study. This
alloy belongs to the group of titanium intermetallics,
which are in the two-phase state (α2 + γ) with α2-Ti3Al
and γ-TiAl (furtheron TiAl).

Welding was performed in a vacuum chamber fitted
with a system of static loading of samples and their
heating (Figure 1). Electron beam gun was used as the
heat source. Welding process parameters were varied
within the following ranges: T = 900--1200 °C, τ = 5--
25 min, Ð = 10--70 ÌÏà. Pressure in the working cham-
ber was maintained on the level of 1.33.10--3 MPa.

Before welding sample surfaces were ground on a
diamond wheel, and then degreased. Prepared samples
of 10 × 10 × 4 mm size together with the interlayer
were placed into the vacuum chamber. Uniform heat-
ing was ensured by a ring-shaped electron beam gun,
installed on the butt level, and heating correction
during welding was performed by heater displacement
along the assembly of the samples being welded. Weld-
ing temperature was monitored by a thermocouple.

In order to conduct metallographic analysis welded
joint samples were prepared by a standard procedure

Figure 1. Schematic of the unit for vacuum diffusion welding: 1 ----
nanolayered interlayer; 2 ---- vacuum chamber; 3 ---- press-down
rod; 4 ---- welded samples; 5 ---- electron beam gun

Figure 2. Microstructure of the zone of TiAl joint produced by vacuum diffusion welding without an interlayer: a--c ---- see the text

Figure 3. Cross-sectional microstructure of nanolayered foil in the
initial condition: light layers correspond to titanium, dark ones ----
to aluminium; arrows show grain boundaries
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in the Struers grinding-polishing machine tool
Abramin. The condensate structure and chemical com-
position were analyzed using Neophot optical micro-
scope and CamScan scanning microscope, fitted with
an energy-dispersion system Energy 200 for local
analysis. Chemical etching of the samples was con-
ducted to reveal the weld metal structure. Condensate
microhardness was measured by a micorhardness at-
tachment to Polyvar-Met optical microscope at the
load of 0.098--0.196 N by Vickers. The structure of
nanolayered foil on transverse sections was analyzed
using Hitachi transmission electron microscope H-800
at 200 kV accelerating voltage. The thin foil cross-
section was first prepared by mechanical thinning,
and then polished in Gatan 656 unit with subsequent
thinning and bombardment of the surface at 3° angle
by argon ions with 5 keV energy at ion gun current
of 20 µA in PIPS 691 unit.

TiAl joints were produced by vacuum diffusion
welding without an interlayer at T = 1200 °C and P =
= 70 MPa with subsequent soaking for 20 min. Joint
zone microstructure is shown in Figure 2. It is seen
in the Figure that an interface is revealed in the above
zone (Figure 2, a) without any pores in the joint
(Figure 2, b). Structure analysis in phase contrast
mode revealed that the interface is an intermetallic
interlayer, the composition of which, by the data of
local chemical analysis, is close to that of Ti3Al in-

Figure 4. Microstructure (a) and microdiffraction pattern (b) of the nanolayered interlayer cross-section

Figure 5. Microstructure of the zone of the joint of TiAl intermetallic samples produced by diffusion welding in vacuum using nanolayered
Ti/Al foil: a--c ---- see the text; the arrows show the welding location; numbers are points in which the local composition and microhardness
were studied; results of these measurements are given in the Table

Figure 6. Schematic of sample assembly (I) and general view (II)
of TiAl alloy welded joints of tee (a), overlap (b) and box-like (c)
type made using nanolayered Ti/Al interlayer
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termetallic. Presence of a brittle intermetallic inter-
layer lowers the welded joint strength, thus leading
to a degradation of its surface properties.

Nanolayered Ti--52 at.% Al foil 20 µm thick with
50 nm period of layer alternation (titanium and alu-
minium) was used in this study for diffusion welding
of TiAl intermetallic samples. Its cross-sectional mi-
crostructure (Figure 3) shows that it is divided into
individual grains. Within one grain a striated contrast
is observed, which corresponds to alternation of tita-
nium and aluminium layers. Transmission electron mi-
croscopy investigations were conducted to determine
the characteristics of the laminated grain structure.
Figure 4 gives the microstructure and microdiffraction
pattern of the cross-section of nanolayered Ti/Al foil.
Absence of element mixing is indicated by microdif-
fraction of electrons on the studied section (Figure 4,
b). Certain orientational relationships characteristic
for laminated materials are found between the layers.
From the light-field images it can be seen (Figure 4,
a) that the period of alternation of titanium and alu-
minium layers is equal to 50 nm.

The regularities of the diffusion processes running
in nanolayered foil at its heating are analyzed in [9].
It is established that heating promotes their intensive
development, this leading to formation of a hetero-
phase structure consisting of a mixture of TiAl and
Ti3Al intermetallics. On this basis it was assumed that
during diffusion welding of titanium intermetallics
phase transformations will run in the foil, which will
ensure formation of a structure similar to that of the
base metal, in the joint zone.

Investigations of the influence of diffusion welding
parameters (pressure, heating temperature and soak-
ing time) on welded joint quality were conducted to
determine the conditions of joint formation using
nanolayered foils. It is found that at lowering of weld-
ing temperature (below 1000 °C) the joint zone de-
velops discontinuities, which considerably lower its
mechanical strength. Microstructure of the zone of a
welded joint made in the optimum welding mode (T =
= 1200 °C, τ = 20 min, P = 10 MPa) is given in
Figure 5. In Figure 5, a it is seen that a poorly dis-
tinguishable interlayer is present in the joint zone,
the composition of which (49.4 Al; 49.8 Ti; 0.8 Mn)
is close to that of the initial intermetallic, by the data
of local chemical analysis.

The interlayer has a uniform structure (Figure 5,
b) and consists of equiaxed grains of up to 10 µm size
(Figure 5, c), in which a lamellar structure is discern-
ible, which is characteristic of the initial intermetallic.
Absence of pores and cracks, both in the joint zone
and on the boundary with the welded samples, is in-
dicative of a high quality of the produced welded
joint. It should be noted that no degradation of the
welded intermetallic structure occurs in the above
welding mode. Element distribution in the joint zone
and microhardness of different sections of the welding
zone are given in the Table. From Figure 5, b and the
Table it is seen that manganese is present and niobium

is absent in point 3. According to metallographic and
local chemical analysis, niobium particles accumulate
on the interlayer--intermetallic interface. Manganese
presence in the interlayer is indicative of running of
the diffusion processes in the joint zone during devel-
opment of the solid-phase synthesis reaction, initiated
in the nanolayered interlayer during welding.

Intensive development of the diffusion processes
in the joint zone as a result of application of nanolay-
ered interlayers promotes producing sound welded
joints. As an example Figure 6 gives the general view
of samples of welded joints of tee, overlap and box-like
types.

Thus, during diffusion welding of intermetallic
samples using nanolayered Ti/Al interlayer, the joint
zone develops an intermetallic, the composition of
which corresponds to the initial TiAl intermetallic
(see the Table). Such changes of the metal composition
and structure in the joint zone are indicative of the
high diffusion mobility of the components, and can
be due to the heat evolution processes accompanying
the solid-phase reactions initiated in the nanolayered
foil by heating [9].

1. Lasalmonie, A. (2006) Intermetallics: why is it so difficult
to introduce them in gas turbine engines? Intermetallics, 14,
1123--1129.

2. Chaturvedi, M.C., Xu, Q., Richards, N.L. (2001) Develop-
ment of crack-free welds in a TiAl-based alloy. J. Materials
of Processing Techn., 118, 174--178.

3. Cam, G., Bohm, K.-H., Kocak, M. (1999) Diffu-
sionsschweissen feingegossener Titanaluminide. Schweissen
und Schneiden, 8, 470--475.

4. Zamkov, V.N., Markashova, L.I., Kireev, L.S. et al. (1992)
Specifics of structural modifications of heat-resistant Ti3Al-
based alloy in pressure welding. Avtomatich. Svarka, 9/10,
13--16.

5. Yushtin, A.N., Zamkov, V.N., Sabokar, V.K. et al. (2001)
Pressure welding of intermetallic alloy γ-TiAl. The Paton
Welding J., 1, 33--37.

6. Duarte, L.I., Ramos, A.S., Vieira, M.F. et al. (2006) Solid-
state diffusion bonding of γ-TiAl alloys using Ti/Al thin
films as interlayers. Intermetallics, 14, 1151--1156.

7. Ramos, A.S., Vieira, M.F., Duarte, L.I. et al. (2006)
Nanometric multilayers: a new approach for joining TiAl.
Ibid., 14, 1157--1162.

8. Ishchenko, A.Ya., Falchenko, Yu.V., Ustinov, A.I. et al.
(2007) Diffusion welding of microdispersed AMg5 + 27 %
Al2O3 composite with application of nanolayered Ni/Al foil.
The Paton Welding J., 7, 2--5.

9. Ustinov, A.I., Olikhovskaya, L.A., Melnichenko, T.V. et al.
(2008) Solid-phase reactions in heating of multilayer Al/Ti
foils produced by electron beam deposition method. Ad-
vances in Electrometallurgy, 2, 19--26.

10. Paton, B.E., Ishchenko, A.Ya., Ustinov, A.I. (2008) Appli-
cation of nanotechnology of permanent joining of advanced
light-weight metallic materials for aerospace engineering.
The Paton Welding J., 12, 2--8.

Composition (at.%) and HV microhardness of different sections
of the welded joint zone

Studied points
of the joint zone
(see Figure 5, b)

Al Ti Mn Nb
HV,
GPa

1 43.9 52.9 1.3 1.9 4.6

2 47.3 50.1 0.9 1.7 4.8

3 49.4 49.8 0.8 -- 4.0

4 47.4 49.9 1.0 1.7 4.3

5 44.1 52.6 1.5 1.8 4.4
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BRAZING OF FERROELECTRIC CERAMICS
IN AIR ENVIRONMENT

AND PURE OXYGEN ATMOSPHERE

Yu.V. NAJDICH, T.V. SIDORENKO and A.V. DUROV
I.M. Frantsevich Institute of Problems of Materials Science, NASU, Kiev, Ukraine

The technology for brazing in air environment and commercially pure oxygen atmosphere as well as method for deposition
of coatings using metal melts with high degree of wettability of ceramics have been developed for the BaTiO3-base
ferroelectric ceramics. The technology developed makes it possible to substantially increase adhesion strength of coatings
and brazed joints, widen existing and open new possibilities for manufacture of different instruments and devices.

K e y w o r d s :  brazing, metallization, ferroelectric ceramics,
barium titanate, metal-oxygen technology

Functional ceramic materials, composition of which
includes compounds with structure of perovskite simi-
lar to barium titanate BaTiO3 (such structure is based
on ratio of three atoms of oxygen to each two atoms
of the metal), occupy special position in state-of-the-
art electrical engineering and electronics. These ma-
terials have rather wide range of applications, for ex-
ample, development of multilayer capacitors with high
capacity, electric field sensors, and great number of
piezoelectric and ferroelectric instruments (sensors,
drives) and thermistors.

Metal coatings on surface of the ceramics may act
as electrodes for capacitors and an intermediate layer
for joining the ceramics with a metal using brazing [1].

Perovskite titanium-base ceramics exists in two
states: ferroelectric (stoichiometric BaTiO3 com-
pound) and a semiconductor (the BaTiO3--x structure
with oxygen-related defects, which is formed, in par-
ticular, at annealing of the BaTiO3 ceramics in high
vacuum) [2]. Semiconductor ceramics is used in elec-
tronics and electrical engineering. We have developed
technology for vacuum brazing of the BaTiO3--x
perovskite semiconductor ceramics with application
of braze alloys which contain adhesively active com-
ponent, for example, titanium [3]. The brazing is per-
formed in high vacuum at temperature 700--1000 °C,
that’s why it can not be used for joining the BaTiO3
ferroelectric ceramics.

Barium titanate of stoichiometric composition,
which has high ferro- and piezoelectric properties, may
be heated without changes only in the environment
containing oxygen (air). For joining such materials
special braze alloys and technological processes are
used. A favorable factor consists in the fact that oxy-
gen, dissolved in certain metals, enables significant
increase of wettability and adhesion of these metals
to ceramics. Influence of oxygen on wettability and
surface and interphase tension of the metal melts was
investigated in [4--6]. It was established that oxygen
effectively increases adhesion of copper, silver, nickel

and some other metals to ion compounds, for example,
oxides. The following systems were investigated in
detail: Cu--O--Al2O3, Cu--O--MgO, Ni--O--Al2O3, Ag--
O--Al2O3, Ag--Cu--O--Al2O3. Of special interest in this
respect is the Ag--Cu--O system. We made assumption
that metal-oxygen technology is also applicable for
joining ferroelectric barium titanate.

According to [7], adhesively active action of oxy-
gen is explained by the fact that addition into a molten
metal of some metalloid, which has sufficient affinity
to electrons, pulls back the latter from atoms of the
metal. They transform into positive ions which are
bound with the solid phase anions, that causes wetting
of the ion crystal with a metal melt.

At present only one work [8] is known, which is
devoted to brazing of the Pb(Mg0.33Nb0.67)O3
perovskite compound using alloys of the Ag--CuO sys-
tem. Scientific basis of this process is not yet devel-
oped, and reasons of wetting action of oxygen are not
explained. Unfortunately, the authors of [8] are not,
evidently, aware of our works of 1960--1970s [4--6]
which concern oxide materials.

Purpose of this work is investigation of wettability
of the BaTiO3-base ceramic ferroelectric materials
with a metal melt, development of compositions of
braze alloys and technological conditions for produc-
ing brazed joints of the BaTiO3 ceramics for joining
with each other parts of the ceramics and the ceramics
with metals, and deposition of the adhesively strong
metal coating on surface of the ferroelectric perovskite
ceramics. As basis of the braze alloys the Ag--Cu--O
system alloys were used.

Specimens of barium titanate-base ceramics were
specially produced using solid phase synthesis in labo-
ratory of M.D. Glinchuk (the I.M. Frantsevich IPMS,
NAS of Ukraine). Used in the experiments disks from
the BaTiO3 ceramics had diameter 20 m and thickness
3 mm. Porosity of the specimens was not more than
3.5 %. Substrates from the BaTiO3 ceramics were
ground and polished. Roughness of the surface equaled
0.02. Degree of the BaTiO3 ceramics wetting was in-
vestigated using the sitting-drop method.

Experiments and technological processes were per-
formed in air environment (such investigations were© Yu.V. NAJDICH, T.V. SIDORENKO and A.V. DUROV, 2009
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never carried out yet). A special installation was de-
signed, in which experiments were carried out in flow-
ing oxygen at insignificant back pressure. Tempera-
ture of the experiment was 980, 1050, 1100 °C. Com-
mercially pure oxygen was used. It was assumed that
insignificant impurities of nitrogen and some other
elements would not exert significant influence on re-
sults of the experiments.

Change of the BaTiO3 ceramics contact angle θ
depending upon content of copper in the melt is pre-
sented in Figure 1. At temperature 980 °C under vac-
uum conditions contact wetting angle for pure silver
equaled about 130°, in air ---- 96°, and in pure oxy-
gen ---- 75°. Addition of about 10 at.% Cu into silver
caused reduction of the contact wetting angle down
to 45--47° (in air environment) and almost full spread-
ing of the alloy (θ ≈ 5--10°) in pure oxygen.

Temperature increase intensifies wetting proc-
ess ---- contact angle reduces up to 25--30° in air en-
vironment (at 10 at.% Cu in silver melt) [9]. In case
of using pure oxygen full spreading may be achieved
as soon as at 6--7 at.% Cu.

Reasons of high capillary activity of the alloys in
pure oxygen consist in significant equilibrium concen-
tration of oxygen in the melt at its high partial pressure
in the environment (partial pressure of oxygen in air
equals 21 kPa, pure oxygen ---- 100 kPa). According
to Siverts law, concentration of oxygen, dissolved in
solution of silver in air, equals

[O]air
Ag = k √0.21,

and in pure oxygen

[O]pure ox
Ag  = k√1 .

As far as solubility of oxygen in silver in air at 980 °C
equals 10.5 cm3/g, one may calculate that in pure oxy-
gen it will be 2.2 times higher, i.e. about 22.9 cm3/g.

So, brazing of the BaTiO3 ferroelectric ceramics
may be performed in air environment, but it is better
to perform it in pure oxygen.

In the ceramics/ceramics combination braze alloy
of the Ag + 10--15 at.% Cu (in air environment) and
Ag + 3--5 at.% Cu (in pure oxygen) compositions was
used.

In joining of ferroelectric ceramics with a metal
one has to use as the latter, as showed the practice,
platinum which ensures strong similar brazed seams.

An option for applying a silver-copper coating was
developed with subsequent brazing to it of a platinum
conducting electrode, the function of which success-
fully fulfilled a silver wire.

Tear and shear strength of the brazed joints was
determined. It is known that it depends upon strength
of the ceramics itself. Strength of the specimens of
produced by us brazed joints equaled from 20 to
50 MPa. It is possible to increase these values if one
uses pore-free well sintered ceramics (strength of
dense ceramics from aluminium oxide may constitute
about 100 MPa). It should be noted that strength of

brazed joints often is not a critical characteristic of
the perovskite ceramics/metal melt contact, because
in practical use of devices on basis of ferroelectric
materials mechanical loads are not very significant.

An important task is application of a thin metal
coating on the ferroelectric ceramics (for example,
interlayers of a capacitor). This requires ensuring of
high wetting with a metal of the ceramics surface.
Theoretically for producing a continuous film from a
molten metal it is necessary that spreading factor had
a positive value:

K = Wà -- Wc,

where Wa and Wc, are the works of adhesion and
cohesion, respectively.

This may be implemented if pure oxygen is used
as the atmosphere. In case of the air environment
special methods were used: the CuO copper oxides
were applied on the ceramics in the form of a powder
and annealed in air for formation of a continuous layer,
and then a mixture of silver and platinum powders
was applied and annealed at 970 °C, whereby in the
system were present a metal melt and a solid metal
(platinum) in a highly dispersed state, due to which

Figure 1. Dependence of contact wetting angle θ of BaTiO3 ceramics
by Ag--Cu--O system melts upon content of copper in them at
980 °C: 1 ---- melt of pure silver in vacuum; 2, 3 ---- melt of Ag--Cu
system in air environment and pure oxygen, respectively

Figure 2. Specimens of BaTiO3 ferroelectric ceramics metallized
using metal-oxygen technology
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homogeneity of the coating was preserved. Specimens
of the metallized BaTiO3 ferroelectric ceramics are
presented in Figure 2.

Using the metal-oxygen technology brazed joints
of the BaTiO3 ferroelectric ceramics, brazed with each
other and with metal electrodes, were produced (Fi-
gure 3).

So, for the first time wetting of the BaTiO3 ce-
ramics in pure oxygen was investigated. Application
of oxygen environment at pressure 100 kPa intensifies
capillary properties of the Ag--Cu--O system melts and
reduce contact wetting angle up to full spreading at
content 7--10 at.% Cu in the melt.

On basis of the data obtained the metal-oxide tech-
nology for metallization and brazing of the BaTiO3
ceramics in air and pure oxygen was developed.
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IMPROVED METHOD FOR CALCULATING
MAGNETIC-PULSE WELDING CONDITIONS

A.S. PISMENNY, I.V. PENTEGOV, E.P. STEMKOVSKY, D.A. SHEJKOVSKY, V.M. KISLITSYN and A.V. LAVRENYUK
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The method for calculating magnetic-pulse welding conditions is suggested allowing for changes of inductivity of the
parts being joined at their relative displacement. It is shown that it has to be used in those cases when energy necessary
for processing of the metals constitutes a significant portion of the energy accumulated in the capacitor bank (for example,
for joining parts of big diameter).

K e y w o r d s :  magnetic-pulse welding, inductivity of parts,
method of calculation, optimum welding conditions

In [1] a simplified method for calculating magnetic-
pulse welding (MPW) conditions is suggested with
complex application of analytical and numeric meth-
ods of calculation on a personal computer.

Below the attempt is made to develop an improved
method for analysis of the processes occurring in MPW
of cylindrical pipes with a single-turn inductor (Fi-
gure 1) which most fully correspond to the real proc-
esses. It is assumed that at a discharge of the capacitor
bank on the inductor and in process of movement of the
flyer part inductance of the discharge circuit increases,
whereby movement of the pipe starts at the instant in
which its material achieves state of plasticity.

Time of the capacitor bank discharge is divided
into small sub-intervals of ∆t duration, and all pa-
rameters of the discharge circuit in each such n-th
time sub-interval are assumed invariable.

Values of all necessary parameters at the end of
the first sub-interval ∆t are initial conditions for the
next time sub-interval. Indices of the parameters in-
dicate their value in certain instants of time. Zero
index indicates value of the parameter at the beginning
of the first time sub-interval, index 1 ---- at the end
of the first time sub-interval and beginning of the
second time sub-interval, etc.

The whole process of the discharge is divided into
three time intervals:

I ---- beginning of the discharge. Pressure on the
flyer part is not yet equal to a certain limit value of

© A.S. PISMENNY, I.V. PENTEGOV, E.P. STEMKOVSKY, D.A. SHEJKOVSKY, V.M. KISLITSYN and A.V. LAVRENYUK, 2009

Figure 3. Brazing and metallization of BaTiO3 ceramics using me-
tal-oxygen technology: 1 ---- ceramics--ceramics joint; 2 ---- platinum
wire--ceramics; 3 ---- silver wire--ceramics
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P0. At such value yield strength of the material σy is
not achieved yet, the flyer part is immovable, and
current in each sub-interval is determined according
to the formula for the fluctuation process of the ca-
pacitor bank discharge, whereby all parameters of the
discharge circuit are invariable in the process of the
discharge interval;

II ---- continuation of the capacitor bank discharge
process at the pressure higher than P0 from the instant
of beginning of the flyer part motion till the instant
of collision. The discharge current in each interval
changes according to another law for which first of
all non-zero initial conditions and change of inductiv-
ity of he flyer pipe are characteristic;

III ---- discharge process from the instant of colli-
sion of the parts till termination of the capacitor bank
discharge. For the discharge current in each sub-in-
terval of this interval constancy of the discharge cir-
cuit parameters is characteristic, whereby initial value
of current and voltage in the capacitor bank corre-
sponds to values of current and voltage at the end of
the second time interval of the capacitor bank dis-
charge.

Let us consider the processes which occur in I in-
terval when the flyer part is still immovable. We will
use the following dependence for the considered
method of calculation [1]:

B(t) = 
µ0KR

bp
 i(t), (1)

where B(t) and i(t) are respectively the magnetic
induction in the working gap and the discharge current
in I interval; µ0 is the magnetic constant equal to

4π⋅10--7 H/m [2]; KR = 1 -- 
∆1

πbp
 


1 -- e

--π 
bp
∆1



  is the Ro-

gowski coefficient [3].
Pressure of the magnetic field on the flyer part is

determined from the expression

P(t) = 
B2(t)

µ0
. (2)

Pressure on the flyer part, at which yield strength
σy of the material is achieved and which depends only
upon properties of the material and the geometrical
dimensions, is determined from the expression which
proceeds from the balance of forces acting on surface
of the pipe and in its cross section:

P0 = 
∆p

Rp
σ, (3)

where Rp is the mean radius of spread outward area
of the flyer part in the welding zone.

Inductance of the discharge circuit L0 consists of
the constant within the capacitor bank discharge time
inductance L, which is inductance of the external cir-
cuit, and invariable within the time of I interval in-
ductance of the inductor--flyer part system Lpt0:

L0 = L + Lpt0,

where

Lpt0 = 2π 
µ0KR

bp
 Rp∆1.

Angular frequency of the discharge is found from
the formula

ω0 = √1
CL0

 -- 
R2

4L0
2 . (4)

Instant value of the discharge current in I interval
is determined from expression [4]

i(t) = 
Uc

ω0L0
 e--

R
2L0

t sin ω0t, (5)

where Uc is the capacitor bank initial voltage; R is
the discharge circuit active resistance.

By means of the discharge current passage, pressure
on the flyer part increases till it gets equal to pressure
P0 determined from formula (3). By substitution in
(2) of the expressions (1), (5) and equating P(t) to
P0 value we get after transformations equation for
determining t0 ---- the time at which pressure on the
flyer part achieves the P0 value:

√P0
µ0

 
bp

KR
 = 

Uc

ω0L0
 e--R

t0

2L0 sin ω0t0. (6)

Transcendent equation relative t0 (6) is solved by
numeric methods using a personal computer.

In II time interval, inductance of the discharge
circuit Ln consists of a constant inductance L during
discharge of the capacitor bank and inductance of the
inductor-- flyer part system Lptn. Inductance Lptn in
process of the capacitor bank discharge changes in II
interval thus changing conditions of the capacitor
bank discharge, that’s why in the index the interval
number is present.

Figure 1. Scheme of MPW implementation at acceleration of pipe
area to be deformed: R0, R1 ---- respectively internal diameter of
inductor-concentrator and external diameter of flyer part in center
of spread outward area; ∆p ---- wall thickness of flyer pipe; ∆, ∆1 ----
mean values of gap between pipes being joined, as well as between
inductor-concentrator and pipe respectively; α ---- angle of pipe
spreading outward; bp ---- width of overlapping; bc ---- width of
working area of inductor-concentrator
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For calculating parameters of welding conditions
on the personal computer we find initial conditions
for II time interval of the capacitor bank discharge
(current i0, active losses within time of I time interval
WR0

, pressure on the flyer part p0 and the capacitor
bank voltage U0):

i0 = 
Uc

ω0L0
 e--

R
2L0

t0 sin ω0t0, (7)

WR0
 = ∫ 

0

t0

i2(t)Rdt, (8)

p0 = 
µ0KR

2

bp
2  (i0)

2, (9)

U0 = Uc -- 
1
C

 ∫ 
0

t0

i(t)dt. (10)

Initial conditions of other parameters necessary for
calculation in II interval equal zero.

In second area the flyer part starts to move. Move-
ment of the part causes increase of the discharge circuit
inductance thus changing conditions of the capacitor
bank discharge.

When determining regularity of the discharge cir-
cuit inductance change, one has to take into account
the fact that it consists of the inductance, which within
the time of the capacitor bank discharge remains in-
variable, and the inductance, which increases within
the time of the discharge. Constant inductance L is
usually known, while variable part of the inductance
Lpt(n + 1) for (n + 1)-th interval ∆t is found from the
expression

Lpt(n + 1) = π 
µ0KRn

bp
 [R0

2 -- (R1 -- Sn)
2], (11)

where Sn is the way passed by the flyer part in n-th
interval; KRn

 is the Rogowski coefficient in n-th in-
terval.

Value of current in II time interval for (n + 1)-th
time interval is found from formula proceeding from
Kirchhoff equation for a considered circuit in n-th
time sub-interval:

in + 1 = in + 
Un -- inR

Ln
∆t, (12)

where Un is the voltage in capacitors in n-th interval.
Pressure on the flyer part in (n + 1)-th sub-interval

is determined from formula

pn + 1 = µ0 
KRn

2

bp
2  in

2. (13)

Losses in active resistance of the machine discharge
circuit in time interval t = (n + 1)∆t equal

WR(n + 1)
 = Rin

2∆t + WRn
. (14)

Increment of the flyer part velocity within time
∆t in the n-th sub-interval is determined from formula

∆vn = [pn -- P0] 
∆t

∆pγp
. (15)

Velocity of the flyer part at the end of the (n +
+ 1)-th interval is

vn + 1 = vn + ∆vn,   v0 = 0. (16)

The way passed by the flyer part at the end of the
first sub-interval in II interval is

Sn + 1 = Sn + vn∆t,    S0 = 0. (17)

Time of the process is determined according to the
expression

tn + 1 = t0 + ∆tn. (18)

Inductance of the discharge circuit at the end of
(i + 1)-th time sub-interval is

Ln + 1 = L + Lptn. (19)

Using expressions (11)--(19) for (n + 1)-th time
sub-interval we make a system of equations for calcu-
lating on a personal computer which has the form:































in + 1 = in 
Un -- inR

Ln
 ∆t,

KRn
 = 1 -- 

∆1 + Sn

πbp
 (1 -- e--π 

bp

∆1 + Sn),

pn + 1 = µ0 
KRn

2

bp
2  in

2n,

WR(n + 1)
 = Rin

2∆t + WRn
,

vn + 1 = vn + 





µ0

KRn

2

bp
2  in

2 -- P0






 

∆t
∆pγp

,

Sn + 1 = vn∆t + Sn,

Ln + 1 = L + πµ0

KRn

bp
 [R0

2 -- (R1 -- Sn)
2], 

Un + 1 = Un -- in 
∆t
C

,

tn + 1 = t0 + ∆tn.

(20)

II time interval finishes after the flyer part that
passes the way S (mean value of the gap between the
pipes being joined) touches the immovable part.

In Figures 2 and 3 the curves are built, from which
it follows that the results obtained from the improved
method differ approximately by 15 % from the results
obtained according to the method that does not take
into account change of the inductance, that proves
the fact that by means of the pipe diameter increase
one has to use the developed methodology.

For determining in a specific case necessary version
of the calculation method (without allowing or al-
lowing for inductance change of the parts during weld-
ing) it is necessary to calculate value of kinetic energy
of the flyer part Wk using the given below formula:
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Wk = 
mv2

2
,

(21)

where

m = 2πRp∆pγpbp. (22)

Comparison of this value with value of the whole
accumulated in the capacitor bank energy W =
= (CUc

2)/2, calculated using the simplified calcula-
tion, allows selecting the version of the calculation
method. If difference of the energies does not exceed
10 %, one may use method of calculation described in
[1]; if difference is more than 10 % it is necessary to
use the method suggested in this work which takes
into account change of inductance of the parts being
joined.

It should be noted that when using considered
method for producing quality welded joints, the time
of the magnetic field penetration through the flyer
pipe should be longer than flight time of the flyer
pipe.

CONCLUSIONS

1. Calculation of the MPW conditions with a single-
turn inductor in joining of cylindrical pipes of big

diameter has to be carried out taking into account
change of inductance of the parts being joined, that
will allow ensuring high accuracy of calculations in
comparison with the known methods and real reflect-
ing processes occurring in the welding.

2. It was determined that the higher is kinetic
energy acquired by the flyer part, the higher is amend-
ment ensured by the suggested method of calculation.
If amendment is less than 10 %, one may use a sim-
plified method of calculation, if more ---- the improved
one.

3. For ensuring high accuracy of the suggested
method for calculating the MPW conditions it is nec-
essary to take into account time when the part starts
to move, within which the flyer part is in immovable
state till pressure on it still has not yet achieved a
certain boundary value, at which yield strength of the
material of the parts is achieved.

4. The developed method is fit not just for calcu-
lating the MPW conditions, but also for application
in related technologies (for example, in pressure proc-
essing of metals, etc.).

Figure 3. Calculated instant value of magnetic pressure P(t) for
pipes from aluminium alloy of 20 (a) and 80 (b) mm diameter:
1 ---- curve according to simplified methodology of calculation [1];
2 ---- according to developed methodology; dash-dotted curve ----
according to given methodology

Figure 2. Curves of discharge current (a) and speed at acceleration
of area to be deformed (b) of aluminium pipe of 80 mm diameter:
1 ---- simplified methodology of calculation [1]; 2 ---- developed
methodology
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INCREASE OF CRACK RESISTANCE OF SHROUDED
TRAVELING ROLLS IN HIGH-SPEED HARDFACING

V.V. CHIGARYOV, V.I. SHCHETININA, S.V. SHCHETININ, K.K. STEPNOV, N.G. ZAVARIKA and V.I. FEDUN
Priazovsky State Technical University, Mariupol, Ukraine

Regularities of influence of high-speed electric arc hardfacing with a low running energy on welding stresses and crack
resistance of the deposited metal are established. Method for the high-speed hardfacing of shrouded traveling rolls has
been developed.

K e y w o r d s :  electric arc hardfacing, shrouded traveling
roll, carbon steel, running energy, strain, welding stresses, mi-
crostructure, impact toughness, cracks, wear resistance

Main parts of metallurgical equipment include trav-
eling rolls which are manufactured from high-carbon
steels and operate under conditions of high specific
pressure. This limits use of the hardfacing for shrouded
traveling rolls which are manufactured by interference
fit on an axle of the shroud. As a result stresses occur
in the shroud which may cause damage of the equip-
ment. Because of this reason hardfacing of shrouded
traveling rolls usually is not performed.

Service life of the rolls is determined by their crack-
and wear resistance, material consumption factor, spe-
cific consumption of materials in the process and pro-
duction cost of the rolled metal. That’s why increase
of the service life is an important scientific-technical
problem.

For the purpose of increasing crack resistance the
high-speed electric arc hardfacing [1] with low run-
ning energy is used, characteristic for which are change
of the arc existence conditions, reduction of heat in-
put, increase of the rate of heating and cooling of the
molten metal and heat-affected zone (HAZ) that
causes change of conditions of the pool solidification
[2, 3], level of strains, welding stresses and quality
of the deposited metal.

This influence of running energy on crack resistance
of the deposited metal is contradictory [2, 4, 5], and
action of the electrode shape and running energy on
strains, welding stresses and properties of the deposited
metal was investigated not sufficiently yet.

The goal of this work is investigation of peculiari-
ties of increasing crack resistance of the deposited
metal and development of the method for high-speed
hardfacing of shrouded traveling rolls at low running
energy.

In electric arc hardfacing vacancies occur in struc-
ture of the deposited metal under action of heat. In
zone of their formation occurs disturbance of static
equilibrium of the interatomic interaction forces,
which stipulates shift of the adjacent atoms from their
equilibrium positions and microdistortion of the crys-
talline lattice [2].

As a result of heat input in process of hardfacing
the metal is subjected to action of the heat strain
cycle, upon which depend microdistortion of the crys-
talline lattice and microstresses. The heat strain cycle
was determined using the strain gage, function of
which performed an electron micrometer operating on
basis of a movable-electrode tube. Observed strains
εo and thermal cycle of heating of a point located
between legs of the strain gage were measured using
the strain gage on basis 0.01 m. Change of the strain
level in process of hardfacing and thermal cycle of
heating of the point were registered using the oscil-
loscope. Natural strains of the base metal located at
distance 5⋅10--3 m from the fusion zone were determined
using the differential method [6--8]:

ε = εelast + εpl = εo -- εw,

where εelast, εpl, εw are respectively elastic, plastic and
welding strains.

Hardfacing of rib of a plate of approximately (30 ×
× 125 × 400)⋅10--3 m size was performed using a built-
up electrode [9] consisting of two wires and an U-
shape tape using the ZhSN-5 ceramic flux which en-
sured production of the deposited metal of the
25Kh5FMS type. Occurrence of the strains was regis-
tered in direction of hardfacing. As a result of measure-
ment of heat strain cycles (Figure 1) it was established
that in process of the hardfacing first at bringing nearer
of the arc compression of the metal in area of the meas-
urement under action of the expanding metal occurs,
and when the arc is located in area of measurement of
the heat strain cycle, expansion of the metal in the zone
and its extension occur. By means of moving the arc
away and cooling compression of the base metal occurs.
Both at heating and at cooling instant values of εo and
εw significantly differ which causes development of natu-
ral strains ε and welding stresses.

For investigation of the running energy influence
on the base metal strains, welding of plates of (8 ×
× 120 × 900)⋅10--3 m size and hardfacing of plates of
(30 × 120 × 900)⋅10--3 m size were performed using a
built-up electrode with different running energies. It
was established that at increase of the welding speed
and reduction of running energy because of reduction
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of heat input, the base metal strains and welding
stresses reduce (Figure 2).

Dependence of welding stresses upon efficient run-
ning energy is determined from the expression [8]

σ ≥ µE 
qe

vF
, (1)

where µ is the Poisson’s ratio for carbon steel; E is
the modulus of elasticity equal to 19.68⋅104 MPa; F
is the plate cross section.

Strain of the plates depends upon welding stresses:

f = 0.613l √σ -- σcr

E
, (2)

where l is the plate length; σcr is the critical value of
welding stresses which are determined using formula

σcr = 
π2E
12

 



δ
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2

, (3)

where δ is the plate thickness. At σ > σcr deformation
of the plate occurs.

It follows from the expressions presented above
that welding stresses depend upon strain of the plate:

σ = 
f 2E

0.6132l2
 + 

π 2E
12
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. (4)

By means of the running energy reduction at in-
crease of the welding speed the welding stresses reduce
(Figure 2) which significantly increases crack resis-
tance and impact toughness of the welded joints that
qualitatively characterizes crack resistance and de-
pends upon structure of the deposited metal.

Influence of the electrode shape and running en-
ergy on structure of the deposited metal was estab-
lished at five-layer hardfacing of plates of (30 × 300 ×
× 400)⋅10--3 m size using wire of 4⋅10--3 m diameter and
tape of (0.5 × 45)⋅10--3 m size, which was arranged in
longitudinal and cross directions, and the built-up
electrode. Hardfacing was carried out using the ZhSN-
5 ceramic flux under optimum for each method con-
ditions. Hardfacing using the Sv-08G2S wire electrode
of 4 mm diameter was performed under the conditions:
current ---- 650--750 A; arc voltage ---- 31--33 V; weld-
ing speed ---- (0.56, 0.83 and 1.10)⋅10--2 m/s. Hard-
facing using the built-up electrode, consisting of the
Sv-08G2S wire of 4 mm diameter and tape from the
08kp (rimmed) steel of 0.5445 mm2 section, was per-
formed under the conditions: current ---- 1950--2050 A,
arc voltage ---- 29--31 V; welding speed ---- (1.4, 2.1
and 2.8)⋅10--2 m/s. Running energy for each method
of welding varied within qe/v = 1.8, 2.7 and
3.6 MJ/m.

Crack resistance of the deposited metal is deter-
mined to a great degree by welding stresses in it which
are summed up at hardfacing. In connection with the
fact that hardfacing of the wear-resistant layer is per-
formed using five and more runs, welding stresses
sharply increase. Due to summing of the welding
stresses, thickness of the deposited layer is limited by
25 mm, while increase of these values causes signifi-

cant increase of welding stresses and formation of
spallings in zone of fusion with the base metal which
was confirmed in hardfacing of traveling rolls of the
mill 1700. The investigations were carried out at a
five-layer hardfacing. Properties of the weld metal
were determined by investigation of its structure and
measurement of the tempering zone and impact tough-
ness of the welded joints.

It was established that at increase of the heating and
cooling rates structure of the deposited metal gets re-
fined, contact area and interatomic bond forces increase,
and crack resistance gets higher. In hardfacing using the
tape, arranged in longitudinal direction, structure of the
deposited metal is coarse-grain and inhomogeneous, in
case of perpendicular arrangement of the tape the struc-
ture gets refined insignificantly and remains the coarse-
grain one. In hardfacing using wire and built-up elec-
trodes also refining of the deposited metal structure oc-
curs, it gets finely dispersed and homogeneous and rep-
resents a ferrite-cementite mixture.

In similar way gets refined structure of the depos-
ited metal and HAZ in high-speed hardfacing at low
running energy (Figure 3) because of increase of the

Figure 1. Curves of HAZ thermal strain cycle obtained in direction
of hardfacing with application of built-up electrode (qe/v =
= 3.6 MJ/m) at distance 5⋅10--3 m from fusion zone: 1 ---- free
strains; 2 ---- observed strains; 3 ---- natural strains

Figure 2. Dependence of welding stresses σ (3, 4) and strains f (1,
2) in plates of (8 × 120 × 900)⋅10--3 m (dash curves) and (30 ×
× 120 × 900)⋅10--3 m (solid lines) size upon running energy of welding
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heating, cooling and solidification rates in proportion
to the hardfacing rate. Because of minimum microdis-
tortions of the crystalline lattice, changes of micro-
stresses, density of dislocations and fine-dispersed ho-
mogeneous structure, crack resistance increases, and
joints, produced at low running energy, are charac-
terized by high impact toughness and strength char-
acteristics.

Measurements of impact toughness were performed
on welded joints of the 09G2S steel. The 9KhF and

09G2S steels have different chemical composition and
propensity to formation of hardening structures. As
in hardfacing of the 9KhF high-carbon steels it is
difficult to avoid cracks, so in welding of the 09G2S
steel it is difficult to ensure impact toughness which
would qualitatively characterize crack resistance.

At increase of the welding speed up to 0.021 m/s
and reduction of running energy up to 2.7 MJ/m
impact toughness first sharply increases and then re-
mains practically invariable (Figure 4). At increase
of the welding speed growth of the impact toughness
occurs due to refining of the deposited metal structure
and reduction of the crystalline lattice distortions,
microstresses and density of dislocations, with which
origination of the cracks is associated [10]. Similar to
impact toughness, under the same conditions change
ultimate strength, relative elongation and reduction
in area. High values of impact toughness, relative
elongation and reduction in area prove increased crack
resistance of the deposited metal.

Tensile strength at increase of the welding speed
and reduction of running energy gets higher. Its high
values and high values of impact toughness and rela-
tive elongation are achieved at running energy
2.7 MJ/m and lower, which is confirmed by results
of the experiments.

Similar data were obtained in investigation of the
electrode shape and running energy influence on static
fracture (Figure 5) on specimens of (957 × 5520)⋅10--3 m
size with V-notch. It was determined that maximum
value of static load is ensured at the running energy
value 2.7 MJ/m and lower.

It was established in five-layer hardfacing using
the ZhSN-5 flux that by means of increase of its rate
due to increase of the cooling rate and dispersity of
the deposited metal structure, microhardness of the
metal gets higher. In HAZ microhardness, measured

Figure 3. Microstructure of metal (×300) deposited using
built-up electrode with running energy 3.6 (a), 2.7 (b)
and 1.8 (c) MJ/m

Figure 4. Mechanical properties of welded joints at one-sided welding
using built-up electrode: 1 ---- tensile strength σt; 2 ---- impact tough-
ness KCV; 3 ---- reduction in area ψ; 4 ---- relative elongation δ
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by the PMT-3 hardness gauge with automatic loading,
reduces (Figure 6). Size of the tempering zone depends
upon the electrode shape. Its minimum size is charac-
teristic for hardfacing using the tape arranged perpen-
dicularly, which is the result of minimum heat input
into side edges of the pool. At longitudinal arrange-
ment of the tape, tempered zone size increases. Use
of wire and built-up electrode (Figure 6) increases of
the tempered zone size due to increase in heat input
into side edges of the pool.

At increase of the hardfacing rate size of the tem-
pering zone reduces as a result of running energy low-
ering (see Figure 6) which matches available data
[11]. Reduction of size of this zone increases resistance
against lamination (because in this zone cold cracks
may form), improves quality of the deposited metal,
and reduces specific loads in rolling which increases
wear resistance of the rolls.

At high-speed hardfacing in case of the running en-
ergy reduction, penetration depth and share of the base
metal participation reduce, gradient of carbon concen-
trations increases and its diffusion in HAZ into the weld
metal intensifies. As a result carbon equivalent in HAZ
equals less than 0.45 and cracks do not form.

Despite the fact that the investigations were car-
ried out only for the 09G2S steel, the data obtained
were confirmed in hardfacing of the shrouded travel-
ing rolls from the 9KhV steel, because in high-speed
hardfacing at a low running energy welding stresses
significantly reduce, structure of the deposited metal
gets refiner, ductility increases, the HAZ size and
specific pressure in rolling of the metal reduce, that
excludes failure of the shrouds and increases crack
resistance of the deposited shrouded traveling rolls.

For increasing wear resistance of the shrouded trav-
eling rolls, the energy conservation method of high-
speed hardfacing at low running energy was developed
[12]. High-speed hardfacing of the shrouded traveling
rolls was performed with preliminary and accompa-
nying heating up to 300--350 °C. First a buffer layer
was deposited using the Sv-08G2S wire of 5 mm di-
ameter and the AN-60 flux, and then ---- the wear-re-
sistant layer. Its hardfacing was performed using the
Sv-08G2S wire of 5 mm diameter and the ZhSN-5
ceramic flux at running energy 1.3 MJ/m under the
following conditions: current ---- 750--800 A; arc volt-
age ---- 32--34 V; hardfacing rate ---- 75 m/h. After
hardfacing heat treatment and slowed cooling were
performed.

Energy conservation method of high-speed hard-
facing at low running energy was developed which
ensures minimum welding stresses, formation of a fine-
dispersed homogeneous structure of the deposited met-
al and, as a result, high crack and wear resistances of
the shrouded traveling rolls.
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Figure 5. Influence of electrode shape and running energy on quality
of welded joints produced with application of wire (1, 3, 5, 7) and
built-up electrode (2, 4, 6, 8): 1, 2 ---- static load P; 3, 4 ----
non-metal inclusions (NMI); 5, 6 ---- tough fracture (TF); 7, 8 ----
quasi-spalling (K)

Figure 6. Influence of running energy on microhardness HV of
deposited metal: 1 ---- qe/v = 3.6; 2 ---- 2.7; 3 ---- 1.8 MJ/m; S ----
HAZ width
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ARC SPOT WELDING OF OVERLAP JOINTS
IN VERTICAL POSITION

L.M. LOBANOV, A.N. TIMOSHENKO and P.V. GONCHAROV
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The technology for vertical spot metal-arc welding of sheet metal without preliminary piercing of holes in the external
sheet was developed. Adjustment of parameters of the welding cycle allows producing the high-quality spot joints.

K e y w o r d s :  gas-shielded welding, spot overlap joints,
structural steels, vertical position

The arc spot welding (ASW) technology used to weld
sheet metal finds application in car building, aircraft
engineering, ship building, motor car industry and
construction. The ASW technology provides high pro-
ductivity and quality of operations, saves time and
materials. The process is advantageous in the possi-
bility of producing sound overlap joints both without
and with holes made in workpieces, as well as fillet
and T-joints [1--7].

The car building industry uses mainly semi-auto-
matic CO2 welding. This method allows making up
to 80 % of all the welds, including the arc spot welds.
In manufacture of railway cars, sometimes it is nec-
essary to make spot joints in a vertical position. To
reduce labour intensity, it is expedient to make some
horizontal welds on a vertical plane by ASW.

In ASW of metal over 1.5 mm thick in the vertical
and overhead position, it is recommended to make
holes in the external sheet [1--3]. Given that ASW is
performed with the semi-automatic device by switch-
ing on and off of feeding of the welding wire, the
quality and consistency of sizes of the resulting spot
welds are determined by the skill of a welder. In
addition, when performing ASW on the vertical plane
it is necessary to overcome difficulties associated with
retention of the molten pool metal. Independently of
the welder’s skill, production of the sound welds can
be achieved by programming parameters of the weld-

ing process. Existing equipment and technology do
not always provide sufficient stability of the welding
parameters and, as a consequence, preset sizes of the
spot welds according to GOST 14776--79 [8]. Decrease
in quality of the joints may be caused by probable
deviations. Some welding power supplies have the
possibility of programming time of the welding cycle
(welding wire feed speed is usually not programmed).

The task of this study was to provide the sound
spot joints on the sheet metal in a vertical position
without preliminary piercing of holes in the external
sheet. Accomplishment of this task involves difficul-
ties associated with retention of the molten pool metal,
as well as with ensuring of reliable ignition of the arc
in the initial period.

The experimental machine for CO2 arc spot weld-
ing in a vertical position (Figure 1) was developed to
fulfil the task posed. This machine consists of a weld-
ing current source of the VDUCh-500 type, welding
wire feed mechanism PDG-500-4, specialised control
unit, welding torch with a specialised nozzle, and a
lever clamp providing elimination of a gap between
the pieces joined.

Characteristic feature of the ASW process is sepa-
ration of the welding cycles into stages, which differ
in their technological purpose and welding parameters
[3, 5]. The welding cycle without preliminary piercing
of holes in the external sheet is performed in the fol-
lowing stages:

• heating of the surface of an external piece;
• burning through of the external piece and pene-

tration of the second piece. A hole being formed in
the external piece and partial penetration occurring
in the internal one;

• filling up of the formed hole with molten elec-
trode metal;

• welding up of the crater in the spot weld.
ASW in the vertical position performed under the

conditions used for making spot joints in the flat po-
sition failed to give positive results. The weld spots
had a number of essential defects, such as incomplete
filling of the weld pool with electrode metal caused
by its flowing down, formation of rolls of the flown-
out metal, and undercuts (Figure 2).

Reproducibility of the weld spots was low, which
was caused by a considerable effect of the following
factors:

Figure 1. Flow diagram of ASW in vertical position: 1 ---- welding
current source; 2 ---- control unit for ASW; 3 ---- carbon dioxide
gas bottle; 4 ---- pre-reducer drier; 5 ---- reducer; 6 ---- gas flow rate
meter; 7 ---- electrode wire feed mechanism; 8 ---- flexible hose cable;
9 ---- welding torch; 10 ---- workpiece
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• different conditions of arc ignition caused by
different sizes of the electrode metal drops solidified
at the welding wire tip after each welding pulse;

• high heat input into a welded joint: molten metal
flows out from the weld pool;

• effect of the gap between the pieces joined and
shielding gas flow rate on the appearance and quality
of a spot joint;

• shape of the welding torch tip;
• stability of the welding wire feed: the probability

of slippage of the wire leads to inaccurate portioning
of the depositing metal in formation of a weld spot;

• presence of various contaminants on the surfaces
of the pieces joined.

While optimising the technology of ASW in the
vertical position, the spots were made on experimental
samples (Figure 3) using 1.6 mm diameter solid wire
Sv-08G2S and CO2 as a shielding gas. 

To control heat input in making a spot joint, the
time pauses between the welding pulses were added
to the program of changing the process parameters of
welding in the flat position. The program of changing
the welding process parameters shown in Figure 4
provided the portioned addition of metal to the weld
pool by alternating the welding cycles, as well as the
reliable ignition of the welding arc. The need for the
reliable arc ignition is attributable to the fact that in
metal arc welding the arc does not always starts burn-
ing from the first touch, this having a significant effect
on implementation of the programmed parameters of
spot welding.

The stable arc ignition in ASW is achieved by
decreasing the welding wire feed speed at the initial
moment of welding (time period t1). At the required
wire feed speeds there is enough time for heating and

melting of the electrode tip, which increases the prob-
ability of the arc ignition. At the high wire feed speeds
the arc ignition stability decreases to a considerable
degree.

The portioned heat input into the weld pool is
ensured by alternating welding pulses and pauses, as
well as by regulating their time, thus providing the
optimal welding cycle, as well as more favourable
structure and properties of the weld metal. Cooling
of the weld takes place in intervals between the weld-
ing cycles, which prevents flowing of the molten metal
from the weld pool and provides the satisfactory weld
spot formation. Durations of pulses and pauses be-
tween the pulses, as well as the welding current are
set, which makes it possible to form the final volume
of the weld spot and its external surface. As noted in
[4, 7], the stressed state in cyclic heat input into a
welded joint is much lower than in welding performed
under the conditions without pauses between the
pulses, or under the conditions without pulses. The
ASW parameters can be varied over a wide range,
depending upon the ASW cycle, thickness of the pieces
joined and diameter of the electrode wire.

Burning through of the first piece with formation
of a hole, and partial penetration of the second piece
are performed in cycle t2. Welding in this period is
performed under increased parameters.

Welding cycles in time periods t4 and t6 provide
filling up of the formed hole after the welding cycle
in time period t2 and formation of the weld spot. The
first cycle with duration t4 is performed so that 50--
60 % of volume of the deposited metal of the weld
spot is provided. Completion of the second cycle (with

Figure 2. Spot joint made in vertical position under the conditions
used for ASW in flat position

Figure 3. Schematic of experimental sample

Figure 4. Program of changing of process parameters in ASW in
vertical position: t1--t8 ---- duration of pulses and pauses; tt ---- total
time of the ASW cycle
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time t6) allows formation of the final volume of the
weld spot. Cooling of the deposited weld metal takes
place in time periods t3, t5 and t7 (durations of pauses
between the welding cycles). The durations of pauses
are set so that the deposited metal volume could so-
lidify during these time periods. Welding up of the
crater and formation of the appearance occur in the
last welding cycle (time interval t8 according to the
scheme of changing of the welding parameters).

Selection of optimal parameters of ASW was car-
ried out on samples by changing the arc voltage, set-
ting the optimal welding wire feed speed at each weld-
ing cycle, and by optimising the time of each welding

cycle and pauses between them. The welding parame-
ters are given in the Table.

The quality and size of the spot welds are strongly
affected by the duration of each cycle and stability of
the welding parameters. Parameters given in the Table
provide the high-quality spot joints, which is con-
firmed by the results of metallographic examinations.
As shown in Figure 5, the spot joint has a sound
appearance, and rolls of the flown-out metal are ab-
sent. The macrosection confirms the absence of under-
cuts and defects of the type of pores, cracks and slag
inclusions. The penetration depth in this case is
3.5 mm, and diameter of the weld spot nugget is 8 mm.

As proved by the investigation results, strength of
the weld spot depends upon the metal thickness and
diameter of the weld spot nugget, as well as upon the
gap between the pieces welded. The presence of the
gap in excess of 0.5 mm may cause flowing of the
molten metal into the gap, and may lead, as a conse-
quence, to production of a defective joint. In the cases
where the gaps between the pieces joined were not in
excess of 0.5 mm, shear tests of specimens with a weld
spot nugget diameter of 7--9 mm showed that a fracture

force was 
19,000--32,000

27,000
 N, which is enough to pro-

vide sufficient performance of a spot joint.
Therefore, the high-quality spot joints are provided
by regulating parameters of the welding cycles in
ASW of the sheet metal in a vertical position. The
joints can find application in manufacture of frame
structures of modern freight and passenger cars.

1. Voropaj, N.M. (2004) Specifics of arc spot shielded-gas weld-
ing processes (Review). The Paton Welding J., 7, 26--31.

2. Potapievsky, A.G. (2007) Gas-shielded metal arc welding.
Pt 1: Active-gas welding. Kiev: Ekotekhnologiya.

3. Tereshchenko, V.I., Sharovolsky, A.N., Sidorenko, K.A. et
al. (1983) Peculiarities of consumable-electrode arc spot
CO2-welding. Avtomatich. Svarka, 9, 51--53.

4. Asnis, A.E., Andrushchenko, S.V., Yushkevich, Z.V. (1986)
Influence of stressed state on corrosion resistance of arc spot
welded joints. Ibid., 8, 1--3.

5. Tkachenko, A.N., Voskresensky, A.S. (2005) Application of
arc spot welding in fabrication of car bodies. The Paton
Welding J., 12, 22--24.

6. Tatarinov, V.S., Tereshchenko, V.I., Iorsh, E.T. et al.
(1986) Corrosion fatigue resistance of overlap joints made
by arc spot welding. Avtomatich. Svarka, 7, 46--48.

7. Krylov, S.V., Asnis, A.E. (1983) Increase in impact strength
of arc spot welded joints. Ibid., 7, 17--18, 34.

8. GOST 14776--79: Arc welding. Spot welded joints. Main
types, structural elements and sizes. Introd. 01.07.80.

Figure 5. Appearance of spot welded joint produced by ASW in
vertical position (a) and its macrosection (b)

Parameters of arc spot welding of sheets 2.5 + 7.0 mm thick

Welding cycles Uw, V Iw, A vw, m/h tw, s tpause, s

t1 26--28 180--220 100--120 0.4--0.5 --

t2 40--42 450--500 280--300 1.0--1.3 t3 = 1.5--2.0

t4 28--30 230--250 140--160 0.8--.1.0 t5 = 1.0--1.5

t6 28--30 230--250 140--160 0.8--1.0 t7 = 0.5--1.0

t8 24--.26 170--190 100--120 0.5 --
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INCREASE OF CYCLIC FATIGUE LIFE
OF TEE WELDED JOINTS WITH SURFACE CRACKS

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

Investigation results on the efficiency of using high-frequency mechanical peening to increase the fatigue resistance of
tee welded joints on low-alloy steels containing fatigue cracks on their surface are presented. Two approaches to
strengthening tee joints damaged by fatigue cracks are considered.

K e y w o r d s :  welded structures, structural steels, tee welded
joints, cyclic fatigue life, high-frequency mechanical peening,
fatigue crack, strengthening technology

At the stage of designing welded products or structures
operating under the conditions of alternating loading,
absence of fatigue damage in them is envisaged for
the entire design service life. However, practical ex-
perience has shown that in welded structures for vari-
ous applications, meeting the code requirements to
their design and fabrication, fatigue cracks start ap-
pearing already at an early stage of operation of con-
structions or machines [1]. Being the most dangerous
kind of defects, fatigue cracks essentially lower the
cyclic fatigue life of the damaged elements and struc-
ture as a whole.

Replacement of damaged structures by new ones
requires considerable expenditure and time, so that
the damaged elements of large-sized structures are
more and more often subjected to various repair-res-
toration operations, instead of replacing them. The
following can be regarded as the most widely spread
types of such repair operations: hole drilling in the
crack tips with subsequent mounting of high-strength
bolts with their tightening, repair welding with sub-
sequent strengthening, redistribution of post-weld
stresses and working loads, inducing favourable re-
sidual compressive stresses near the crack tips, etc.
[2, 3]. These types of operations are mainly applied
in large-sized welded structures, in which the presence
of through-thickness fatigue cracks of 20 mm and
greater length does not lead to any essential lowering
of the load-carrying capacity.

On the other hand, we cannot limit ourselves to
just the repair-restoration operations on the damaged
parts, as cracks may develop with a high degree of
probability in similar components and elements.
Therefore, in repair of welded products and construc-
tions their most loaded sound welded joints and joints
with shallow surface fatigue cracks should be sub-
jected to strengthening.

It is known that high-frequency mechanical peening
(HFMP) of sound welded joints with 50 % and higher
level of accumulated fatigue damage significantly im-
proves their fatigue resistance characteristics [4].

Strengthening by other technologies of surface
plastic deformation (SPD) of welded joints, contain-
ing surface semi-elliptical cracks of a small depth,
improves the cyclic fatigue life up to 10 times, de-
pending on the kind of strengthening treatment and
crack depth. So, in [5] it is noted that shot blasting
of Waspalloy samples with fatigue cracks of 0.67 mm
and shorter length increases the sample fatigue resis-
tance 3 times, and at treatment of more than 1 mm
cracks no improvement of fatigue resistance is found.
In [6] it is shown that peening of tee welded joints
with fatigue cracks by a puncher promotes increase of
cyclic fatigue life 1--10 times, depending on the crack
size. At peening by a puncher of a crack of 1.0--1.5 mm
depth, the cyclic fatigue life increases 10 times, at
peening of a crack of about 3 mm depth ---- by 1--2.5
times, and at peening of a crack more than 5 mm deep
no fatigue life improvement is found. Such a difference
in the results is due to different depth of the zone of
inducing residual compressive stresses of 0.33 and
2.5 mm at shot blasting and puncher treatment, re-
spectively.

Improvement of fatigue life is observed also at
application of strengthening treatments to samples
with through-thickness fatigue cracks, and their ef-
fectiveness essentially depends on metal thickness [7,
8]. In [7] the results of studying the cyclic crack
resistance produced on compact samples 12.5 mm thick
with the initial 3 mm crack, point to a slight improve-
ment of the sample fatigue life: after shot blasting ----
by 1.2 times, and after peening by single-pin
puncher ---- by 2 times. At small metal thicknesses
SPD technologies cause a more significant increase of
cyclic fatigue life. In [8] after shot blasting of compact
samples 4.2 mm thick with initial 4 mm crack an in-
crease of their fatigue life 2--4 times is noted, depend-
ing on the location of the peening zone relative to the
crack tip.

The above-mentioned publications demonstrate an
increased interest to repair-restoration operations on
welded joints with surface fatigue cracks by their
strengthening by SPD technologies.

There are no published experimental data on im-
provement of cyclic fatigue life of welded joints with
surface fatigue cracks by application of HFMP tech-
nology. On the other hand, in [9] it is noted that© V.V. KNYSH, A.Z. KUZMENKO and A.S. SOLOVEJ, 2009

1/2009 29



strengthening by HFMP technology results in induc-
ing residual compressive stresses on the base metal
surface down to 1.7 mm depth. For the case of welded
joints (as a result of interaction with the residual
tensile stresses) the layer of HFMP induced compres-
sive stresses decreases to the depth of about 1 mm.
On the other hand, a 2--3 times increase of the thresh-
old stress intensity factor is noted at HFMP treatment
of welded joints in as-welded condition. This leads us
to believe that HFMP will turn out to be an effective
technology for improvement of fatigue resistance of
welded joints with shallow surface cracks.

The purpose of this work is determination of the
effectiveness of HFMP technology application to
improve the fatigue resistance of tee welded joints
on low-alloyed steels with surface fatigue cracks

and establishing the features of strengthening of such
joints.

Experimental studies were conducted on samples
of tee joints of steel 09G2S (σy = 370 MPa, σt =
= 540 MPa) and 10KhSND (σy = 457 MPa, σt =
= 565 MPa). Blanks for the samples were cut out of
rolled sheets so that their long side was oriented along
the rolling direction. Transverse stiffeners were
welded by fillet welds from both sides by full-pene-
tration manual arc welding by UONI-13/55 elec-
trodes. The shape and geometrical dimensions of the
sample were selected (Figure 1) proceeding from the
testing equipment capacity. At joint strengthening by
HFMP technology surface plastic deformation was
applied to a narrow zone of weld metal transition to
base metal. Fatigue testing of samples was conducted
in URS 20 testing machine at zero-to-tension alter-
nating cycle.

First the effectiveness of HFMP technology appli-
cation to improve the cyclic fatigue life of the joints
was established, depending on the crack depth.
Welded sample of 10KhSND steel was tested at maxi-
mum cycle stresses σmax = 280 MPa, and three samples
of steel 09G2S were tested at σmax = 180 MPa. After
formation of a fatigue crack of the specified length in
one of the zones of the weld-to-base metal transition
in the tee joint sample, testing was interrupted and
strengthening of all the four zones by HFMP tech-
nology was performed (Figure 2). After strengthen-
ing, testing was carried on up to complete failure of
the sample or its withstanding 2⋅106 stress reversal
cycles in the as-strengthened condition.

Determination of the parameters of non-through-
thickness surface cracks was performed using frac-
tographic and dye penetrant control techniques. Com-
bination of both the methods allowed determination
of parameters of non-through-thickness fatigue crack
in the joint by sample fracture before its strengthen-
ing. A mixture of kerosene with synthetic oil was used
as the penetrant. After strengthening by HFMP tech-
nology addition of penetrant into the cavity was
stopped.

In the first sample a 5 mm fatigue crack developed
after the sample has withstood 232,800 stress reversal
cycles. After strengthening of all the four near-weld
zones no new cracks initiated until the sample has
withstood 2⋅106 stress reversal cycles in the as-
strengthened condition.

In the second sample the fatigue crack 10 mm long
initiated in one of the near-weld zones after 344,100
stress reversal cycles. After strengthening by HFMP
no fatigue cracks initiated in other zones of the welded
joint.

In the third sample about 23 mm long crack formed
near one of the fillet welds after 428,600 stress reversal
cycles. After strengthening by HFMP the sample
failed along the damaged weld after 418,200 stress
reversal cycles in as-strengthened condition.

In the welded joint of 10KhSND steel (fourth sam-
ple) a fatigue crack 7 mm long formed in the zone of

Figure 1. Schematic of a sample of tee welded joint with two
transverse stiffeners

Figure 2. Schematic of a fragment of the tee welded joint with
numbered near-weld zones
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weld transition to the base metal after 178,400 stress
reversal cycles. After strengthening by HFMP no fa-
tigue crack formation in other zones was observed up
to 2⋅106 stress reversal cycles.

To measure crack depth in those samples, which
did not fail up to 2⋅106 stress reversal cycles in as-
strengthened condition, sample complete breaking up
was achieved by increasing the maximum cycle stresses
up to 320 MPa. Figure 3 shows fractures of samples
of 09G2S steel tee joints strengthened by HFMP tech-
nology after formation of cracks of different length
on the sample surface. Fractographic analysis of frac-
tures showed that the ratio of fatigue crack length on
sample surface and its depth is equal to 5:1. Proceeding
from the obtained results in further studies we will
apply plastic deformation to surface fatigue cracks of
approximately 1 mm depth (5 mm length of the crack
on the surface).

To study the effectiveness of HFMP application
to improve the fatigue resistance of welded structures,
the elements of which have fatigue cracks of about
1 mm depth, fatigue testing of two tee welded joints
from low-alloyed steel was conducted by the following
procedure. One sample of 10KhSND steel in the initial
condition was tested at uniaxial alternating tension
with the constant maximum cycle stress, the second
sample of 09G2S steel was tested at block loading
(Figure 4). Samples were tested up to development
of approximately 1 mm deep crack in one of the four
zones of transition of the fillet weld metal to the base
metal (see Figure 2). After that the zone damaged by
the crack was strengthened by HFMP technology.
Fatigue testing of the strengthened sample was con-
tinued up to appearance of the next crack approxi-

mately 1 mm deep in one of the fillet weld zones
unstrengthened by HFMP. The zone damaged by fa-
tigue crack was also strengthened by HFMP technol-
ogy and sample fatigue testing was carried on. After
similar testing of the third and fourth zones damaged
by the fatigue crack, the strengthened sample was
further tested at unchanged stress level up to fracture
or up to 2⋅106 cycles.

Tested for fatigue by the above procedure the first
welded sample of 10KhSND steel at maximum cycle
stresses σmax = 220 MPa demonstrated the following.
The first fatigue crack developed in the zone of fillet
weld-to-base metal transition (see Figure 2, zone 1)
after 267,300 stress reversal cycles. As follows from
the S--N curve of these samples given in [10], fatigue
life of the sample up to formation of the first crack
of approximately 1 mm depth is equal to 69 % of
fatigue life of the sample to complete fracture. The
second fatigue crack formed in the transition zone near
the opposite stiffener (zone 2) after 587,200 stress
reversal cycles, which is equal to 145 % of sample

Figure 3. Fatigue fractures of samples of 09G2S steel tee
welded joints strengthened by HFMP technology after for-
mation of cracks of 5 (a), 10 (b) and 23 (c) mm length,
respectively, on the sample surface

Figure 4. Schematic of block loading of tee welded joint of 09G2S
steel
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fatigue life up to compete fracture. The third crack
developed after 1,318,300 stress reversal cycles
(zone 3), which is equal to 330 % of fatigue life of
the sample up to complete fracture. After HFMP treat-
ment of three zones of fillet weld-to-base metal tran-
sition, where fatigue cracks formed successively, for-
mation of the fourth crack in the fillet weld zone
unstrengthened by HFMP (see Figure 2, zone 4) was
not observed up to total fatigue life of the sample of
2,226,100 stress reversal cycles. After that fatigue test-
ing of the sample was interrupted.

The second sample was tested at five-step block
loading at the initial stress level of 260 MPa with
subsequent decrease to 180 MPa with 20 MPa step.
Number of cycles in each loading step is shown in the
schematic given in Figure 4. After successive strength-
ening by HFMP of all the zones damaged by fatigue
cracks testing was carried on under the specified block
loading up to fracture. Testing results are given in
the Table. Considering that before appearance of the
third crack the total fatigue life of the sample was
equal to approximately 2.6⋅106 stress reversal cycles
(350 % of fatigue life of the sample in the initial
condition to complete fracture), no strengthening of
the third and fourth zone by HFMP technology was
performed. Sample failure occurred in the un-
strengethened zone after 2,723,200 stress reversal cy-
cles in the second step of the fifth loading block (Ta-
ble). The established values of cyclic fatigue life of
the tee joint corresponding to formation of fatigue

cracks of the specified length (depth) in four near-
weld zones of fillet welds, point to a significant dif-
ference of fatigue resistance characteristics of these
zones.

As is seen from the above results of tee sample
testing, successive strengthening of the zones of fillet
weld-to-base metal transition damaged by fatigue
cracks of approximately 1 mm depth essentially im-
proves the cyclic fatigue life of the joints. However,
during performance of repair operations it is not ra-
tional to limit ourselves to strengthening of just the
tee welded joint zone damaged by the fatigue crack,
as furtheron cracks will initiate in the unstrengthened
near-weld zones of the joint during their further op-
eration. More effective is strengthening of all the four
near-weld zones of the welded joint after formation
in one of them of a fatigue crack of about 1 mm depth.
This is confirmed by the results of fatigue testing given
at the beginning of the article for samples of tee welded
joints of 09G2S steel, which are shown in Figure 5 in
the form of dark and light dots.

Figure 5 also gives the S--N curve of tee welded
joints on 09G2S steel in the initial condition with
95 % confidence interval. Considering that the S--N
curve is plotted from complete fracture of the samples,
HFMP strengthening of the zone of transition of the
weld metal-to-base metal with 4.5 mm deep fatigue
crack does not lead to increase of cyclic fatigue life
of the tee welded joint, as the fatigue life of the
strengthened sample up to its fracture falls within the

Results of fatigue testing of a sample of 09G2S steel tee welded joint at block loading

Sample #

1st loading 2nd loading 3rd loading

σ1 max, MPa n1, thou
cycles

n1/N1, % σ2 max, MPa n2, thou
cycles

n2/N2, % σ3 max, MPa n3, thou
cycles

n3/N3, %

1 260 12.7 10 240 21.4 10 220 35.8 10

2 260 12.7 10 240 21.4 10 220 35.82 10

3 260 12.7 10 240 21.4 10 220 35.8 10

4 260 12.7 10 240 21.4 10 220 35.8 10

5 260 12.7 10 240 15.65 7.3 -- -- --

Table (cont.)

Sample #

4th loading 5th loading

Testing features
σ4 max, MPa n4, thou

cycles
n4/N4, % σ5 max, MPa n5, thou

cycles
n5/N5, %

1 200 60 10 180 5001 50 1HFMP of zone 1 (Figure 2) after 118,000
cycles

2 200 60 10 180 500 50 2HFMP of zone 2 (Figure 2) after 13,100
cycles

3 200 60 10 180 500 50 --

4 200 60 10 180 5004 50 4Crack 1 mm deep in zone 3 after 400,000
cycles

5 -- -- -- -- -- -- 5Sample failure

Note. ni ---- number of cycles withstood by unstrengthened sample at i-th stress level; Ni ---- number of cycles up to fracture of
unstrengthened sample at i-th stress level.
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95 % confidence interval of S--N curve for un-
strengthened samples in the initial condition (Figure
5, points 3 and 3′). Treatment of the near-weld zone
at earlier stages of fatigue crack development (crack
depth of 1 and 2 mm) essentially increases the cyclic
fatigue life of the welded joint (points 1 and 1′, 2 and
2′ in Figure 5). As shown above, after samples with
fatigue cracks of 1 and 2 mm depth withstood 2⋅106

stress reversal cycles in as-strengthened condition, no
propagation of the existing cracks or initiation of new
cracks was observed. These samples failed at higher
maximum cycle stresses equal to 320 MPa after another
35,100 and 37,200 stress reversal cycles, respectively,
which was equal to about 130 % of the fatigue life of a
welded sample in the initial condition corresponding to
this loading level (see S--N curve in Figure 5).

Thus, strengthening of all the four near-weld zones
of the welded joint after formation of a fatigue crack
of approximately 1 mm depth in one of them allows
not only restoring the fatigue life of the damaged
sample to the initial level, but also significantly in-
creasing its cyclic fatigue life.

CONCLUSIONS

1. An essential difference of fatigue resistance of four
near-weld zones of fillet welds in tee joints of low-al-
loyed steels is established. The difference between the
cyclic fatigue life of near-weld zones of fillet welds
in these joints before formation of a fatigue crack
approximately 1 mm deep can be more than 9 times.

2. Successive strengthening by HFMP technology
of the near-weld zones with the formed fatigue cracks
approximately 1 mm deep more than 3.5 times im-
proves the cyclic fatigue life of the tee welded joint
at constant or block loading compared to the initial
condition.

3. In repair in order to achieve a maximum im-
provement of the cyclic fatigue life of tee welded joints
it is rational to strengthen by HFMP technology all
the four near-weld zones of such joints after formation
of a fatigue crack approximately 1 mm deep in one of
them. Three samples strengthened by such a procedure

with the formed fatigue cracks after 178,400; 232,800
and 344,100 stress reversal cycles did not fail after
2⋅106 cycles in the as-strengthened condition.
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EVALUATION OF MECHANICAL PROPERTIES
OF MICROSTRUCTURAL CONSTITUENTS

OF WELDED JOINTS

A.Ya. ISHCHENKO and Yu.A. KHOKHOLOVA
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Considered is the procedure for evaluation of mechanical properties of small-sized specimens based on determination of
microhardness by the depth of penetration of Berkovich indenter in case of continuous indentation. Technical capabilities
of this procedure have been assessed by evaluating the properties of γ-TiAl joints made by diffusion bonding. Statistical
data on local distribution of microhardness were obtained, and values of Berkovich hardness, Young modulus and ductility
coefficient of structural components within the zone of the diffusion bond have been determined.

K e y w o r d s :  diffusion welding, γ-TiAl alloy, titanium alu-
minide, foil, welded joint, mechanical testing, Berkovich in-
denter, microhardness, Young modulus, ductility coefficient

Development of new processes of welding promising
materials requires new approaches to evaluation of
their mechanical properties. Produced welded joints
are characterized by small dimensions and diversity
of structural components. Strength testing of such
objects by conventional destructive methods is highly
problematic, which is associated with the influence
of additional inner stresses induced during product
fabrication, thus lowering the accuracy of testing re-
sults. In this connection a procedure is proposed for
evaluation of mechanical properties of diffusion joints,
which is based on microhardness determination by the
depth of imprint of Berkovich indenter at continuous
indentation [1--5]. The above procedure is applicable
for non-destructive testing of products and allows
studying local changes in material properties, includ-
ing microhardness gradient in the HAZ of welded
joints.

To determine mechanical properties of diffusion
joints on the microstructural level, three-edge Berkovich
indenter [6] was used. It is a diamond pyramid with
the base in the form of an equilateral triangle; the
pyramid ribs form a 76°54′ angle with the axis, and

the faces form a 65° angle. The advantage of the in-
denter of such a shape is its pointedness, i.e. absence
of a crest on the apex, inevitable for Vickers and
Knoop pyramids. Presence of such a crest leads to
violation of the geometrical similarity of the imprints
and, in its turn, to microhardness deviation from its
real values in the microindentation region. The main
advantages of the trihedral pyramid are the simplicity
of its fabrication and pointedness, allowing measure-
ment of microhardness of such hard bodies as dia-
monds.

The imprints can have minimum dimensions. Berk-
ovich indenter is standardized (ISO 14577--2) as an
instrument for micro- and nanoindentation. By the
data of [7] microhardness testing by such an indenter
is the most widely used analytical method of moni-
toring the mechanical properties of modern materials
with fine structures. The accuracy of digital instru-
ments allows studying the mechanical properties of
material structure microinhomogeneities.

During testing the depth of intender indentation
on the load on it is recorded both at load increase
and decrease. This yields the value of «unrecovered»
hardness, thus eliminating the influence of the ma-
terial elastic recovery on the actual microhardness
value [8, 9].

Figure 1. Mock up of a diffusion welded joint of γ-TiAl intermetallic alloy
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The paper gives an evaluation of the technical ca-
pabilities of indentation for determination of the mi-
cromechanical properties of diffusion joints of γ-TiAl
made with application of nanostructured metastable
filler foils (Figure 1). γ-TiAl ---- a high-temperature
material (fcc lattice is preserved at 1440 °C) with a
high level of oxidation and combustion resistance at
up to 900 °C temperature, low density (3.8--
4.0 g/cm3) and increased modulus of elasticity (160--
175 GPa at room temperature and 150 GPa at 900--
1000 °C) ---- is an advanced material for manufacturing
aerospace systems and an alternative to titanium and
nickel superalloys. However, its industrial application
is restrained because of its brittleness, low ductility
and high deformation resistance.

Cu/Al, Ni, Ti/Al filler foils used in the joint are
multilayer metastable nanostructures [10], consisting
of alternating nanolayers of various materials, with
less than 100 nm layer thickness, their quantity being
several thousands (Figure 2). Owing to the possibility
of close contact of layers of various materials, such
nanolaminates are unique materials, combining both
the quality of laminated systems and specific proper-
ties of nanoobjects. Such multilayered metastable
structures consist of components which may enter into
exothermal interaction with each other [11]. At cer-
tain temperature conditions the process of self-propa-
gating high-temperature synthesis (SPHTS) is initi-
ated in such a system. As a result, the initial lamellar
structure disappears, giving way to phases of new
chemical compounds, formed as a result of interaction
of synthesis products.

Multilayer metastable materials offer a number of
advantages: monolithic nature of the initial structure
and absence of pores in the reaction products; high

uniformity of the reaction product composition; small
thickness of the initial layers, which allows realization
of SPHTS processes at a very high speed; absence of
oxide films between the layers and good contact be-
tween the layers. The above features make their ap-
plication promising in the technology of solid-phase
joining of materials based on SPHTS.

The object of study is a four-layer welded joint of
γ-TiAl alloy (4 mm sheet thickness) produced by vac-
uum diffusion welding (VDW) for 20 min at 600 °C
with application of nanostructured metastable
Cu/Al, Ni/Al filler foils and Cu/Al + Ti/Al double
filler. Thickness of inner Ti/Al foil layers is equal to
23 nm for titanium, being 24 nm for aluminium. Thick-
ness of filler foils in the joints is equal from 0.015 to
0.050 mm on average.

Investigations are performed using «Micron-
gamma» instrument (Figure 4) designed for determi-
nation of mechanical properties of materials by the
methods of continuous application of the indenter,
indenter scanning (sclerometry), metallography and
topography [12].

Computerized microprobe system of the instrument
(Figure 3) includes Berkovich indenter, a rod with a
sensor for recording the indentation depth, loading
mechanism with a broad load range, videocamera with
the resolution of 5 Mps and microscope (with 200--
1200 magnification), automated system of sample po-
sitioning with the program of digital navigation over
the studied object, which allows making a precise
application to the selected structural microbject. To
reduce vibration the instrument is mounted on a vi-
broinsulating support. Indenter displacement, meas-
ured with up to 1 nm accuracy, allows conducting
testing at the load from 0.1 to 500 g and shallow depth

Figure 2. Laminated structure of filler nanostructured foil (scanning electron microscopy) (a) and microphotography (b ---- ×600) of
Ti/Al (upper coarse-grained layer 1) and Cu/Al (lower layer 2) interlayers in a diffusion welded joint

Figure 3. Computerized system with Berkovich intenter for testing the mechanical properties of diffusion welded joints
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of the imprints. The derived loading--unloading dia-
gram consists of 2000 dots (Figure 5, a). Processing
of indentation results is performed by a specialized
program, which allows automatic determination of
the values of hardness and Young modulus at recording
of the indenter tip displacement.

In this test hardness was determined by maximum
depth of intender imprint at 20 g load. Each series of
applications consisted of 16 successive imprints of the
indenter with 20 µm step. Loading rate was 2 g/s with-
out dwelling. Testing was conducted by the following
schematic: loading/unloading without dwelling. Cal-
culation data are summed up in an electronic table.

At metallographic analysis of a joint with a nano-
structured interlayer of Cu/Al system a partial and

in some places complete diffusion of the interlayer
into the base material is found (Figure 5, b). Maxi-
mum value of microhardness of this joint was equal
to 1.2 GPa at Young modulus E = 86.9 GPa and
coefficient of ductility kduct = 0.755, and minimum
value was 0.536 GPa at E = 61.6 GPa and kduct =
= 0.853, respectively.

Metallographic examination of the joint with
nanostructured Ni/Al interlayer did not reveal any
visible diffusion (Figure 5, c). A precisely outlined
recrystallization zone on the boundary of the base
material and interlayer with higher microhardness val-
ues is visible. Maximum microhardness value of this
zone is equal to 1.905 GPa at E = 121.9 GPa and
kduct = 0.705, and minimum microhardness value of
0.432 GPa is recorded in the central part of the in-
terlayer at E = 89.8 GPa and kduct = 0.938.

At metallographic analysis of the joint with two
nanostructured interlayers of Cu/Al and Ti/Al sys-
tems a slight diffusion of Cu/Al interlayer is noted
with development of coarse-grained dark-coloured in-
termetallic interlayer and formation of a homogeneous
weld from Ti/Al interlayer (Figure 5, d). The gra-
dient of variation of microhardness and modulus of
elasticity for these interlayers is small. Average value
of microhardness of the interlayer of Ti/Al system
was equal to 1.972 GPa at averaged E = 159.8 GPa
and kduct = 0.781, and for interlayer of Cu/Al system
it was 1.180 GPa at E = 120.3 GPa and kduct = 0.823.

Thus, statistical data of local redistribution of mi-
crohardness in the HAZ of the diffusion welded joint of

Figure 4. Instrument «Micron-gamma»

Figure 5. Loading--unloading diagram at indentation of a joint with Ni/Al interlayer (a) and microphotographs (×600) of nanostructured
Cu/Al (b), Ni/Al (c) and Cu/Al with Ti/Al (d) interlayers with indenter imprints (t)

36 1/2009



γ-TiAl were derived. Accuracy of digital videonavigati-
on and precise application of the indenter allowed
revealing and getting imprints of structural microinho-
mogeneities in the form of individual intermetallic
precipitates in the interlayer, as well as zones with
different microhardness values. The undesirable change
of microhardness should be regarded and taken into
account simultaneously with the changes of Young
modulus of elasticity and coefficient of ductility.
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FROM HISTORY OF WELDING

TRENDS IN DEVELOPMENT OF COMBINED AND
HYBRID WELDING AND CLADDING TECHNOLOGIES

A.P. LITVINOV
Priazovsky State Technical University, Mariupol, Ukraine

The history of development of the technologies based on the interrelated simultaneous action of two heat energy sources
is considered. It is suggested that the combined and hybrid processes should be discriminated. The combined processes
involve the action of several sources, which are either identical or of the same type, whereas with the hybrid processes
the use is made of the sources differing in their physical characteristics, which impart new technological properties to a
process.

K e y w o r d s :  fusion welding, cladding, arc welding, plasma
welding, laser welding, combined welding, hybrid welding, his-
tory of technology

Every welding method has certain advantages and
disadvantages. Development of the combined and hy-
brid technologies involves integration of technological
and other advantages of individual welding methods
and minimisation of their drawbacks. Main challenges
facing the welding industry include increase of the
welding speed, decrease of the metal and power con-
sumption, control of the weld shape, and improvement
of the quality of welded joints. The problem of wid-
ening the range of thicknesses of pieces joined has
been successfully tackled in the field of fusion welding
for many years, while in the field of cladding such a
problem consists in minimisation of penetration and
decrease of the fusion zone between a workpiece and
deposited layer (bead). These problems can be effi-
ciently solved by distributing heat input, heating and
melting between the two (or more) energy sources,
which simultaneously act in the common weld-
ing/cladding zone. In this case, each of the sources
can perform insignificantly or substantially different

functions. It should be noted that such methods are
sometimes termed «combined» or «hybrid» in corre-
sponding publications, assuming that the new tech-
nological effect is a generalising attribute of these
terms. To tell the difference, it is necessary to consider
the history of development of the welding and clad-
ding technologies using several energy sources.

According to study [1], the hybrid welding processes
are a combination of two (or more) conventional (stand-
ard) processes, resulting in the effects which cannot be
achieved by each of the processes taken separately. R.V.
Messler dates emergence of the first hybrid technology
back to 1972. He starts from the method developed by
W.G. Essers and A.S. Lifken at a «Philips» (The Neth-
erlands) laboratory [2]. In Ukraine the «plasma-MIG»
term is already approved in the State Standard for ter-
minology for this type of welding (cladding) [3].

Definition «hybrid welding» has not been offi-
cially approved as yet. Notion «hybrid» (from Latin
«Hibreda» ---- mixture) belonged, starting from the
18th century, to biology, i.e. cross breeding of animals
or types of plants [4]. The combined or integrated
processes, units, systems and devices with different
properties and characteristics, resulting in achieve-
ment of a new technical effect (e.g. hybrid computer
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systems, integrated circuits, interconnections of radio
duct systems) were started to be referred to as the
hybrid ones in the 20th century. R.V. Messler con-
siders the action on a common weld pool by two laser
beams going in series along the axis of a joint or on
each side of the axis also to be among the hybrid
welding processes. He thinks that this qualification
of the «hybrid process» is grounded on the effect of
improvement of weld formation, rather than on dif-
ferences in technical characteristics of components.
The definition he suggested is not clear enough, as in
this case the submerged two- and three-arc welding
methods should also be classed with the hybrid ones,
as they make it possible to solve the problem of weld
formation at a speed increased dozens of times and,
thus, put off the date of emergence of the hybrid
technologies by twenty years [5].

In multi-arc welding developed by the E.O. Paton
Electric Welding Institute, each of the heat sources
arranged in series performs a certain function: the first
prepares (penetrates) the edges, the second fills up
the gap between the edges (pool), and the third finally
forms the weld [6].

Technologies for submerged-arc welding by using
five electrodes simultaneously were developed abroad
in the 1980s. Multi-electrode systems with parallel
electrodes, i.e. direct current--direct current, direct
current--alternating current and alternating current--
alternating current systems, and a system of three AC
sources, found the widest commercial application [7].
However, these technologies cannot be called the hy-
brid ones ---- they are the combined processes using
similar sources.

The first process called the hybrid one was welding
with the laser beam plus arc (arc plasma) [8]. For
some time only this process was considered to be the
hybrid one, until R.V. Messler classed the plasma-
MIG process also with the hybrid processes [1]. Both
processes have similar flow diagrams, i.e. with plasma-
MIG there is another heat source, i.e. the metal-elec-
trode arc, inside the circular arc (plasma). Moreover,
these sources differ in physical and technological prop-
erties [9].

It should be noted that emergence of the plasma-
MIG method was preceded by the development of
other welding methods using two dissimilar heat
sources.

The purpose of this study is to refine classification
and range of the combined and hybrid processes al-
lowing for the chronology of their development. Here
the physical essence of energy sources (similar or dis-
similar in their nature), their impact on a workpiece
and interaction between them, resulting in formation
of a new effect, should be used as a basis, like in the
already standardised terminology [3]. It is suggested
that welding and cladding processes based on inter-
action of the energy sources that are similar in their
physical nature and technological properties should
be considered the combined processes. The hybrid
processes are an integration of two (or more) dissimilar

(in terms of physical phenomena) heat sources, result-
ing in formation of a new technological effect.

The retrospective analysis shows that both types
of the processes emerged almost at the same time. At
the end of the 1880s N.N. Benardos introduced the
combined two-arc welding technology. The point of
the first hybrid technology was that a gas flame was
burning around the carbon-electrode arc [10]. N.N.
Benardos designed a special torch for this technology.
A combination of the heating flame and melting action
of the arc widened technological capabilities of the
process both for welding and cladding. In the same
years E. Thomson employed a concurrent spark and
arc heating to increase the productivity of resistance
butt welding [11].

Another method put forward by N.N. Benardos,
i.e. welding, soldering and cladding with the arcs
burning simultaneously from the consumable and non-
consumable electrodes, also solves the problem of pre-
heating, like its arc-gas process. However, it cannot
be defined as the hybrid one. In 1930 H. Munter
developed a method incorporating acetylene-oxygen
welding and metal-arc welding, the so-called «arco-
gen» method. With this method the gas flame provided
about 60 % of heat, and the AC arc ---- 40 %. The
amperage was 2--3 times lower than in open-arc weld-
ing, thickness of metal welded being the same. How-
ever, voltage in this case amounted to 100 V. This is
attributable to the fact that the flow of gases caused
intensive ionisation of the arc column. The procedure
of such a welding was complicated, as a welder had
to perform both processes manually. This method
could not compete with the simpler methods involving
one heat source, which were widely applied at that
time [12].

V.P. Nikitin was a supporter of the hybrid proc-
esses. He noted: «Fusion welding in the course of its
development until the last years has been characterised
by the permanent fundamental principle: one heat
source is used for two different thermal operations
(fusion of the base metal and melting of the filler
metal). Strong, hardly controllable relationship be-
tween thermal preparation of the base and filler metals
leads in many cases to reduction of the productivity
and deterioration of the welding quality, thus limiting
its application. With single-arc welding the basis for
rise in the productivity is increase in the arc power.
The productivity of welding with a high-power arc is
determined, primarily, by the efficiency of penetration
of the base metal, as the electrode metal constitutes
20--25 % of the weld. Deep penetration hampers
achievement of the satisfactory quality of welding of
steel to copper, brass, bronze and other alloys. More-
over, in some cases this leads to decrease in anticor-
rosion and antifrictional properties of alloys. The
above limitation is equally applicable to cladding of
high-speed steel and hard alloys on carbon steel at a
high power of the arc and strong relationship between
thermal preparation of the base and filler metals. Con-
centration of the alloying elements that determine
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properties of the deposited layer decreases because of
dilution with the base metal: composition of the weld
metal in such cases differs from the preset one, and it
is difficult to regulate it. All modern melting methods
characterised by the strong relationship are totally
irrational for application to cladding operations. So,
the welding methods should be developed with allow-
ance for their energy basis» [13, p. 234]. In 1941,
V.P. Nikitin suggested a method providing for a sepa-
rate control of heat input, i.e. an integration of the
arc heating and melting by feeding a metal prelimi-
narily melted (and overheated) in the furnace from a
separate crucible to the welding zone. The low-current
arc discharge in this hybrid process was required for
surface preparation (cathodic cleaning and incipient
melting), thus providing a high quality of cladding.
Despite a high productivity of the device incorporating
the arc torch and electric crucible, it found a limited
application because of its complexity [14].

The method of gas-shielded fusion arc welding by
feeding a filler metal to edges of the parts joined via
a hollow electrode aligned with the arc to the arc zone
is characterised by the fact that, to increase the pro-
ductivity of the process and widen the range of thick-
nesses of the parts welded, the filler metal is fed via
the hollow electrode to the arc zone in a molten state,
melting of the filler metal being provided by its pass-
ing through a high-frequency inductor [15]. The E.O.
Paton Electric Welding Institute returned back to the
idea of a separate formation of the pool (penetration
and filling) at the beginning of the 1960s, when de-
veloping technologies for plasma-arc welding.
Through penetration was considered to be the main
technological feature of the process. The weld pool
with a hole (the process was termed «the keyhole» ----
effect) allowed the plasma-gas flow to go out from
below of a welded joint [16]. However, intensification
of the plasma-gas pressure to increase the welding
speed and penetration depth leads to deterioration of
the weld formation, formation of undercuts and even
cuts. To achieve a satisfactory weld formation, the
E.O. Paton Electric Welding Institute suggested fill-
ing the weld pool with a filler metal melted in a
high-frequency inductor. Thus the welding speed was
increased 4--5 times. The plasmatron and inductor
were assembled in one welding head on a carriage.
Nevertheless, it was difficult to control such a process
because of substantial differences in principles of op-
eration of the equipment.

To solve this problem in high-speed plasma weld-
ing, it was suggested at the end of the 1960s that the
pool should be filled up with the electrode metal
melted by the pulsed metal-electrode arc. In this case
the arc crosses the plasma-gas flow. Part of the wire
electrode at a short arc receives extra heat [17]. At
the end of the 1960s, it was necessary to use two
different current sources with a single control device
to implement this method. Circuit of the control de-
vice was based on the electromagnetic relay, and was

complicated and sluggish. Welding by using the plas-
matron with a zirconium electrode pressed into a cop-
per holder allowed using the carbon dioxide gas as a
plasma gas, thus making it possible to joint steel plates
of a comparatively big thickness in one pass. This
process (which can be classed with the hybrid ones)
turned out to be stable at a metal electrode current
of only 20--40 A. The penetration depth in this case
was less than 1 mm [18]. The Paton Institute returned
back to improvement of this process and development
of the specific technologies based on the combined
action of metal- and tungsten-electrode constricted
arcs in the 1990s [19]. Investigations of the process
combining the tungsten electrode arc with the arc of
a metal electrode fed to the same weld pool were
conducted on samples of aluminium alloys 8 mm thick.
The search for rational flow diagrams of metal- and
tungsten-electrode welding processes, and spot
plasma-arc welding, went on in the years that fol-
lowed, and efforts were made to develop the equip-
ment for implementation of these processes.

Among all TIG welding processes it is the tung-
sten-electrode helium-arc welding (HAW) method
that features the highest penetrating capacity. The
welding technology combing different heat sources,
i.e. HAW and metal-electrode argon-arc welding, was
developed to solve the problem of the satisfactory
weld formation in making of long welds with a vari-
able gap [20]. The process parameters can be rapidly
and flexibly adjusted in automatic through-penetra-
tion butt welding without backing, thus providing a
good quality of the weld metal and minimal weakening
of aluminium alloys.

By the beginning of the 21st century the combined
methods, featuring the use of two successively ar-
ranged electrode wires (tandem welding) and a strip
electrode, as well as the spray or rotating arc, per-
formed preferably under the pulsed welding condi-
tions, were considered to be the most efficient versions
of MAG welding [21].

The technologies based on the plasma-MIG process
(known abroad as a «Philips-process») were applied
to manufacture unique structures, including nuclear
reactors [22]. At the end of the 1990s the plasma-MIG
welding and cladding processes were studied at the
E.O. Paton Electric Welding Institute and Priazovsky
State Technical University. It was established that
the current is flowing not only through the electrode
wire, but also through the hollow-cylindrical arc
plasma surrounding the wire. Separate heating of the
surface and melting of the electrode showed good re-
sults in flux-cored wire cladding [23--25]. The pres-
ence of the plasma surrounding the metal electrode
and arc provides a much wider range of currents in
the electrode wire, within which the arcing process is
stable, the efficiency of melting grows, and the critical
current of transition to spray and spray-rotating trans-
fer of the electrode metal decreases [26].

The technology for welding stainless steels, fea-
turing the integrated use of the plasma arc and tung-
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sten-electrode arc, thus providing the quality welds
at an increased welding speed, was developed in
France [27]. A similar hybrid scheme of integration
of the plasma-arc and metal-electrode arc processes in
one torch was applied at the E.O. Paton Electric
Welding Institute for spot welding [28].

Two-sided welding with opposite heat sources, i.e.
the plasma (constricted) arc and metal-electrode arc,
plasma arcs, etc., can be qualified as a hybrid process.
This type of welding was first put forward by the
E.O. Paton Electric Welding Institute in 1966 for
welding vertical welds [29], and covered by the State
Standard of Ukraine under the term of «bipolar arc
welding» [3]. The Department of Metallurgy and Ma-
terials of the College of Science and Technology (Lon-
don, Great Britain) developed the technology for
welding with the laser and arc arranged according to
the same scheme [30]. Another technology for TIG
welding of high-strength aluminium alloys in argon
atmosphere by using two oppositely directed torches
was developed in the USA [31]. At the end of the
20th century the laser-arc welding and cutting meth-
ods were started to be called the hybrid methods.
V.Yu. Khaskin notes: «Discrimination is usually made
between the hybrid and combined processes. The first
provides for feed of the focused laser beam and electric
arc to one point in the common pool, whereas the
second is characterised by a common thermal cycle,
although the heat sources involved act on a workpiece
at different geometric points» [32, p. 18].

This classification of the methods based on the
«common thermal cycle» using two or more energy
sources is incorrect, as the thermal cycle is undeter-
mined in space and time. The laser-arc welding proc-
esses [33--41] are characterised by one specific feature,
which cannot be explained by simple superposition of
properties of the employed heat sources taken sepa-
rately. This feature consists in increase of the coeffi-
cient of utilisation of energy of both laser and arc heat
sources. With such a hybrid process it is more efficient
to use the constricted (plasma) arc combined with the
laser beam, located at an angle to each other or
coaxially. During the last decade the E.O. Paton Elec-
tric Welding Institute offered several schemes for the
hybrid processes. Investigations are conducted under
the leadership of Prof. B.E. Paton to study charac-
teristics and technological capabilities of different
combinations of laser, arc and other melting sources.
In particular, peculiarities of thermal processes, effi-
ciency and temperature fields were studied, and rec-
ommendations for selection of shielding gases, etc.
were worked out [39, 41].

The development of the «hydra-process» based on
the use of three or more heat sources, having different
physical origin and application, was a new stage of
progress in the field of the hybrid plasma-arc welding
technologies [42]. They include the plasma-arc weld-
ing process, which provides for utilisation of two TIG
torches with tungsten electrodes and a plasmatron
located between them. The impact on a workpiece by

the sources may be of different kinds. Company
«Munchengladbach» in Germany applied a combina-
tion of three TIG welding processes and a plasma-arc
process for high-speed welding. All electrodes, a plas-
matron nozzle with electromagnetic and gas stabilisa-
tion, and a shielding gas nozzle are housed in one
torch. Control of the processes is synchronised. It is
noted in one of the latest studies [1] dedicated to
development of welding with two or more energy
sources that this area has the highest promise. The
hybrid processes based on the integrated action of the
fusion and pressure welding processes also show prom-
ise. One of the key problems in this case is complexity
of the devices used to implement the processes. Most
often the equipment for the hybrid processes is a sum
of the basic units of each of the heat sources, as well
as of separate or combined power supplies with elec-
tronic control of process parameters.

During the last decade the laser-arc and laser-
plasma welding processes have been developed most
intensively. On the basis of experimental data, I.V.
Krivtsun from the E.O. Paton Electric Welding In-
stitute developed the theory of physical phenomena
occurring in interaction of the focused laser beam and
plasma of the electric arc. It was established that a
special type of the gas discharge, the properties of
which differ from properties of the conventional arc
and from properties of the optical beam, may form in
this system. Mathematical models of such a discharge
in laser-arc plasma torches were developed. The ap-
plication showed certain advantages [43--45].
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REFINED MATHEMATICAL MODEL
OF THE ELECTRIC ARC BURNING IN PLASMATRON
WITH EXTERNAL CURRENT-CONDUCTING WIRE
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Mathematical model of electromagnetic processes has been refined for the arc burning in plasmatron with an anode wire.
Comparative numerical analysis of electric, thermal and gas-dynamic characteristics of the arc plasma has been conducted
by using a boundary layer approximation and the refined model of the electromagnetic processes. It is shown that the
method of description of the said processes has a substantial effect on calculated distributions of characteristics of the
arc plasma generated by the plasmatron under consideration.

K e y w o r d s :  plasmatron with anode wire, electric arc,
mathematical model, plasma flow characteristics

Study [1] puts forward a mathematical model to de-
scribe a turbulent flow of the electric arc plasma gen-
erated by the plasmatron with an external current-
conducting anode wire. An assumption of smallness
of radial component jr of density of the electric current
in the arc, compared with axial component jz (jr <<
<< jz), is made in this study within the framework
of a boundary layer approximation. This approach
fails to adequately describe electromagnetic charac-
teristics of the arc burning in the plasmatron under
consideration, as jr has sufficiently high values, com-
parable with those of jz, in the near-cathode region
at exit from the plasma-shaping channel and in a re-

gion of cathode fixation of the arc. Therefore, the
model of electromagnetic processes used in [1] needs
to be refined, which is the purpose of this concise
article.

Schematic of the DC arc being studied is shown
in Figure 1. It burns in the plasma gas (argon) flow
shaped by the plasmatron channel with radius Rc and
length Z1 between a refractory (tungsten) cathode
and metal anode wire located after the exit section of
a nozzle at distance Z2 from the cathode tip. An ex-
posed region of the arc discharge may be blown with
a flow of a cold gas (argon, air) fed via an annular
channel, which is located at angle α to the plasmatron
axis and has internal, R1, and external, R2, radii. The
calculation domain is limited by boundaries in radial,
R, and axial, L, directions.

Gas-dynamic and thermal characteristics of the arc
plasma generated by such a device can be described
by a system of magnetic-gas-dynamic (MGD) equa-
tions in an approximation of a turbulent boundary
layer [1]. For a more correct description of electro-
magnetic characteristics of the arc (with no assump-
tion of smallness of the radial component of density
of the electric current, compared with the axial one),
we will use an equation of intensity of the magnetic
field of the arc current [2]:

∂
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∂

∂z
 






1
σ 
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 = 0, (1)

where σ[T(r, z)] is the temperature-dependent specific
electric conductivity of the plasma; Hϕ(r, z) is the
azimuth component of intensity of the magnetic field
related to the components of density of the electric
current through the following equations [2]:

jz = 
1
r
 

∂

∂r
(rHϕ);   jr = -- 

∂Hϕ

∂z
. (2)Figure 1. Schematic of the electric arc burning in plasmatron with

external anode wire: 1 ---- refractory cathode; 2 ---- plasma-shaping
nozzle; 3 ---- gas feeding channel; 4 ---- anode wire; 5 ---- arc column
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Equations (1) and (2) can be complemented with
a condition of conservation of the total current:

I = 2π  ∫ 
0

Rσ(z)

jzrdr,
(3)

where I is the arc current; and Rσ(z) is the radius of
the current-conducting region. Given that conductiv-
ity of the arc plasma is almost equal to zero outside
this region, radius of the calculation domain can be
used as an upper limit of integration in formula (3),
i.e. it can be assumed that Rσ(z) = Rc at z ≤ Z1, and
Rσ(z) = R at z > Z1 (see Figure 1). It should be noted
that, as this model allows for both axial and radial
components of density of the electric current, the
Joulean source in energy equation [1] should be writ-
ten down in the form of (jr2 + jz

2)/σ.
Second-order differential equation (1) cannot be

solved without setting the edge conditions for the
entire contour of the calculation domain {0 ≤ r ≤ Rc

at 0 ≤ z ≤ Z1, and 0 ≤ r ≤ R at Z1 < z ≤ Z2} (see
Figure 1). To set the corresponding boundary condi-
tions in the vicinity of the arc electrodes, i.e. at z =
= 0 and Z2, we will use the experimental and calcu-
lation data from studies [3, 4] on densities of the
current in the cathode and anode regions, assuming
that

jz(r, 0) = j0ce
--r/rc;   jz(r, Z2) = j0ae

--r
2
/ra

2

; (4)

jr(r, 0) = jr(r, Z2) = 0, (5)

where j0c and j0a are the constants corresponding
to the maximal values of density of the current in the
cathode and anode regions; and rc and ra are the radii
of the cathode and anode regions of fixation of the
arc, respectively. In particular, at I = 200 A it is
possible to use value j0c = 1.2⋅108 A/m2 [3], and radius
of the cathode region can be determined from total
current conservation condition (3). An approximate
radius of the anode wire is chosen as a radius of the
anode region of arc fixation, and value j0a is calculated
from condition (3).

By substituting relationships (4) to the first equa-
tion of (2), we find:

Hϕ(r, 0) = 
j0crc
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(6)

Then we set the boundary condition on axis of the
system in the following form:

Hϕ(0, z) = 0. (7)

And assume the following at the external boundary
of the calculation domain:

Hϕ(Rc, z) = 
I

2πRc
 at 0 ≤ z ≤ Z1; 

Hϕ(R, z) = 
I

2πRc
 at Z1 < z ≤ Z2.

(8)

Finally, at z = Z1 and Rc ≤ r ≤ R, we have

Hϕ(r, Z1) = 
I

2πr
. (9)

Equations (1) and (2), together with boundary
conditions (6) through (9), make up the basis of the
refined mathematical model of electromagnetic proc-
esses for the arc burning in the plasmatron with an
external current-conducting anode wire. These equa-
tions should be solved together with the MGD equa-
tions of a turbulent boundary layer [1], which deter-
mine spatial distributions of gas-dynamic and thermal
characteristics of the arc plasma.

The complete system of equations was solved by
the numerical finite difference method using global
iterations with respect to intensity of the magnetic
field (the procedure used to numerically solve the
boundary layer equations is described in detail in [1]).
The values of intensity of the magnetic field were
updated at each new step of global iteration by nu-
merically solving equation (1). This was done using
the five-point implicit difference scheme by the sweep
method [5]. The solution procedure was stopped when
all characteristics of the plasma (at all points of the
calculation domain) at two neighbouring iterations
differed not more than by a preset low value of θ.

Analyse now the results of numerical modelling of
electromagnetic, thermal and gas-dynamic charac-
teristics of the arc plasma in the plasmatron under
consideration by using approximation jr << jz and the
refined model of electromagnetic processes. The cal-
culations were made for the plasmatron having a noz-
zle with length Z1 = 3 mm and radius Rc = 1.5 mm,
and an anode wire with a diameter of 1.4 mm located
at a distance of 6.3 mm from the exit section of the
nozzle (Z2 = 9.3 mm). It was assumed that an external
region of the plasma flow was blown with an argon
flow going from the annular channel having radii R1 =
= 4.78 mm and R2 = 7.22 mm in the exit section, and
inclined at angle α = 37.5° to the plasmatron symmetry
axis (see Figure 1). The temperature of the cooled
walls of the channels and ambient gas was assumed
to be equal to 300 K. The following working mode
was chosen for the plasmatron: arc current I = 200 A,
plasma gas flow rate G1 = 1 m3/h, and blowing gas
flow rate G2 = 20 m3/h.

Figure 2 shows the boundaries of regions Rγ(z),
within which the γ-fraction of the total arc current
flows:

2π  ∫ 
0

Rγ(z)

jzrdr

I
 = γ = 0.1; 0.2;  ...;  0.9, (10)
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which were calculated by using different calculation
methods. As follows from this Figure, the use of ap-
proximation jr << jz results in a current channel which
gradually widens in an external region of the discharge
(see Figure 2, a, left), and, in fact, coincides with a
current-conducting region of the arc plasma (Figure 2,
b, left). However, the solution of equation (1) showed
qualitatively different results, especially in the ex-
posed region of the arc, which is characterised by a
substantial non-uniformity of the magnetic field along
the length of the discharge and, accordingly, by higher
values of the radial component of density of the elec-
tric current. As a result, the lines of the current, which
diverge after leaving the plasma-shaping channel, con-
verge towards the region of the anode fixation of the
arc (Figure 2, a, right).

Figure 2, b, shows temperature fields correspond-
ing to the chosen working mode of the plasmatron
and calculated using different models of distribution
of the current density in the arc. As can be seen from
the isotherms shown in this Figure, differences in the
calculated values of temperature turn out to be not

as substantial as for the density of the electric current.
However, we have to note an increase in the calculated
temperature of the plasma near the region of the anode
fixation of the arc when using the refined model of
electromagnetic processes (see Figure 2, b, right).
This is associated with the fact that the current chan-
nel determined within the framework of this model is
markedly constricted in a region of the anode wire
(see Figure 2, a, right), while the density of the cur-
rent and, hence, Joulean heat sources is higher here
and corresponds to a higher temperature. As to the
gas-dynamic characteristics of the electric arc plasma
in the plasmatron investigated, they hardly depend
upon the method of calculation of its electromagnetic
characteristics.

Consider now how thermal and gas-dynamic char-
acteristics of the plasma flow change in a region of
inertia movement of the plasma (after the anode wire)
depending upon the model used to describe electro-
magnetic processes in the arc. The calculated distri-
butions of axial values of the axial velocity and tem-
perature of the plasma along the length of the jet are
shown in Figure 3. With a variant of calculation in-
volving the solution of equation (1), a higher tem-
perature in the anode region of the arc leads to the
fact that further on (in a no-current region of the
flow) the temperature of the plasma will also be some-

Figure 2. Isotherms of the electric current with a step of 0.1 (a)
and isolines of temperature of the plasma with a step of T = 27,
26, 24 and then 2 kK (b) for the arc burning in plasmatron with
an external anode wire for different methods of calculation of elec-
tromagnetic characteristics: left ---- approximation jr << jz; right ----
refined model

Figure 3. Distribution of axial velocity u (a) and temperature T
of the arc plasma generated by the plasmatron with an external
anode wire (b), determined by different methods of calculation of
electromagnetic characteristics: 1 ---- refined model; 2 ---- boundary
layer approximation (jr << jz)
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what higher than with the calculation using simpli-
fying approximation jr << jz. In the anode wire region
the values of temperature at the discharge axis differ
approximately by 14 %, further on they become almost
identical, the difference being only 2--3 % (see Fi-
gure 3, b). The difference in the values of velocity of
the plasma flow near the jet axis, on the contrary,
grows with increase in the values of z: at z = 50 mm
it amounts to 13 %.

CONCLUSIONS

1. The mathematical model of a turbulent flow of the
arc plasma generated by the plasmatron with an ex-
ternal anode wire has been upgraded by refining the
model of electromagnetic processes of the arc burning
in such a device.

2. Spatial distribution of the electric arc current
in the plasmatron with an external current-conducting
anode wire has a non-uniform structure. The current
lines diverge upon leaving the plasma-shaping chan-

nel, and converge with distance to the anode region,
where the current density amounts to rather high val-
ues (over 1.5⋅108 A/m2), thus providing an increased
release of energy in the plasma. Ignoring the said
peculiarities in numerical estimation of thermal and
gas-dynamic characteristics of the generated plasma
may lead to errors amounting to 14 % or more, de-
pending upon the design parameters and working con-
ditions of the plasmatron.
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NEW BOOKS

B.E. Paton. Selected works. ---- Ed. of the E.O. Paton Electric Welding Institute, NAS of Ukraine). ----
Kiev, 2008. ---- 894 p.

The collection is devoted to 90th anniversary of academician of NAS of Ukraine
B.E. Paton ---- the prominent Ukrainian scientist in the field of welding, special
electrometallurgy and materials science. The collection consists of seven sections
which cover such directions of activity of B.E. Paton as fusion welding, pressure
welding, arc welding metallurgy, special electrometallurgy, welded structures,
space technologies and application of welding in medicine. Each section includes
review of the works, the bibliography, and selection of the most important publi-
cations in which results of the works carried for the first time in the worl parctice
are presented that had revolutionizing effect on development of leading bracnches
of industry.

The work is intended for scientific and engineering-technical workers, profes-
sors, post-graduate students, and students of higher educational institutions.

B.E. Paton. ---- Introduction by I.K. Pokhodnya. ---- Kiev: Naukova Dumka, 2008. ---- 620 p.

The book describes main stages of life, scientific-organizational and public
activity of the prominent scientist in the field of welding, metallurgy and technology
of metals and materials science, the prominent public figure and the talented
organizer of science ---- the academician of the National Academy of Sciences of
Ukraine, Russian Academy of Sciences, professor, honored figure of science and
technology of Ukr. SSR, twice Hero of Socialist Labor of the USSR, Hero of Ukraine,
participant of Great Patriotic war, mitigation worker at Chernobyl NPP Boris E.
Paton.

Index of the published works familiarizes a reader with scientific works of the
scientist. The book is intended for scientific workers and all those who are interested
in history of national science and technology.

1/2009 45



HARD-FACING BAY FOR REPAIR
OF HYDROPOWER EQUIPMENT PARTS
IN COMPANY «SAKENERGOREMONTI»

Yu.M. KUSKOV1, I.A. RYABTSEV1, Yu.V. DEMCHENKO1, A.M. DENISENKO1, Z.Z. DZHAVELIDZE2,
Kh.N. KBILTSETSKLASHVILI2 and A.A. KHUTSISHVILI2

1E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
2Company «Sakenergoremonti», Tbilisi, Georgia

The experience of establishing a hard-facing bay in company «Sakenergoremonti» is described, and design and technological
peculiarities of performing in this bay repair of a shaft of the water turbine of 250 mW capacity are considered.

K e y w o r d s :  arc hard-facing, water turbine shaft, hard-fac-
ing technology, hard-facing materials, hard-facing equipment

Hydropower is rather well developed in Georgia which
is connected with its geographical position. At present
in this country have been operating for a long time
more than 20 big hydroelectric power stations of more
than 1 mW capacity and dozens of smaller ones, that’s
why special-purpose units and parts of hydroelectric
power stations require for repair or replacement, for
example, of shafts and blades of the turbines that are
subjected in process of operation to cavitation and
hydroabrasive wear and corrosion.

In this work experience of establishment of the
hard-facing bay in «Sakenergoremonti» is presented
and design and technological peculiarities of perform-

ing in this bay repair of a shaft of the water turbine
of 250 mW capacity are considered.

Shaft of the Kaplan turbine of mentioned capacity
is one of its main units (Figure 1, a). It is manufac-
tured from the 20G steel and has diameter 1 m, length
4.5 m and mass about 12 t. In process of operation
occurs corrosive, cavitation and hydroabrasive wear
of the shaft journal located under the bearings and
the glands. Subject to renovation a worn part of the
journal is located under internal surface of the bearing,
the design of which envisages use of water flow for
its lubrication and cooling (Figure 1, b).

Up till now the water turbine shafts were mainly
renovated using method of shrouding. The shroud is
manufactured from sheets of the 12Kh18N10T stain-

Figure 1. Scheme of shaft of Kaplan water turbine of 250 mW capacity (a) and guide bearing (b): 1 ---- impeller; 2 ---- guide bearing;
3 ---- turbine shaft; 4 ---- pipeline for bringing water; 5 ---- receiving vessel for water; 6 ---- guide bearing housing; 7 ---- rubber-coated
collar step
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less steel of 10--12 mm thickness according to a com-
plex technology that includes forge-rolling of the
sheets, their cutting, welding, and machining. The
time needed for shrouding of the water turbine journal
of about 1 m diameter is 2--3 weeks.

Specialists of the E.O. Paton EWI suggested tech-
nology for renovation of a worn journal zone using
hard-facing. The following technological scheme for
renovation of the shaft was developed: visual exami-
nation and fault detection; machining for hard-facing;
ultrasonic testing; automatic submerged arc hard-fac-
ing of a corrosion-resistant layer; turning; ultrasonic
testing; grinding.

For hard-facing of the water turbine parts, spe-
cialists of STC «E.O. Paton EWI» upgraded at «Sak-
energoremonti» enterprise the PT-166 thread-cutting
lathe (of the DIP-500) type, and on its basis the hard-
facing bay was established. Upgrading consisted in
the following: on carriage of the lathe the A1406 hard-
facing automatic machine was installed and then tail-
stock and reduction gear of the lathe were lifted by
160 mm (Figure 2). Electrical scheme of the lathe was
supplemented with a frequency converter of the
«Lenze» company (Germany) which ensured neces-
sary for hard-facing speed of the water turbine shaft
rotation. The VS-600 rectifier was used as a power
source. Due to the upgrading it became possible not
just to hard-face, but also to machine after hard-facing
water turbine shafts of 400--1050 mm diameter, length
up to 4500 mm and mass up to 12 t and perform
hard-facing of flat surfaces, in particular turbine
blades.

In addition to mentioned installation, the bay for
repair of the parts comprises a furnace for calcination
of the hard-facing materials in which, when it is nec-
essary, heating of the parts before hard-facing and
their slowed cooling after it are performed.

Visual examination of the worn water turbine shaft
showed that length of the shaft area subject to reno-
vation equaled about 710 mm and depth about 10 mm.
On its worn surface defects in the form of cavities,
caverns, laminations, etc. were detected. For their
removal turning was used after which the remained

defects were removed by means of scarfing using abra-
sive wheels. The machined for hard-facing surface of
the shaft was checked for presence of defects using
ultrasonic testing.

After machining diameter of the shaft equaled
1000 mm, and nominal diameter of the renovated shaft
in this area was 1020 mm. At significant wear of the
shaft first deposition of the sub-layer was performed
using solid wire of the Sv-08 type and AN-348 flux
(diameter of the shaft with the deposited sub-layer
equaled approximately 1018 mm). Then on the instal-
lation for hard-facing turning of the deposited surface
was performed up to diameter 1010 mm and afterwards
ultrasonic testing was carried out.

Due to careful observance of all technological op-
erations and technology of hard-facing defects in the
deposited sub-layer did not form. External surface of
the deposited layer was well formed, difference of
height of the adjacent deposited beads did not exceed
0.5 mm.

Automatic multilayer submerged arc hard-facing
using the AN-26P flux of the layer of corrosion-resis-
tant stainless steel was performed with application of
the Sv-08Kh20N9G7T wire. Diameter of the shaft af-
ter deposition of the corrosion-resistant layer was
about 1028 mm (Figure 3).

The deposited surface of the shaft was turned down
up to diameter 1020 mm, and then ultrasonic testing
was performed. In the basic deposited layer as well
as in the sub-layer defects were not detected.

As far as diameter of the shaft journal has strict
tolerances, the deposited surface was treated by grind-
ing.

All together on the worn surface of the shaft 320 kg
of metal were deposited; general machine time of the
hard-facing equaled 60 h. Suggested technology of
hard-facing ensures significant saving of time and
monetary means in repair of the water turbine parts
in comparison with shrouding.

Restored water turbine shaft was shipped to the
customer, and it will be installed at Inguri Hydro-
power Station (Georgia) for exploitation.

Figure 2. Upgraded installation developed on basis of PT-166
thread-cutting lathe for hard-facing and subsequent machining of
water turbine shafts

Figure 3. Appearance of deposited on water turbine shaft corro-
sion-resistant layer
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NEWS

NKMZ DETERMINED THE SIZE ON INVESTMENTS FOR
TECHNICAL RE-EQUIPMENT OF THE ENTERPRISE FOR 2009

In 2008 the Novokramatorsk Machine-Building Plant
(NKMZ company, Kramatorsk, Donetsk reg.) in-
vested 120 mln USD into technical re-equipment. The
main object of funding in 2008 was construction of
the complex of 50 t steel-melting furnace.
200 mln UAH were invested into this project, 16 km
of high-pressure gas pipeline, automated gas-distribu-
tion station, 110 kW power electric line, recycling
water supply system, two oxygen plants and modern
gas-cleaning system were built.

Before the end of the year 29 NC machine tools,
machining centers and diverse auxiliary equipment for
50 mln UAH will be mounted in NKMZ shops.

The program of enterprise development for 2009
includes establishing forging shop #3 with automated
forging complex for 5000 t. Upgrading FLTs-1, into
which the plant is investing more than 40 mln UAH
will become an important milestone. In addition to
the available one, two more units for the so-called

alpha-set-process will be purchased. Upgrading will
result in a cardinal change of the technological proc-
esses, founders will switch completely to furane mix-
tures, which provide an entirely new quality of cast-
ing.

Fabrication of metal structures is expanded and
for this purpose a new shop of 18,000 m2 area will be
established.

Contracts for purchase of 40 NC machines tool and
machining centers have already been signed. Next year
it is planned to construct eight thermal furnaces and
six heating furnace of a new type, which will allow
a 2 times reduction of gas consumption, ensure a high
quality and accuracy of heating and will provide a
practically unmanned operation schematic due to auto-
mation.

The expenditures for technical re-equipment in
2009 at NKMZ are planned in the amount of up to
600 mln UAH.

MACHINE FOR THERMAL CUTTING OF METAL

Plant of High-Technology Equipment of OJSC
«Zont» (Odessa) is a well-known developer and
manufacturer of machines for thermal cutting of met-
als. One of its most recent developments is ASSh-70

machine. It is designed for shaped cutting of parts of
low-carbon steel of 5 to 150 mm thickness by three
cutters with automatic tracing by a steel template
6--8 mm thick. Range of machine speeds allows using
it also for plasma cutting of metal sheets of 3 to 50 mm
thickness.

The machine can be successfully used for cutting
out finished parts of the type of flanges, gussets,
straps, etc.

Specification

Working zone, mm .......................................  1500 × 800
Range of cut thicknesses at cutting by one
cutter, mm .........................................................  5--150
Number of simultaneously working cutters ...............  1 (3)
Cutter displacement speed, mm/min .................  100--2000
Maximum gas flow, m

3
/h:

natural gas .........................................................  3.5
oxygen ...............................................................  38
propane .............................................................  1.3

Gas pressure at machine inlet, atm:
combustible gas ...................................................  0.3
oxygen ...............................................................  10

Machine overall dimensions (with extended
frames), mm ..................................... 1810 × 1500 × 1750
Weight (without table), kg ...................................... 390
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BRANCH MEETING-CONFERENCE
OF «GAZPROM» SPECIALISTS

On 10--14 of October 2008 in All-Russia Research-
Scientific Institute of Natural Gases and Gas Tech-
nologies (VNIIGAZ) was held branch meeting-con-
ference on State and Main Directions of OJSC
«Gazprom» Welding Production Development. In the
conference took part main welders of the «Gazprom-
Transgaz» Ltd., regional units and representatives of
production and scientific-research organizations,
which ensure construction and operation of main pipe-
lines (MP) in territory of Russia, and representatives
of scientific centers and supplier-companies of welding
equipment ---- all together more than 400 persons.

The conference was opened by report of the OJSC
«Gazprom» representative S.V. Alimov who pre-
sented information about state and prospects of de-
velopment of MP, networks of distribution gas pipe-
lines, and gas storages. He noted that main efforts of
«Gazprom» are directed at increasing efficiency of
made design, technical and managerial decision. State-
of-the-art systems of the GTS control assume orien-
tation at servicing «according to the designation» i.e.
a targeted long-term planning of diagnostics, overhaul
repair, and reconstruction of the GTS objects allowing
for expected load, needs in increase of the gas supply
productivity, and forecast of the technical state
change.

Representative of «Gazprom» V.V. Salyukov
noted in his report that welding in overhaul repair of
gas pipelines is one of main technological operations
which ensures reliability and safety of the GTS op-
eration.

E.M. Vyshemirsky informed about the state and
technical level of welding production in «Gazprom»
which has lately significantly improved, in particular
in construction, operation, and repair of the MP ob-
jects. In addition, he informed about start of construc-
tion of a unique object of MP «Bovarenkovo-Ukhta»
where pipes of new generation with internal coating
of the K65 strength class are used.

In joint reports of the VNIIGAZ and the
«Gazprom» representatives technical requirements to
pipes and connection parts of MP from high-strength
steels used for construction under Yamal conditions
and other promising prospects of the «Gazprom» were
presented.

In report of professor O.I. Steklov (the I.M.
Gubkin RSU for Oil-and-Gas) the weldability criteria
of structural materials were formulated. Results of
investigations in the field of weldability of steels of
the crude oil assortment were presented, and compre-
hensive assessment of service properties of welded
joints was made. His colleagues L.A. Efimenko,
O.Yu. Elagina jointly with representative of
«Gazprom» Vyshemirsky E.M. considered issues of
influence of carried out welding operations (welding
at negative temperatures) on parameters of thermal
cycles, structure and properties of welded joints.

In report of V.A. Danilson («Institute VNIIST»
Ltd.) and D.G. Budrevich (VNIIGAZ Ltd.) the CRC-
Evans AW welding complex for automatic two-sided
welding of position circumferential butt joints of pipes
of ∅ 1219 × 27 mm on a pipe-laying barge NRTS-De-
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fender, used for laying underwater passage through
Bajdaratskaya inlet of MP «Bovarenkovo--Ukhta»,
was considered.

O.E. Kapustin (the I.M. Gubkin RSU for Oil-
and-Gas) dwelled upon training of the welding pro-
duction specialists for enterprises which build and
operate gas pipelines and perform diagnostics and re-
pair of oil-and-gas structures.

On second plenary day the work was organized in
two sections. In section A issues connected with de-
velopment of welding production in subsidiary com-
panies of «Gazprom» were considered, in particular
issues of quality assurance of welding works in con-
struction and repair of MP, main directions of devel-
opment of non-destructive testing, normative support
of non-destructive testing, and diagnostics of welded
joints. Information of VNIIGAZ was presented about
carried out scientific-research works and rendered en-
gineering services in the field of welding production.

At the workshop also reports from Ukraine were
presented.

V.Ya. Kononenko (SE «Ekotekhnologiya») and
V.V. Paskhin («Podvodservis» Ltd.) dwelled upon
application of wet underwater welding in repair of
underwater passages of gas pipelines through water
obstacles. Issues of weldability of pipe steels of oil
assortment when using wet methods of welding were
considered and videomaterials about application of
dry welding in repair of an extended defect in the
pipeline of 1200 mm diameter at depth 10 m were
presented. In report of S.Yu. Maksimov and Yu.Ya.
Gretsky (E.O. Paton EWI, NAS of Ukraine) it was
informed about lately developed in PWI principally

new electrode materials and equipment for underwater
wet welding. New electrode materials designed for
welding of pipes from low-carbon and low-alloy steels
ensure production of equal in strength welded joints.
The welding may be performed at depth up to 20 m
at speed up to 0.2 m/s and visibility not more than
0.25 m.

Of big interest were reports presented by B.L.
Getskin (SPE «Tekhnotron» Ltd.), A.A. Latyshev
(OJSC «Krasnodargazstroj») and A.A. Latyshev
(VNIIGAZ Ltd.) about new sources of welding cur-
rent of inverter type for MAW, TIG and MIG/MAG
processes, mechanisms for feeding welding wire for
mechanized processes of welding and welding heads
for automatic welding produced by «Tekhnotron».
Equipment for mechanized and automatic welding
passed qualification tests within volume of the re-
search certification of technologies for welding pipes
of up to ∅ 1420 × 32 mm at production facilities of
«Krasnodargazstroj».

In report of Yu.B. Ezdakov (CJSC «Uraltermos-
var»), V.I. Bespalov and D.G. Budrevich (VNIIGAZ)
a new welding equipment produced at CJSC «Uralter-
mosvar», its main characteristics, designation and pos-
sibilities of its application were presented. Joint project
with VNIIGAZ and the POLYSOUDE company
(France) for development of the complex for automatic
orbital welding of position joints of pipes for construc-
tion and repair of MP was considered.

In a number of other reports also information was
given about development of a new generation of in-
verters for MAW, TIG and MIG/MAG processes and
feeding mechanisms and welding heads for orbital
welding produced by WELDTEK Ltd., KEMPPI Ltd.
and FSUE «Ryazan Instrument Plant». 

INTRATUL Ltd. produces equipment for prepara-
tion works on pipelines of any thickness of walls of
up to 3 m diameter. Proposed equipment and tech-
nologies increase quality of the welding-assembly
works due to achievement of necessary conformity of
geometric parameters of the units being welded with
the normative documentation.

CJSC «Gazpriboravtomatikaservis» developed
and produces the USMT-1M device for local demag-
netization of the pipe joints. The device is air-tight,
it consumes ~ 200 W power, can be easily installed
into the zone where the works are performed, and by
means of filling of the groove it is moved over the
pipe butt by a welder. Mass of the device is 18 kg.

«Magnit Plus» Ltd. has developed and serially
produces a compensation regulated constant magnet
of 6 kg mass which allows compensating magnetic
blow up to 2400 Gs.

In section B main direction of the welding produc-
tion development were considered in construction of
the MP systems from high-strength pipes of big di-
ameter for long-distance transportation of gas.

In reports of V.I. Khomenko et al. (OJSC «Strojtrans-
gaz») and S.I. Kuchuk-Yatsenko et al. (the E.O. Pa-
ton EWI) main problems of automatic methods of
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welding of high-strength pipes of big diameter were
considered. Suggestions were made to use high-pro-
ductivity combined methods of welding with applica-
tion for a thickened weld root of the resistance flash
butt welding, and for the filling welds performed by
automatic submerged arc welding, automatic gas-
shielded welding, laser beam welding and semi-auto-
matic welding using flux-cored wire.

A number of leading world producers of welding
equipment and consumable materials, such as CRC-
Evans AW (USA), Serimax (France), Saturnax,
Autoweld Systems Ltd. (Great Britain), ESAB and a
group of the ITS and the «Tekhnotron» Ltd. compa-
nies presented papers about their new developments
in the field of equipment and technologies for auto-
matic welding of position butt joints of pipes of up
to 1420 mm diameter.

In report of A.S. Tsiryuk and I.G. Samorodov
(CJSC «Baltijsky Steel Rolling Plant») it was in-

formed about production at the enterprise of new
seamless flux-cored wires and low-alloy solid wires
for welding of pipe steels of the K65 strength class.

All together more than 65 papers were presented
at the conference.

The conference demonstrated high interest of sci-
entists and specialists in sharing on regular basis in-
formation on vital issues of welding in gas industry.
At the same time one has to state that nowadays in
construction of MP, as a rule, technologies, equip-
ment, and consumable materials developed and pro-
duced abroad are used.

V.Ya. Kononenko
SE «Ekotekhnologiya» of the E.O. Paton

EWI STC
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