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STRESSES IN SURFACING OF PARTS MADE
FROM HIGH-CARBON STEELS OF THE 65G TYPE

AND RISK OF COLD CRACKING

V.I. MAKHNENKO, A.A. GAJVORONSKY, V.A. SARZHEVSKY, E.A. VELIKOIVANENKO,
G.F. ROZYNKA and N.I. PIVTORAK

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

Conditions of formation of stresses in arc surfacing of high-carbon steel plates are considered from the standpoint of
different-orientation cold cracking. It is shown that formation of longitudinal cracks is caused in a number of cases by
the presence of peaks of temporary stresses induced by martensitic transformation of austenite.

K e y w o r d s :  hardenable steels, welded joints, arc surfac-
ing, martensitic transformation, residual stresses, cold cracks,
preheating

High-carbon steels (C ≥ 0.5--1.0 %) are normally not
used in welded structures because of their high sus-
ceptibility to hardening and cold cracking [1, 2].
However, welding is widely employed for repair
(welding repair of defects, surfacing of worn-out
parts, etc.) of different parts of these steels, and in
some cases for assembly purposes. In these cases the
mandatory standard requirements include perform-
ance of preheating to 200 °C and postweld heat treat-
ment, using low-carbon or high-nickel filler metals,
and ensuring of a sufficiently low hydrogen content
in HAZ [3]. Within the framework of the said general
recommendations, in each specific case it is necessary
to address the problems associated with selection of
technological parameters to provide the required level
of quality of a weldment.

Meanwhile, the range of critical parts from high-
carbon steels subjected to welding either for repair
or assembly is widening every year. In particular,
critical parts of railway transport (rail joints, loco-
motive and tram wheel tyres, all-rolled wagon wheels,
etc.) made from high-carbon steels of the R50, R65,
R65K and R75 grades (GOST 51685--2000) are sys-
tematically subjected to heating during welding and
surfacing. This is done by involving appropriate tech-
nological arrangements intended to prevent cold
cracking and provide favourable structures of the weld
and HAZ metal, as well as mechanical properties of
the joints [4--7, etc.].

Despite a great success achieved in investigation
of weldability of steels of the above grades, there are
still some issues in this field that remain insufficiently
studied. Thus, much is unclear concerning conditions
of formation of cold cracks depending upon design
peculiarities and technological parameters of a weld-
ing operation. Formation of cold cracks is known to
be caused by four factors [3]: hardening microstruc-
tures (martensite or lower bainite), hydrogen, tem-
perature below 150 °C and tensile stresses (as cold
cracks are never formed at the absence of high, tensile
normal stresses). It is stated in study [3] that the
sources of stresses sufficient for the correspondingly
oriented cold cracks to be formed can be phase trans-
formations, thermal shrinkage, restraint, external
load, sequence of the manufacture of parts, etc. As
values of stresses generated by these sources vary dur-
ing welding, in terms of cold cracking it is important
that stresses be present in a corresponding zone at
temperature below 150 °C, i.e. in a state close to the
residual one. However, this does not mean that in
measurement (calculation) of residual stresses one can
judge from their values whether the conditions (by
stresses) necessary for formation of correspondingly
oriented cold cracks are present.

Incorrectness of this premise can be illustrated by
an example of formation of longitudinal underbead
cracks (Figure 1) formed in deposition of bead on the
surface of a high-carbon steel plate of considerable

© V.I. MAKHNENKO, A.A. GAJVORONSKY, V.A. SARZHEVSKY, E.A. VELIKOIVANENKO, G.F. ROZYNKA and N.I. PIVTORAK, 2004

Figure 1. Longitudinal cold underbead cracks formed in surfacing
(a) and making of a root weld (b): PZ ---- penetration zone
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thickness δ. As shown by measurements and calcula-
tions, residual stresses through thickness of the plate
are so insignificant in the underbead crack zone that
there are no grounds to suggest that they participated
in formation of such defects. The most relevant source
of stresses is the process of martensitic transformation
of austenite occurring non-simultaneously along the
bead being deposited. Figure 2, b shows schematic
that illustrates variations in the martensitic transfor-
mation zone --l/2 < x < l/2 at z = z0 and y = 0
(Figure 2, a), temperatures T(x) within a range of
Tst

m > T(x) > Te
m, and longitudinal, σxx(x), and

through thickness, σzz(x), stresses. The peak of
stresses σzz

max is proportional to the amplitude of vari-
ations of stresses σxx (∆σ = σxx(Tst

m) -- σxx(Te
m)) and

inversely proportional to l2, i.e. it strongly depends
upon the properties of a material and process parame-
ters. Given that the HAZ material near the fusion
line has usually the lowest crack resistance, which is
attributable to an increased content of hydrogen, etc.,
at sufficiently high values of σzz

max the high probability
exists of initiation of an underbead crack and its
propagation in direction x and along the fusion line,
as the --l/2 < x < l/2 zone moves along the bead.

Such cold cracks can be conditionally termed the
«instantaneous» ones, as the mechanism of «delayed»
fracture hardly participates in their formation.

In formation of longitudinal cold cracks of the
type shown in Figure 1, b, under the effect of trans-
verse stresses σyy, the source of a corresponding level
of transverse stresses, in addition to the known re-
straint, can also be the above described mechanism
of non-simultaneously occurring martensitic transfor-
mations, if coordinate z is replaced by coordinate y
in Figure 2, a. It is natural that such cracks may
propagate both as the instantaneous ones and by the
mechanism of delayed fracture. As far as the transverse
cold cracks are concerned, their formation is most
closely related to the presence of longitudinal residual
stresses. However, the factor of formation of a micro-
structure necessary for such cracks to be formed is
often determined by the initial condition of the weld
zone (WZ) caused by the initial condition of either
metal of the part or previously deposited adjoining
bead, rather than by the technological parameters of
deposition of a given bead. Transverse cold cracks
may also be instantaneous or of delayed fracture.

It follows from the above-said that stresses that
cause cold cracking during welding heating of carbon
steel parts depend upon a number of circumstances,
material parameters and technology employed. So far
only a limited amount of the data is available, on the
basis of which it is possible to make sufficiently ac-
curate quantitative forecasts. In other words, the area
related to weldability of hardenable steels requires
in-depth studies, accumulation of concrete results and
their subsequent generalisation.

This study presents results of investigation of a
particular case, concerning CO2 arc surfacing of steel
65GS plates 270×150×15 mm in size (Figure 3) per-
formed under conditions indicated in Table 1.

Figure 2. Schematic of the martensitic transformation zone (dashed
region) (a) and curves of distribution of temperature T(x) and
stresses σxx(x) and σzz(x, z0) in the transformation zone --l/2 <
< x < l/2 (b)

Figure 3. Schematic of deposited specimen: bead width B = 20 mm
and deposition pitch H = 18 mm for variant 4; B = 12 mm and
H = 10 mm for the rest of the variants

Table 1. Initial characteristics of surfacing variants considered

Variant Welding wire
Surfacing parameters

Preheating Ò0, 
îÑ qh, kJ/cm

I, A U, V vw, m/h

1 Sv-08G2S 160--180 27--28 14.5 20 8.6

2 Sv-08G2S 160--180 27--28 14.5 150 8.6

3 Sv-08G2S 160--180 27--28 14.5 250 8.6

4 Sv-08G2S 160--180 27--28 6.0 20 27.5

5 Sv-08Kh20N9G7T 160--180 27--28 14.5 20 8.6
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Low-carbon wire Sv-08G2S and high-alloy wire
Sv-08Kh20N9G7T with a diameter of 1.2 mm were
used as the filler metal. Preheating temperature T0
was varied from 20 to 250 °C. Table 1 gives charac-
teristics of the considered variants of deposition of a
single bead and three adjoining beads (Figure 3). In
the latter case each next bead was deposited after the
temperature that set after deposition of the previous
bead decreased to T0.

Investigations were performed by using the calcu-
lation-experimental method. The method provided for
estimation of temperature fields and temperature cy-
cles at different points of a specimen, size of PZ and
mean chemical composition of its metal, size of HAZ
during heating and cooling, and kinetics of mechanical
stresses responsible for formation of cold cracks by
the mathematical modelling means. The experimental
data were used to describe thermal-physical (λ ----
thermal conductivity coefficient, cγ ---- volumetric
heat capacity) and thermal-mechanical (α ---- thermal
expansion coefficient, σy ---- yield stress, E ---- elas-
ticity modulus, ν ---- Poisson’s ratio) properties, as
well as kinetics of microstructural changes in PZ and
HAZ, using diagrams of anisothermal decomposition
of austenite (variants 1--4) and Schaeffler diagrams
(variant 5).

The data on chemical composition of PZ, final
microstructure of the PZ and HAZ metal and longi-
tudinal stresses were generated through direct experi-
ments with specimens. The calculation data were com-

pared with those obtained through measurements.
Here there is no need to dwell in detail on description
of methodological issues of both mathematical mod-
elling and experimental measurements, as the use was
made of proven approaches [8--10, etc.].

Consider the results obtained. Table 2 gives the
calculation data on a mean chemical composition of
the PZ metal for variants 1--5 in accordance with
Table 1.

Chemical composition of the PZ and HAZ metal,
as well as thermal cycle parameters being known, the
authors calculated microstructural transformations
for the above zones and kinetics of elasto-plastic
strains up to the residual state.

Figures 4 and 5 (see the colour inset) show the
results for variant 1.1: cooling time ∆t8/5 at 800--
500 °C, relative weight fractions of martensite Vm

and bainite Vb, as well as distribution of residual
longitudinal stresses σxx.

Similar results for variants 2.1--5.1 are shown in
Figures 6--8 (see the colour inset). As in all these
variants the rest of the components of tensor of re-
sidual stresses are lower by an order of magnitude
(by an absolute value) than longitudinal stresses σxx,
we do not give them here.

Table 3 gives main quantitative characteristics of
the calculation results for variants 1.1--5.1 concerning
the content of martensite and residual stresses σxx

res in
PZ, HAZ and WZ heated below Ac3

. It follows from

Table 2. Mean chemical composition (wt.%) of PZ metal

Variant C Mn Si Cr Ni P S Mo W V Ti Al

1.1 0.338 1.345 0.316 0.06 0.06 0.023 0.024 -- -- -- -- 0.012

1.3 0.312 1.372 0.316 0.057 0.057 0.022 0.024 -- -- -- -- 0.013

2.1 0.370 1.310 0.315 0.064 0.064 0.023 0.025 -- -- -- -- 0.014

2.3 0.338 1.345 0.316 0.06 0.06 0.023 0.024 -- -- -- -- 0.012

3.1 0.372 1.303 0.315 0.065 0.065 0.024 0.025 -- -- -- -- 0.01

3.3 0.346 1.336 0.316 0.061 0.061 0.023 0.024 -- -- -- -- 0.012

4.1 0.422 1.255 0.314 0.071 0.071 0.025 0.026 -- -- -- -- 0.009

4.3 0.399 1.279 0.315 0.068 0.068 0.024 0.025 -- -- -- -- 0.01

5.1 0.338 3.413 0.627 10.64 5.13 0.028 0.018 0.051 0.006 0.04 0.028 --

5.3 0.348 3.335 0.617 10.312 4.973 0.028 0.018 0.049 0.005 0.038 0.027 --

No t e .  Here and below the second numeral in a variant indicates to the number of deposited bead, e.g. 1.1 ---- variant 1 and bead 1; 1.3 ----
same, but bead 3, etc.

Table 3. Residual stresses and content of martensite in different zone of welded joints

Variant No.
PZ HAZ WZ at Tmax < Ac3

Vm σxx
res, MPa Vm σxx

res, MPa Vm σxx
res, MPa

1.1 0.90--0.91 65--125 0.85--0.90 --(725--460) 0 865--840

2.1 0.71--0.78 --(71--23) 0.65--0.69 --(730--440) 0 825--755

3.1 0.50--0.52 --(48--20) 0 414--438 0 651--750

4.1 0.20--0.21 660--720 0.16--0.19 276--335 0 725--700

5.1 0 301--363 0.84--0.89 --(650--310) 0 810--853
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this Table that in the PZ zone (variants 1.1--4.1),
having a substantially lower carbon content than the
base metal 65GS (0.66C--1Mn--0.31Si), the marten-
site content being almost the same, the values of re-
sidual stresses σxx do not decrease far to (see Table 2)
the negative range, compared with HAZ, where
stresses σxx

res decrease to negative values of --(650--
730) MPa.

This phenomenon is caused by occurrence of the
martensitic transformation of austenite in the PZ met-
al in a higher range (here beginning of the martensitic
transformation is determined by temperature Tst

m ≅
≅ 360--310 °C, whereas for HAZ of steel 65GS Tst

m ≅
≅ 250 °C). Therefore, compressive stresses σxx formed
during the martensitic transformation in PZ are com-
pensated for during subsequent cooling by tempera-
ture shrinkage and subsequent martensitic transfor-
mations in HAZ. It is characteristic that in WZ heated
below Ac3

 (see Table 3) stresses σxx
res are higher, and

it is here that the highest probability exists of initia-
tion of transverse cold cracks in formation of a cor-
responding microstructure and mechanical properties
of welded joints. In particular, such conditions are
very realistic in deposition of adjoining beads with a
certain type of overlapping, which is demonstrated
in Figure 9 (see the colour inset), which shows dis-
tribution of the weight fraction of martensite Vm and
residual stresses σxx after deposition of three adjoining
beads (variants 1.3, 2.3 and 5.3). In the selected spot
zone the peak values of σxx are at a level of 1240--
1100 MPa (variant 1.3), 1080--950 MPa (variant 2.3)
and 1010--970 MPa (variant 5.3). Such spots of a
relatively small size may be the centres of formation
of small transverse tears or initiation of transverse
cold cracks propagating by the mechanism of delayed
fracture, when the level of tensile stresses is much
lower that the indicated values.

Figure 10 shows the experimental data on delayed
fracture of the steel 65GS specimens, which were gen-
erated from the tests by the implant method using arc
welding parameters as given in Table 1. It can be seen
from the Figure that fracture stresses σcr(t) depend
upon the welding conditions which determine the mi-
crostructural state of HAZ for the given steel.

Table 4 compares values of σcr(0.1) and σcr(24)
according to Figure 4, depending upon the martensite
content of HAZ (variants 1.1, 2.1, 4.1 and 5.1). It
can be seen from the Table that the higher the value
of Vm in HAZ of steel 65GS, the lower the resistance
to delayed fracture on a base of both 0.1 h and 24 h.
The most dramatic decrease in the resistance is seen
at Vm > 0.65.

Consider the issue of formation of longitudinal
cold cracks. Numerical studies by the authors showed
that in the Tst

m > T(x) > Te
m temperature range of the

martensitic transformation of austenite the peaks of
stresses σzz

max (or σyy
max) in HAZ near the boundary with

PZ, i.e. at z = z0 and y = 0 (see Figure 2), can be

approximately described by the following relation-
ship:

σzz
max ≅ 2.9 

∆σ
l2

 z0
2 f(z0), (1)

where

f(z0) = 1 + 
2∆z0

z0
 -- 

z0

δ  




1 + 

∆z0

z0







2

, (2)

providing that the martensitic transformations in PZ
0 < z < z0, and HAZ z0 < z < ∆z0, occur almost
simultaneously, i.e. the difference between tempera-
tures Tst

m and Te
m is not in excess of 0.2(Tst

m -- Te
m).

Otherwise,

f(z0) = 2
∆z0

z0
 




1 -- 

∆z0

2(δ -- z0)





. (3)

Figure 10. Delayed fracture in HAZ of welded joints in steel of
the 65GS type: 1--4, 6 ---- wire Sv-08G2S; 5 ---- wire Sv-
08Kh20N9G7T; 1, 3--6 ---- qh = 8.6; 2 ---- 27.5 kJ/cm; 1 ---- T0 =
= 200; 2, 5, 6 ---- 20; 3 ---- 150; 4 ---- 100 °C; var.1, 2, 4, 5  ---- see
Table 1

Table 4. Comparison of critical values of fracture stresses and
martensite content of the HAZ metal in some variants indicated
in Table 3

Variant Vm

σcr, MPa

0.1 h 24 h

1.1 0.89--0.90 110 50

2.1 0.65--0.69 420 350

4.1 0.16--0.19 500 400

5.1 0.84--0.89 150 100
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It can be seen from expressions (1) to (3) that the
risk of formation of underbead cracks grows with in-
crease in the amplitude of variations of stresses ∆σ,
ratio z/l, size ∆z0 and thickness δ of a part.

It follows from comparison of (2) and (3) that,
other conditions being equal, the use of low-carbon
or austenitic steel as a filler in surfacing of high-carbon
steel parts leads to a marked decrease in a value of
f(z0) and, hence, σzz

max. It should be noted that the l
value in deposition of bead on a massive steel part
can be represented in the following form:

l ≅ 
qs

2πλ 
135

(Tst
m -- T0) (Tst

m -- T0 -- 135)
, (4)

which allows for the fact that Tst
m -- Te

m ≅ 135 °C for
many steels [11], and where qs = qhvw is the effective
power of a heat source.

As follows from (4), l dramatically grows due to
increase in T0 (at T0 → Tst

m -- 135, l → ∞), and, ac-
cordingly, the risk of formation of underbead cracks
substantially decreases.

CONCLUSIONS

1. Arc surfacing of parts of high-carbon steels of the
65G type induces formation of high tensile longitu-
dinal residual stresses in that part of HAZ where
maximal temperatures in deposition of a bead are be-
low Ac3

. The presence of such stresses may lead to
initiation of transverse cold cracks, if a sufficient
amount of martensite is contained in this part of the
initial microstructure. This is the case of deposition
of adjoining beads with a time interval required for
the previous bead to cool down.

2. Underbead cracks are formed during martensitic
transformation of austenite in corresponding region

z0 of HAZ or at the boundary between HAZ and PZ
under the effect of normal stresses σzz, which are
formed as a result of volumetric effects of the marten-
sitic transformation. Peaks of such maximal stresses
σzz

max are proportional to the amplitude of variations
of longitudinal stresses σxx in the --l/2 > x > l/2
region of the martensitic transformation and the z0

2/l2

ratio.
3. Preheating to 150 °C excludes any probability

of formation of underbead cracks in high-carbon
steels.
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MODELING THE CONDITIONS
OF PORE INITIATION IN THE WELD METAL

IN WET UNDERWATER WELDING

S.Yu. MAKSIMOV1 and A.A. GURZHY2

1E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
2Institute of Hydromechanics, NASU, Kiev, Ukraine

Principles of evolution of gas bubbles ahead of the solidification front in wet underwater welding have been investigated
using mathematical modeling. Dependence of the effect of solidification rate, hydrostatic pressure and hydrogen con-
centration on critical radius of a gas bubble and dynamics of its variation have been studied on the basis of the results
of the numerical experiment.

K e y w o r d s :  underwater welding, pores, modeling, solidifi-
cation rate, hydrogen, pressure

Presence of a water medium has a noticeable influence
on the process of formation of a welded joint made
under the water. The arc runs in a vapour-gas bubble,
consisting mainly of water vapours and products of
water dissociation. As a result, hydrogen content in
the weld metal can reach 55 cm3/100 g, this being
much higher than equilibrium content (13.5--
14.5 cm3/100 g). In combination with an increased
solidification rate and smaller volume of the weld
pool, compared to the regular conditions, increased
hydrogen content introduces the risk of intensive pore
formation in wet welding. On the other hand, higher
pressure in the vapour-gas bubble should hinder the
process of pore initiation and growth, should increase
hydrogen solubility and, therefore, reduce weld po-
rosity [1, 2]. However, by the data of [3, 4], increase
of the depth increases the number of pores.

No systematic studies of the features of pore for-
mation in wet underwater welding have been con-
ducted. It is rational to more precisely determine the
nature of the influence of factors inherent in wet weld-
ing (pressure, solidification rate, hydrogen concen-
tration), on the process of initiation and evolution of
the gas bubble in the weld pool. Modern physical
methods do not so far permit doing it experimentally,
therefore, mathematical modeling is used. Issues of
gas interaction with metal have been quite well-stud-
ied for the conditions of welding in air [5, 6]. It is
established that in the general case the process of pore
formation can be divided into two stages, namely
nucleation and development of a gas bubble. Its nu-
cleation requires at least three conditions, namely
oversaturation of liquid metal with gas, presence of
a pore nuclei, and certain soaking of an elementary
volume of liquid metal (incubation period) with ful-
fillment of the above conditions [6]. The most prob-
able area of nuclei formation is the zone adjacent to
the interphase [7], as this is where a region of higher
concentration of hydrogen dissolved in the metal

forms with time. Similar conclusions were drawn by
the authors of [8, 9], who used mathematical modeling
to study the influence of hydrostatic pressure on the
size and shape of the pores in underwater welding. It
should be noted that in construction of this model
the bubble evolution was considered without allowing
for the influence of the solid boundary of «weld pool--
base metal» on the diffusion processes in the region
adjacent to the bubble [10].

A lot of studies were devoted to evolution of gas
cavities [6, 11]. It is found that diffusion phenomena
are one of the most important physical processes in
the gas--liquid system. Diffusion flow of gas from the
liquid into the cavity promotes its collapse, and in
some cases the diffusion processes can proceed in such
an intensive manner that the gas pressure inside the
cavity becomes higher than the external pressure, ap-
plied to the bubble surface. As a result, the bubble
starts growing. Whether the formed bubble will de-
velop into a pore or not can only be determined,
having studied the kinetics of gas distribution ahead
of the solidification front and having analyzed the
physico-chemical transformations, which proceed on
the surface of gas cavities in the molten metal.

This work is devoted to establishing a mathemati-
cal model, describing the physical processes proceed-
ing ahead of the solidification front under the condi-
tions of underwater welding. It will permit studying
the regularities of evolution of gas bubbles formed
ahead of the solidification front under the impact of
factors typical for wet underwater welding, determin-
ing the main parameters of physical processes causing
their further growth, or contrarily collapse of the
nuclei in the weld pool. Analysis of the results of the
numerical experiment will allow issuing recommen-
dations for selection of the welding modes and tech-
nique, promoting prevention or at least retardation
of the pore formation process.

Selection of a suitable investigation model largely
determines the successful solution of the posed prob-
lem. The first significant simplification is the assump-
tion that the solidification front is a flat surface with© S.Yu. MAKSIMOV and A.A. GURZHY, 2004
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a constant propagation rate. Let us assume that gas
transport proceeds only through diffusion.

The second group of simplifications pertain to proc-
ess hydrodynamics. Let us assume that the liquid is
quiescent infinitely in the absence of thermal convec-
tion, and the liquid proper is ideal and incompressible.
We further assume that in the first approximation the
impurities dissolved in the liquid do not influence the
physical parameters of the liquid medium. We will con-
sider the gas bubble to be uniform and spherical. Use
of such simplifications in the considered problem allows
applying the known mathematical methods, when solv-
ing the hydrodynamic problems, obtaining the results
much faster, conducting qualitative and quantitative
analyses of the physical processes.

Gas bubble evolution is a transient physical proc-
ess, occurring under the conditions of considerable
local changes of the solidification rates and mass trans-
fer, respectively. The latter should eventually affect
the kinetics of the subsurface layer enrichment in gas
and the amount of gas diffusing into the cavity.

Let us consider the following problem for study.
Let at the initial moment of time t = 0 the liquid and
solid phases of the metal be separated by a plane ----
solidification front y = 0 (Figure 1). Gas with mo-
lecular weight µ and concentration C(x, y) is uni-
formly distributed in a liquid medium. With time the
solidification front and the rectangular system of co-
ordinates (x, y) connected with it move at velocity
Vs in the direction of OY axis. At moment of time
t = t0 a gas bubble in the form of a truncated sphere
with radius R and section angle 2 θ forms on the surface
of the solidification front. It is necessary to determine
the gas bubble parameters with time and conditions
for gas cavity formation in the assumption that the
gas temperature in it coincides with metal tempera-

ture. The latter is valid for equilibrium thermody-
namic processes [10].

Distribution of hydrogen concentration ahead of
the solidification front. Assuming on the basis of the
results of [8] that hydrogen is the source of porosity
in welds made under the water, the condition for
bubble formation can be defined as follows: hydrogen
concentration in liquid metal C0 should be above the
equilibrium concentration Ceq, i.e.

C0 > Ceq. (1)

Let us assume that near the solidification front there
exists a diffusion boundary layer of thickness δ, inside
which the mass transfer proceeds only through diffusion,
and outside this layer the composition of the liquid
metal is kept uniform only due to convection. Hydrogen
distribution in the boundary layer in a steady-state so-
lidification mode can be represented in the form of a
differential equation [10, 12]

D 
∂2C

∂y2  + Vs(t) 
∂C
∂y

 = 0, (2)

where y is the distance from the solidification front;
D is the coefficient of hydrogen diffusion in liquid
metal; Vs(t) is the velocity of displacement of the
solidification front.

For the case of Vs = const on the interface in the
system of coordinates connected with the moving so-
lidification front, the distribution of hydrogen con-
centration is defined by the following expression [6]:

C(0, t) = C0 + C0






1 -- exp 





--k 

Vs
2t

D












 

1 -- k
k

,

t > 0,
(3)

where k is the coefficient of equilibrium distribution of
hydrogen, equal to a ratio of hydrogen concentration in
the solid and liquid phases at a given temperature.

Figure 2 schematically shows hydrogen distribu-
tion during solidification of the weld pool for a fixed
moment t. As is seen from the Figure, even in the
case, when hydrogen concentration in liquid metal C0
is below equilibrium Ceq, hydrogen concentration
ahead of the solidification front C(y) rises during
weld metal solidification and becomes higher than
Ceq value. At this moment favourable conditions are
in place for gas bubble formation.

Hydrogen displacement in the near-boundary layer
follows the equation of diffusion

∂C
∂t  = D∆C, (4)

where ∆ is Laplace operator.
After replacement of variables

S(y, t) = C(y, t) -- C0 (5)

we obtain the following unidimensional problem:

Figure 1. Parameters of a gas bubble (for designations see the text)

Figure 2. Schematic of hydrogen distribution during solidification
(for designations see the text)
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∂S(y, t)
∂t

 = D
∂2S(y, t)

∂y2 . (6)

Solution of equation (6) allows determination of
the distribution of the field of hydrogen concentration
for arbitrary moment of time t in a point located at
distance y from the solidification front:

C(y, t) = C0 + C0 
1 -- k

k
 



1 -- erf 
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2C0(1 -- k) exp 
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k√π
 ∫ 
y

2√Dt

∞

exp (--η2) exp 






kVs

2y2

4D2η2






dη,

(7)

where erf(x) is the error function.
Diffusion processes in the region adjacent to the

gas bubble. In the considered problem the «bubble--
liquid» boundary is in a continuous regular motion.
Its displacement causes the displacement of the adja-
cent liquid with the gas dissolved in it. In this case
the partial time derivative in (4) can be replaced by
a total derivative, representing it through the local
and convective components. As a result, we obtain
the equation of convective diffusion

∂C
∂t

 + (U ⋅∇∇)C = D∆C,
(8)

where U is the velocity field of the liquid flow; ∇ is
the differential inverted delta.

Absence of the influence of the impurity on the dy-
namic aspect of the phenomena is usually assumed ----
the impurity is regarded to be passive. This assumption
can be used only in those dynamic systems, in which
the value of concentration of the dissolved substance in
the liquid is small [11]. Presence of a non-stationary
moving boundary greatly complicates the investiga-
tions. However, the influence of the convective compo-
nent on the diffusion processes cannot be neglected. In
this case, the contribution of the convective component
into the diffusion equation (8) becomes greater, and
under certain conditions it can prevail. Thus, in order
to solve the problem, it is necessary to know the flow
field, i.e. solve the hydrodynamic problem of a gas bub-
ble motion at a hard flat surface.

Hydrodynamic parameters of the gas bubble in
a liquid medium. Let us consider the process of a gas
bubble development in an ideal incompressible liquid
limited by a half-plane. In the coordinate system,
connected with the solidification front, the «liquid--
solid phase» boundary is at rest. In this case, the
motion of liquid should satisfy equations of Eulerian
motion and continuity [10, 11]

∂U
∂t  + (U∇∇)U = -- 

1
ρ ∇P + F, (9)

∇∇U = 0  (div U = 0), (10)

where ρ is the density; P is the pressure; F is the field
of external potential forces.

Assuming an absence of vorticity in the boundary
layer, we conclude that the following condition is
satisfied at any moment of time

∇∇U = 0 or rot U = 0. (11)

Relationship (11) is a necessary and sufficient con-
dition of potentiality of the velocity field for simply
connected domains. As a result, a skalar function ϕ(x,
t) ---- the field potential, can be introduced

U = ∇∇ϕ. (12)

After substitution of equation (12) into (11) the
potential of velocity satisfies Laplace equation:

∆ϕ(x, y) = 0. (13)

Boundary conditions for equation (13) will be the
respective normal components of the velocity field to
surfaces limiting the liquid in the system of co-ordi-
nates connected with the solidification front:

Unorm(0, t) = 
∂ϕ
∂y = 0, (14)

Unorm(x, t) = 
∂ϕ
∂n = r⋅ (t), (15)

where r⋅(t) is the normal component of the velocity
of displacement of a bubble surface.

Proceeding from the fact that the rate of variation
of the gas volume in a bubble is proportional to the
diffusion flow through an interphase, the equation of
material balance of gas in the cavity for a unit of the
surface takes the following form:

V
⋅
 = D 

∂C
∂n  dS, (16)

where dS is the element of bubble surface.
Assuming that the bubble has the shape of a sphere,

integration of expression (16) over the entire surface
when using the evaluation of gas density [6, 12] becomes

ρ = 
Pbµ
RgT

, (17)

where Pb is the pressure in the bubble; Rg is the gas
constant; T is the absolute temperature.

The relationship connecting the rate of variation
of the gas mass in the bubble with the concentration
flow of hydrogen through the bubble surface can be
represented as follow:

m⋅  = 
PbµD
RgT

 ∫O 
S

∂C
∂n

dS. (18)

Proceeding from the condition of equality of pres-
sures on the bubble surface we can write

Pb = Pa + Pst(r, θ) + 
2γ
r

 = 
RgTm

µV
, (19)

where V = C(θ)r3 + V0, ..., C(θ) = 
π
3
 (2 + 3 cos θ --

cos3 θ) is the cavity volume; Pa is the external pres-
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sure, determined by the depth at which welding is
performed; Pst(r, θ) is the static pressure, exerted by
the liquid metal on the bubble surface; γ is the coef-
ficient of surface tension; C(θ) is the coefficient al-
lowing for a reduced volume of the sphere due to the
cavity being adjacent to the solidification front; V0
is the volume of the cavity in the solidified metal; θ
is the angle of contact.

Considering the boundary conditions (15) and (16),
as well as the flow of hydrogen mass through the cavity
surface (18) and balance of forces on its surface (19),
for a radial velocity of displacement of the gas bubble
surface, we obtain the following expression:

r⋅  = 
2RgTm⋅  -- 2ρgVs µV

6RgTmr2/V -- ρgµV(1 + cos θ0) -- 4γµV/r2. (20)

Thus, the system of equations, describing the
model of evolution of a gas bubble located ahead of
the solidification front, has closed completely. The
obtained system of equations with the respective
boundary conditions was the basis of a numerical
study of the process of a gas bubble evolution ahead
of the solidification front.

Numerical analysis shows that the concentration-
induced densification developing during displacement
of the solidification front can reach the values of
1.85C0, and the thickness of the layer can grow with
time up to dimensions of the order of 100 µm (ap-
proximately over time 0.5 s). In most of the cases

within short time intervals since the moment of a
weld pool formation, the gas bubble will collapse
because of a low hydrogen saturation of the near-sur-
face layer. Furtheron, when the concentration-in-
duced densification reaches the dimensions of about
the size of the gas bubble, the diffusion processes on
its surface will lead to a greater saturation of the
cavity with gas, and, as a result, to its larger dimen-
sions. Increase of welding speed accelerates the proc-
ess of the near-surface layer saturation (Figure 3).

Figure 4 shows the dependence of the rate of vari-
ation of gas bubble radius Vb on the rate of displace-
ment of the solidification front Vs. Rate of bubble
growth rises with increase of solidification rate. This
dependence is particularly characteristic of bubbles
of a small radius (of the order of 10 µm). At the same
time the critical radius Rcr, below which the cavity
growth rate is negative, also decreases, i.e. the bubble
collapses. Rate of growth of large-sized bubbles (R >
> 0.5 mm) practically does not depend on the solidi-
fication rate, either. In addition, there is a certain
solidification rate (in this case, 0.0002 m/s), above
which the formed bubble will certainly exist.

Change of the contact angle (angle of contact with
the plane solidification front) influences the area of
gas bubble surface, the magnitude of which is deter-
mined by the rate of the diffusion flows. At increase
of the contact angle, starting from θ = 60°, change of
the bubble shape becomes noticeable, and its growth
rate starts increasing (Figure 5). At θ = 135° the
greater part of the bubble surface is in the hydrogen-
enriched layer and, consequently, the rate of its
growth rises in the entire range of dimensions.

The developed mathematical model allows tracing
all the parameters of the gas bubble with time. Two

Figure 3. Variation of hydrogen saturation of liquid metal ahead
of the solidification front with time at different welding speeds
(D = 1⋅10--7

 m
2
/s)

Figure 4. Influence of the solidification rate on the rate of bubble
growth (Pa = 2⋅105 Pa; θ = 30°)

Figure 5. Influence of the contact angle on the bubble growth rate
(Pa = 2⋅105 Pa; Vs = 0.001 m/s)

Figure 6. Variation of the gas bubble dimensions during its growth
(Pa = 2⋅105 Pa; Vs = 0.001 m/s; t0 = 0.2 s)
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cases were selected as illustrations of the growth
(case 1) and collapse (case 2) of the bubble:

Case 1
R, m ...............................................................  1⋅10--5

Pa, Pa ..............................................................  2⋅105

Vs, m/s ..........................................................  0.001
t0, s ...................................................................  0.2

Case 2
R, m ...............................................................  1⋅10--5

Pa, Pa ..............................................................  1⋅105

Vs, m/s ..........................................................  0.001
t0, s ...................................................................  0.1

In case 1 the region adjacent to the gas bubble, is
saturated with hydrogen. Diffusion flow of gas
through the surface leads to growth of the gas bubble
dimensions (Figure 6). It is interesting to note that
increase of the radius by an order of magnitude oc-
curred within 0.2 s. With increase of the dimensions
of the cavity, the influence of surface tension is gradu-
ally becoming weaker, and pressure in the cavity as-
ymptotically tends to the external static pressure. At
expansion, the gas in the bubble cools down. How-
ever, its flow through the surface, contacting that of
the liquid metal at constant temperature T0 gradually
heats the bubble. With time stabilization of the gas
temperature at the level of about 1400 °C is observed.
Rate of gas bubble growth depends on hydrogen satu-
ration of weld pool layers adjacent to the cavity. At
bubble growth these layers undergo compression, and,
therefore, hydrogen concentration decreases. How-
ever, for large bubbles the rate of cavity growth de-
creases (Figure 7). Maximum rate is observed at the
initial stage of the growth. On the whole this leads
to the conclusion that evolution of gas bubbles is a
transient physical process.

In case 2, hydrogen concentration near the solidi-
fication front is much lower than in the previous case.
This leads to gas diffusion from the cavity into the
liquid and reduction of the nuclei radius. At the same
time, tension of the adjacent layers of molten metal
leads to lower hydrogen concentration in them. Dif-
fusion flow increases even more, and the gas bubble
collapses during a short time interval (Figure 8). The
collapse process is extremely short, and in our case it
takes 0.00001 s, the collapse rate reaching 15 m/s at

the final stage. At other parameters it can reach even
greater values of 100--500 m/s.

CONCLUSIONS

1. Critical parameters of the gas bubble, at which its
growth rate is zero, are determined chiefly by external
static pressure Pa, rate of solidification front Vs and
moment of cavity formation t0. Critical condition is
highly unstable: a slight disturbance of the bubble
parameters leads to inevitable growth and collapse of
the cavity.

2. Dynamics of bubble growth is determined by
the moment of its initiation. The later the bubble
forms, the sooner the concentration field in the sub-
surface layer reaches a high value, this eventually
increasing the amount of gas diffusing into the bubble
cavity and promoting the growth of the bubble.

3. Dynamic characteristics of the gas bubble ahead
of the solidification front are largely dependent on
the velocity of motion of the flat front practically in
the entire range of the possible initial radii of the gas
bubble. With increase of the rate of the solidification
front, the diffusion processes proceed faster, and the
critical parameters of gas bubbles shift into the region
of smaller dimensions.
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EFFECT OF HEAT TREATMENT AND DEGREE
OF ALLOYING ON STRUCTURAL CHANGES

IN NICKEL ALLOYS

K.A. YUSHCHENKO, V.S. SAVCHENKO and A.V. ZVYAGINTSEVA
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Alloys with a different content of γ′-forming elements have been studied. High-temperature ductility of heat-resistant
nickel alloys with a different content of γ′-forming elements after heat treatment at a different cooling rate has been
evaluated. It has been established that heat treatment allowing to control growth of the γ′-phase is indicated only for
alloys with a high degree of alloying.

K e y w o r d s :  nickel alloys, γ′-forming elements, heat treat-
ment, cooling rate, high-temperature ductility, microstructure,
dilatometer, phase transformations

Modern heat-resistant alloys have complex structure
and alloying system. They have an increasingly wide
application, which is associated, first of all, with the
possibility to achieve a substantial strengthening ef-
fect and maintain structural stability at high tempera-
tures.

Microstructure of cast heat-resistant nickel alloys
is a matrix with the fcc lattice, containing carbides
and a coherent intermetallic γ′-phase, which is the
main strengthening phase. Structural stability and
behaviour of the γ′-phase at high temperatures and a
long holding time determine to a considerable degree
performance of an alloy. Firstly, particles of the γ′-
phase may dissolve in structure of heat-resistant alloys
at increased temperatures, and volume content of this
phase may decrease to a value corresponding to the
equilibrium one at a given temperature; secondly, the
remaining particles may change in size as a result of
coagulation. Kinetics of these two processes is con-
trolled by a diffusion transfer of atoms in γ-solid so-
lution [1, 2]. 

 There are alloys with a low content of γ′-forming
elements (aluminium, titanium, etc.), for which the
temperature of full dissolution of the γ′-phase, Tf.d,
can be lower than the temperature of formation of
coarse particles of the γ′-phase. Working level of serv-

ice temperatures of units and components of these
alloys is rather low (~ 750 °C).

Increase in the content of alloying elements and,
hence, amount of the γ′-phase from 10 to 55 % leads to
a substantial increase (of about 250 °C) in temperature
level of operation of nickel alloy parts [3, 4].

For alloys with an increased content of alloying
elements, the process of dissolution of the γ′-phase
shifts to a range of high temperatures. The higher the
temperature of dissociation of the oversaturated solid
solution and the higher the level of Tf.d, the higher
the intensity of occurrence of the diffusion processes
and the coarser the redundant phase [5]. The amount
of coarse precipitates of the γ′-phase also depends upon
the cooling rate and temperature of the end of slow
cooling from the range of high temperatures.

Increased content of alloying elements, such as
aluminium, titanium and niobium, which have a lim-
ited solubility in the nickel matrix, causes high chemi-
cal heterogeneity of metal and widening of tempera-
ture range of a solid-liquid state in solidification.
Increase in operational ductility of metal leads to
improvement of weldability. Properties of metal can
be changed through controlling its structure and, first
of all, size of the γ′-phase [6]. Overageing of metal
is a technological operation that increases ductility
and decreases strength by a controlled growth of re-
dundant phases. This can be achieved by applying
special heat treatment, providing coarse precipitates
of the γ′-phase, the size of which depends upon the
cooling rate and temperature of the end of the slow
cooling process.

As seen from the above-said, it is of interest to
study the effect of heating and cooling on structure
and ductile properties of alloys with a different con-
tent of alloying elements and, hence, different content
of the γ′-phase.

Five alloys with a different content of γ′-forming
elements were studied. The degree of alloying with
the γ′-forming elements and content of the γ′-phase in
alloys studied are given in the Table. 

For alloy 3, the amount of the γ′-phase was deter-
mined by the method of X-ray diffraction analysis© K.A. YUSHCHENKO, V.S. SAVCHENKO and A.V. ZVYAGINTSEVA, 2004

Content of γ′-forming elements in experimental heat-resistant al-
loys with a different content of the γ′-phase

Alloy Al + Ti + Nb + Hf, % Content of γ′-phase, %

1 2.44 8.2

2 6.60 38.6

3 7.70 47.3

4 8.19 49

5 9.50 57
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using the «Dron-3» machine, and it was 44.6 %, which
is in agreement with literature data [3]. 

To determine the amount of the γ′-phase in alloys
given in the Table, differential thermal analysis
(DTA) was performed using a high-temperature vac-
uum dilatometer with a non-contact system for meas-
urement of the longitudinal displacement of a speci-
men. Specimens were heated to a temperature of full
dissolution of the γ′-phase, and then the exothermic
process of precipitation of the γ′-phase was fixed on
a cooling branch. The amount of the γ′-phase can be
calculated from the proportions of areas under the
peaks of the curves, providing that specimens of all
the alloys have an identical mass.

Heat treatment was conducted in air-tight con-
tainers filled with argon, which were placed into an
electric furnace using SiC rods as a heater. Working
temperature amounted to 1350 °C. Specimens were
heated to a temperature a bit higher than the tem-
perature of full dissolution of the γ′-phase to study
the effect of the cooling rate on ductile properties of
nickel alloys. Then one batch was cooled at a slow
rate, while the other was subjected to forced cooling
in air.

Device for ion etching in a high-voltage glow dis-
charge, using the VUP-4 machine, was employed to
reveal structure of the specimens. In contrast to chemi-

cal etching, this type of treatment allows etching out
of the grain boundaries to be avoided, as well as
carbide and intermetallic inclusions to be revealed
more clearly. Argon was used as a working gas for
the glow discharge. Subsequent high-temperature
etching in dynamic vacuum provides a more accurate
identification of structural components of an alloy.

High-temperature ductility δ and yield stress σ0.2
were estimated using the ALA-TOO testing machine in
a vacuum chamber at residual pressure of 1⋅10--3 MPa
and temperature of 750 °C. Specimens with a cross
section of 4 mm2 were used for the tests.

Analysis of the results (Figure 1) shows that the
yield stress value increases and difference between
the values of σ0.2 of the quenched and overaged speci-
mens grows as the alloying system becomes more com-
plex.

For the quenched specimens, ductility falls to a
larger degree than for the overaged ones (Figure 2).

The similar trend is fixed in Figure 3, which shows
relative variation in ductility resulting from the ex-
perimental heat treatment, depending upon the
amount of the γ′-phase, which was determined from
the DTA data. The dilatometry examinations showed
increase in Tf.d with increase in the degree of alloying.
Specimens of the alloys studied were heated to a tem-
perature of full dissolution of the γ′-phase. Structural
changes accompanied by decrease in the metal volume
were detected to occur in cooling of these specimens.

Figure 1. Yield stress of alloys with a different degree of alloying
depending upon the heat treatment: white columns ---- experimen-
tal; grey columns ---- standard

Figure 3. Relative variation in ductility at experimental heat treat-
ment of nickel alloys with a different content of the γ′-phase

Figure 2. Ductility of alloys with a different degree of alloying
depending upon the heat treatment: white columns ---- experimen-
tal; grey columns ---- standard

Figure 4. Curves for exothermic reactions of formation of the γ′-
phase in alloys 1--4: area under a curve is proportional to the
amount of the precipitating phase; T ---- heating temperature
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This is indicative of precipitation of the γ′-phase,
which has a smaller crystalline lattice parameter, com-
pared with the γ-solid solution. As follows from the
results of the studies (Figure 4), increase in the
amount of γ′-forming elements favours increase in tem-
perature T of the transformation beginning and end,
as well as increase in volume of the precipitated phase.

The DTA data make it possible to plot a histogram
(γ--γ′) for alloys with a different content of alloying
elements. It can be seen from this histogram that
increase in the degree of alloying of an alloy due to
increase in the content of aluminium and titanium
leads to growth of the temperature of full dissolution
of the γ′-phase, as well as growth of an interval be-
tween the temperature of the beginning and end of
the process of dissolution of the γ′-phase due to in-
crease in the amount of the phase that undergoes trans-
formation (Figure 5).

Microstructure of the precipitation-hardening al-
loy IN 738LC was examined in view of the detected
difference in data depending upon the type of heat
treatment for specimens with an increased content of
alloying elements and a large amount of the γ′-phase.
After all types of heat treatment, the structure (Fi-
gure 6) comprised the γ-matrix solution with a large
amount of the γ′-phase from 0.07 to 0.85 µm in size,
depending upon the heat treatment. Coarsening of
the γ′-phase was accompanied by decrease in hardness.
As shown by the measurements, hardness of the alloy
in the as-received condition was HRC 36.3, while
after the experimental heat treatment it decreased to
HRC 32.

Phase transformation (for non-overaged speci-
mens) results in formation of chaotically distributed
precipitates of the γ′-phase, the mean size of which is
approximately 0.07 µm. After overageing, only the
coarse particles (70--85 µm) are formed in the alloy.
The volume content of precipitates of the γ′-phase was
estimated using the point-by-point analysis method.
It was 44--47 % for alloy 3, which is in good agreement
with the data of X-ray diffraction analysis performed
using the «Dron-3» machine. Statistical data on sizes

and quantity of particles were generated from differ-
ent regions of a specimen (about 100 measurements).

Dispersed particles (0.07--0.1 µm) of the γ′-phase
block dislocations (low ductility). Coarsening of the
γ′-phase particles facilitates realisation of plastic de-
formation by the mechanism of bending of the dislo-
cations around the γ′-phase particles, which raises the
ability of the alloy to be plastically deformed [7].

CONCLUSIONS

1. It was established that in heat treatment of welded
joints it is necessary to allow for the dependence of
temperature of full dissolution of the γ′-phase upon
its content.

2. It was found that the operational ductility of
nickel alloys can be controlled through varying the
γ′-phase content.
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 Figure 5. Histogram of dissolution of the γ′-phase depending upon
the degree of alloying of an alloy: white columns ---- beginning;
grey columns ---- end of transformation

Figure 6. Microstructure of the surface of alloy 3 depending upon
the heat treatment: a ---- rapid cooling; b ---- slow cooling
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MORPHOLOGICAL PECULIARITIES
OF MICROSTRUCTURE OF WELD METAL

FROM LOW-ALLOY STEELS WITH ULTRALOW
CONTENT OF CARBON

V.F. GRABIN, V.V. GOLOVKO, V.A. KOSTIN and I.I. ALEKSEENKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

It is shown that in addition to the ordinary structures characteristic of welds hardened due to presence of pearlitic
structures, welds with an ultralow carbon content also develop various ferrite morphologies, including an unusual form
of laminar Widmanstatten ferrite, as well as massive forms of ferrite which solidify in the form of dendrite or as a
«conglomerate» of round-shaped crystallites, separated from each other by boundary precipitations of MAC-phase,
forming at the final stages of residual austenite decomposition. It is noted that to decrease the carbon liquation into
weld metal its silicon content should not be higher than 0.3 wt.%.

K e y w o r d s :  low-alloy steels, weld metal, evolution of fer-
rite, polygonal ferrite, acicular ferrite, Widmanstatten ferrite,
massive ferrite, MAC-phase, structural constituents

At the second half of the XX century the production
of low-alloy steels was developing very rapidly. Since
1985 to 2000 their production in the world was in-
creased from 50 to 830 mln t per year. This level of
consumption was stipulated by optimum ratio of eco-
nomical efficiency and service properties. Especial sig-
nificant achievements in the field of production of
high-strength sparsely-alloyed steels were attained
over the recent quarter of the century when it was
possible, owing to fundamental studies, to make pro-
gress in the solution of such problem, which seemed
as contradictory for the development of steels with
simultaneously increased characteristics of strength
and ductility.

The main hardening element of low-alloy steels is
carbon, however, it is the element that promotes the
formation of quenched structures and different car-
bide phases in metal, that can cause the reduction in
its ductile properties and resistance against brittle
fracture. To avoid this negative effect of carbon it is
rational to decrease its content in metal by using
firstly the converter, and then electric arc method of
steel production. Here, it was possible to reduce the
carbon content in metal to the ultralow level (less
than 0.05 wt.%). In this case the preset level of
strength is attained by alloying metal with chromium,
nickel or manganese. In steels with an ultralow con-
tent of carbon (ULCC) the level of strength (σt ≅
≅ 820 MPa), ductility (δ ≥ 20 %) and impact strength
(KCV--60 ≥ 60 J/mm2) are well correlated, due to
which they are characterized by a low susceptibility
to brittle fracture [1].

Steels with ULCC are characterized, as compared
with low-alloy high-strength steels, by higher resis-
tance against brittle fracture. It is known [2, 3] that
in steel with ULCC the traditional forms of micro-

structures, based on ferrite and cementite, are re-
placed mainly by a ferrite structure, but here its mor-
phological forms are somewhat differed from those
formed usually in steel with higher content of carbon.
Proceeding structural changes are accompanied by the
formation of ferrite forms, known and unusual for the
researchers. This is a number of conventional mor-
phologies of ferrite which are formed at low rates of
cooling with the formation of polygonal (hypoeutec-
toid) and Widmanstatten ferrite, defined compara-
tively easily by a light microscope, and also marten-
site-like phases. It is possible to obtain other modifi-
cations of ferrite within the range of intermediate
rates. These are such forms of ferrite which are not
observed usually in welds, for example, laminar forms
of ferrite precipitations with a different orientation;
they were called earlier bainitic or «probainitic» fer-
rite. At present different forms of this ferrite by clas-
sification of IIW are called a ferrite with ordered and
disordered second phase. It should be noted that until
now there is no clear differentiation of ferrite struc-
tures, formed in the intermediate area, the boundary
of formation of martensitic-austenitic-carbide (MAC)
phase and its forms are not defined, many other prob-
lems connected with the kinetics of transformation in
the intermediate area are not elucidated. In spite of
great attention paid and continued to be paid to this
problem, the classification of structure constituents
has not been yet finalized.

Physical-mechanical properties of low-alloy steels
of high-strength welds with ULCC depend greatly
on content of carbon in them, as the sensitivity of
different types of microstructures to the kinetic fac-
tors, defining their growth, becomes much higher in
reduction of its mass share [2]. An additional factor
influencing the physical-mechanical properties of
weld metal, is the steel alloying with manganese,
molybdenum, nickel and some other elements to pro-
vide an acceptable level of strength. Complex of fer-© V.F. GRABIN, V.V. GOLOVKO, V.A. KOSTIN and I.I. ALEKSEENKO, 2004
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rite-cementite structures, forming in this case, does
not always provide the required resistance of welds
against the cold crack formation.

Development of welding consumables and tech-
nologies for manufacture of structures from steels with
ULCC is impossible without study of specifics of for-
mation of microstructure of the welded joint metal.
The present work deals with the results of study of
new and modified forms of ferrite, peculiarities of
their morphology and composition, and also the role
of MAC-phase forming in the deposited metal in weld-
ing with alloyed welding wire having ULCC.

During the works conductance the attention was
paid to the MAC-phase, as some researchers [4--6]
associate its presence with the susceptibility of welded
joints to the brittle fracture. Using electron micros-
copy and magnetic methods of examination it was
established that MAC-phase is a complex phase con-
sisting of a mixture of structureless martensite, bainite
and residual austenite [7--9]. Authors of the men-
tioned works stated that the areas of bainite particles
represent a ferrite-carbide mixture of high dispersity,
due to which they are coloured darker and more uni-
form than those of structureless bainite. Content of
MAC-phase in welds made on low-alloy steels can
vary in the 1.5--12.0 wt.% range, depending on the
heat input, and the maximum content of residual
austenite in it does not exceed 4.5 vol.%. Microhard-
ness of this phase in low-carbon steels is 4500--
5700 MPa [7]. In some other works [10--12] the higher
values of microhardness of MAC-phase, 8000--
8500 MPa, are given, that assumes the high content
of carbon in it.

Material and procedure of investigations. Butt
joints of samples of metal of multilayer welds (de-
posited metal) made in accordance with requirements
of the European standard EN 1597-1 on steel 10XSND
using highly-basic neutral flux ANK-57 (DIN 32 522;
BFB 155; DC 8; KMHP 5) in combination with weld-

ing low-alloy wires, having ULCC, were selected as
an object of investigations. The selection of type of
welding wire was defined by the task of producing
weld metal with different content of carbon, nickel,
molybdenum.

Welding was performed at direct current of reverse
polarity at the following conditions: Iw = (620 ± 5) A;
Ua = (30 ± 1) V; vw = (20 ± 0.5) m/h; qw =
= 48 kJ/cm. Rate of weld cooling was at the level
of 4--7 °C/s. Chemical composition of metal of welds
is given in Table 1.

Areas, corresponding to the last pass in the weld
upper part, which were subjected to repeated heating,
were examined.

Identification of structural constituents in weld
metal was realized by using etching in nithal and
alkali solution of sodium picrate and measurement of
microhardness. Calculation of volume shares of struc-
ture constituents was made by a traditional point-by-
point method using a grid of 81 cells with magnifi-
cation 500 (after etching in nithal) and 1000 (after
etching in sodium picrate). This procedure of inves-
tigation allowed reliable sufficient identification of
phase composition of microstructure of weld metal
and obtaining data about the quantitative its ratio of
separate structural constituents (Table 2).

Results of experiment. Microstructural investi-
gations showed that the weld metal of samples consists
of phases representing a ferrite of different morpho-
logical forms, such a polygonal ferrite (PF), Wid-
manstatten ferrite (WF), acicular ferrite (AF), lami-
nar ferrite (LF). Morphology of forming microstruc-
tures is stipulated by a size, orientation, shape of
ferrite grains, and also by a mutual arrangement of
ferrite and carbide phases.

The effect of carbon content in weld metal on the
volume share of structural constituents in it is given
in Figure 1. With decrease in carbon content in weld
metal the volume share of AF, PF and MAC-phase is
reduced, while LF is increased. The content of WF
of a usual shape remains almost at the same level, i.e.
0--4 vol.%.

A form of ferrite was revealed in the weld metal,
called quasi-polygonal in [13] and formed in the form
of wide laminas growing normal to the boundaries of
austenitic grains (Figure 2). This type of structure
can be considered, coming from the direction of
growth of its grains, as precipitations of WF, though
its appearance differs from a classic form typical of

Table 1. Chemical composition of weld metal, wt.%

Number
of weld

C Si Mn Mo Ni Al Ti Cr Cu P S

1 0.025 0.10 0.62 0.15 2.29 0.014 0.003 0.17 0.12 0.013 0.006

2 0.037 0.09 0.99 0.51 2.25 0.018 0.003 0.19 0.12 0.014 0.005

3 0.048 0.46 0.99 0.30 1.87 0.012 0.008 0.24 0.30 0.009 0.014

4 0.073 0.42 1.28 0.27 1.27 0.013 0.013 0.28 0.40 0.016 0.010

Table 2. Structural composition of weld metal, vol.%

Number
of weld

Polygonal
ferrite

Widman-
statten
ferrite

Acicular
ferrite

Laminar
ferrite

MAC-
phase

1 5 3 35 49 2.4

2 4 4 40 46 3.3

3 17 3 45 31 4.0

4 15 -- 73 35 6.4

No t e .  Bainite was not revealed in weld metal.
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microstructure of the latter with the higher carbon
content.

Two massive morphological forms of ferrite, which
are differed from the known forms by the nature of
precipitations, were revealed in the microstructure of
weld metal with ULCC: one of them has a form of
dendritic crystals, another one has a form of «con-
glomerate» of ferritic crystals of an irregular shape
(Figure 3).

The growth of a structural phase in a solid state
in the form of crystals of a dendritic shape is unusual,
but known [14]. It was observed in precipitation of
excessive cementite in the process of decomposition
of overcooled austenite in cast irons. In the opinion
of the author of [14], the formation of dendritic shapes
of forming regions of this phase is stipulated by its
crystalline nature and difference in rates of growth
of different crystallographic facets. Differences in
rates of growth of separate regions of surface of the
new phase (ferrite) is undoubtedly connected with
different intensity and conditions of proceeding dif-
fusion processes in adjacent volumes of austenite. AF
(Figure 3, a, b), being a product of decomposition of
microregions of overcooled austenite, enriched with
carbon, is located in gaps of interdendritic spacings
of these crystallites.

Massive precipitations of the ferrite phase in the
form of «conglomerate» are observed more seldom
and represent a group of ferritic crystals of irregular
shape which are precipitated due to the presence of
dark dispersed precipitations between them. These
precipitations are classified as MAC-phase.

Analysis of results. As is known, PF is the first
phase which is formed in the process of weld cooling
during decomposition of the overcooled austenite.

Figure 1. Effect of carbon content in weld metal on volume share
of structural constituents, V: 1 ---- AF; 2 ---- LF; 3 ---- PF; 4 ----
MAC-phase

Figure 2. Microstructure of ferrite of quasi-polygonal form ob-
tained using optic (a ---- ×320) and scanning (b ---- ×1300) micros-
copy

Figure 3. Morphological forms of massive ferrite: a, b ---- dendritic forms (×1000 and ×2000, respectively); c ---- «conglomerate» of
ferrite crystallites (×2000)
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This form of ferrite is originated usually at the bounda-
ries of austenite grains in the form of allotriomorphs,
i.e. grains, not having a regular geometric form due
to non-equilibrium conditions of growth. The PF pre-
cipitations are thickened in the direction normal to
the austenite grain boundary [2]. Thickness of PF
grains depends on the rate of carbon diffusion and
should increase with the carbon content decrease in
it. However, we have received the contrary relation-
ship (see Figure 1).

This result and the fact, that the weld metal has
ULCC, give grounds to assume the following: in the
present case the structure formation is affected greatly
not by carbon, but by other alloying elements.

The effect of alloying on PF content is manifested
in shifting the critical point of alloy Ac3

. It is known
that metal alloying with such elements as manganese,
nickel, molybdenum and copper, promotes the reduc-
tion in critical rate of hardening [15, 16] and increase

in degree of the austenite overcooling. This results in
decrease of intensity of PF origination. Otherwise,
the presence of silicon and aluminium increases Ac3

and, respectively, increases the rate of initiation and
growth of the ferrite phase.

It should be noted that the conditions of proceed-
ing reactions of formation of PF are affected greatly,
except the system of alloying, by such parameters as
a size of austenite grain, rate of weld metal cooling
within the temperature region of the least stability
of austenite and nature of distribution of non-metallic
inclusions. All this affects not only the PF formation,
but also the sequence of formation of other structural
components in the process of γ → α transformation.
With increase in rate of metal cooling the content of
microstructural constituents, forming by the diffusion
mechanism (PF and MF ---- massive ferrite) is de-
creased in it and the share of AF and MAC-phase is
increased, i.e. those structural constituents which
were formed by a diffusion-free mechanism of trans-
formation in the intermediate region. In addition, the
slower the diffusion processes proceeding the lower
the temperatures at which the structural constituents
are formed.

In low-carbon welds the similar effect is mani-
fested by metal alloying with a complex of elements
decreasing the coefficient of carbon diffusion [16],
that promotes the suppression of decomposition of

Table 3. Mass share of alloying elements in ferrite, %

Form of
ferrite

Si Ti Ni Mn Mo

MF 0.420 0.071 1.981 0.686 0.227

PF 0.327 0.057 1.926 0.764 0.162

AF 0.269 0.069 1.879 0.702 0.054

Figure 4. Microstructure of weld metal with MAC-phase in ferrite and ordered (a, b) and disordered (c, d) distribution of second
phase (×500): a, c ---- etching in nithal; b, d ---- the same, in sodium picrate
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residual austenite and shifting the final stage of its
transformation to the region of temperatures at which
such structures as AF and MAC-phase are formed.
Comparison of data given in Tables 1 and 2, makes
it possible to assume that effect of alloying elements
on the conditions of formation of microstructures is
the same in metal of welds with ULCC as in the
low-carbon weld metal.

In metal of welds investigated the formation of
the above-mentioned structures occurred in the region
of temperatures of intermediate transformation and
lower. It should be noted that the metal of low-alloy
welds is not typical of the formation of carbides di-
rectly from austenite due to decreased temperatures
of proceeding the austenite decomposition and low
content of carbon. In this case the energetically more
favourable process of enrichment of residual austenite
with carbon is realized more intensively, which does
not require such distinct differentiation of the men-
tioned element as in case of carbide precipitation. To
prevent this process in weld metal, the content of
those alloying elements which can intensify the
liquation of carbon, for example silicon, should be
minimized.

To check this assumption, the content of alloying
elements in ferrite of different forms was determined
(Table 3). Analysis of results obtained showed that
the content of silicon and molybdenum in MF is higher
than in PF or AF.

Silicon, decreasing the thermodynamic activity of
iron, promotes the more intensive enrichment of local
volumes of austenite with carbon. Coming from this,
the silicon content in weld metal with ULCC should
be reduced to minimum, to the level of not less than
0.3 wt.%, that will contribute to the suppression of
the process of non-uniform distribution of carbon in
solid solution and decelerate the process of formation
of PF and MF.

Separate effect of MF on strength and ductile
properties was not studied as its content in metal of
welds is very negligible. Taking into account that
with increase of a size of constituents of microstruc-
ture the characteristics of strength and toughness are
decreased (Zinger’s equation), we shall come to the
following conclusion: MF is, probably, undesirable
element of structure and can be the cause of instability
of properties of low-carbon steels at low temperatures.

Coming from the fact that MF is enriched with
silicon and molybdenum (see Table 3) it can be as-
sumed that this form of microstructure was formed
in the high-temperature zone of curve of austenite
decomposition directly after the PF formation. How-
ever, this problem requires the further study.

Let us dwell separately on the peculiarities of
MAC-phase formation in steels with ULCC.

For this purpose, special metallographic examina-
tions of structure of metal in strictly fixed places of
samples of weld metal with two levels of carbon con-
tent, 0.025 and 0.037 wt.%, were made. Here, the

regions of MAC-phase with ordered and disordered
second phase were selected (Figure 4).

The prepared samples were subjected to a succes-
sive etching in nithal firstly for revealing the secon-
dary structure, and then in sodium picrate after the
mechanical repolishing for revealing the MAC-phase.
Analysis of microstructure was made by the compari-
son of images obtained. It showed that topography
of distribution of MAC-phase in structure remains
similar independently of carbon content in weld met-
al.

In structure with the ordered second phase the
MAC-phase is located mainly in crystallographic
planes of ferrite. However, the decreased content and
higher dispersity of its component is typical of metal
with ULCC. Its laminas, forming the oriented struc-
ture of ferrite with ordered second phase, are located
at some distance from each other which is determined,
probably, by the temperature of transformation. The
obtained images allowed us to state that the thickness
of elongated precipitations of MAC-phase is 1-- 3 µm.

Figure 5. Microstructure of low-alloy (a) and with ULCC (b)
weld metal with MAC-phase (×1000)
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MAC-phase in the structure with disordered sec-
ond phase is located chaotically among the interlaced
laminas of ferrite. Many precipitations of MAC-phase
are blocked in microvolumes between the ferrite lami-
nas having different orientation (Figure 5). More-
over, it was noted that the more narrow the ferrite
laminas the thicker interlaminar precipitations of
MAC-phase.

It is known that the thickness of ferrite laminas
with different orientation depends on temperature and
degree of austenite overcooling in weld metal, that
defines the change in a shape of precipitating MAC-
phase, i.e. from large (elongated) laminas to round
particles, at decrease of temperature of residual
austenite decomposition. These are the factors that
defined the scattering in sizes and shapes of MAC-
phase, precipitating in weld metal with ULCC and
ordinary content of carbon (see Figure 5).

In connection with the fact that AF and MAC-
phase are formed in places with the highest content
of carbon in lower temperature region of intermediate
transformation, we have made an assumption that
interrelation may exist between the content of these
two structural constituents of weld metal. It was ob-
served in comparison of obtained secondary micro-
structure with a nature of MAC-phase distribution
that its formation can occur in weld with ULCC with-
out AF formation. Nevertheless, it is the latter that
accompanies the MAC-phase formation in metal of
many welds. It was found in conductance of investi-
gations that the increase in AF content in structure
of weld metal with ULCC is accompanied by the
increase in amount of MAC-phase (Figure 6). The
results obtained were checked on steel 10XSND
welded joints, made with a low-alloy wire of a pear-
litic class, alloyed with nickel, manganese, molybde-
num, and also with wire Sv-04N3GTA under the ag-
glomerated flux, into which aluminium and titanium
were added additionally.

CONCLUSIONS

1. Main morphological forms of ferrite, forming in
weld metal with ULCC, are defined.

2. Unlike the low-carbon weld metal, two more
massive intragrain and near-boundary forms of ferrite,
which have in definite cases either dendritic or dis-
orientated form, are contained additionally in metal
structure with ULCC.

3. Massive laminar formations, growing normal to
the boundary of grains, can be referred to Widman-
statten type, though their appearance is differed from
that of classic type.

4. To prevent the lamination of solid solution of
austenite in carbon and deceleration of process of PF
formation the content of silicon in weld metal with
ULCC should be reduced to the level of lower than
0.3 wt.%, and the selected system of weld alloying
should contribute to shifting the austenite decompo-
sition to the region of intermediate transformations
and lower. Owing to the latter it is possible to provide
the maximum possible volume share of AF in the weld
metal and to reduce the share of PF to minimum.
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ESTIMATION OF FORCES AFFECTING
THE SPRAY METAL IN ELECTRIC ARC METALLISING

Yu.S. KOROBOV
The Urals State Technical University, Ekaterinburg, Russian Federation

Causes of difficulties underlying formation of a concentrated flow of spray material in electric arc metallising are
considered. It is assumed that detachment of a large-diameter drop from the electrode tip under the effect of gas-dynamic
pressure and its tear into smaller droplets under the impact of electromagnetic and gas-dynamic forces occur simultaneously
in the arc. As shown by the estimations performed, forces of an electromagnetic nature have a magnitude similar to that
of the aerodynamic ones. However, they differ in direction. Their level and direction satisfactorily explain the possibility
of formation of fine droplets. In addition, the calculation data show that designing of a nozzle assembly of the electric
arc metallising unit requires that special measures be taken to prevent scatter of droplets from the jet axis.

K e y w o r d s :  electric arc metallising, spray material, finely
dispersed components, gas-dynamic pressure, electromagnetic
forces

Despite the fact that costs incurred in deposition of
coatings by the electric arc metallising (EAM)
method are 3--10 times as low as those characteristic
of other thermal spraying methods [1], progress in
this area is hindered by difficulties in forming a con-
centrated flow of a spray material. In turn, this leads
to decrease in the material utilisation factor and qual-
ity of a coating. To reveal causes of the above prob-
lems, consider processes occurring in the arc zone dur-
ing EAM (Figure 1).

It is concluded in studies [2, 3] that the dominant
force among the forces that affect molten metal during
the EAM process is the gas-dynamic one. Noted also
is the effect of the electromagnetic forces, although
with no estimation. Tear of droplets detached from
the electrode tips into smaller ones is attributed to
their secondary gas-dynamic splitting in flight. Cal-
culations based on the diagram of critical size of the
droplets, according to which the tearing forces are
higher than the surface tension force, are made from

the critical Weber number using the relationships of
surface tension and relative velocities of gas and drop-
lets characteristic of EAM. As shown by analysis of
literature data [2, 4, 5] and our experimental results
[6], the droplets detached from the electrode tips have
weight similar to that of the droplets (for steel) with
a diameter of 500--800 µm at a detachment interval
of (5--8)⋅10--4 s. At a working distance, their diameter
is equal to 10--300 µm. The content of the droplets
with a diameter of less than 140 µm in a jet is 60--
80 wt.%. These data disagree with those for calculated
critical diameters dcr of the droplets in EAM [3]
(Al ---- 80, Zn ---- 72, Fe ---- 156, Ni ---- 180 and Cu ----
118 µm), according to which no finely dispersed drop-
lets with a diameter of 156 µm can be formed, e.g.
for iron.

To explain formation of a finely dispersed compo-
nent of the droplets, in collaboration with V.N. Bo-
ronenkov [6] we suggested the mechanism of forma-
tion of the droplets in the arc zone, other than that
put forward in studies [2, 3]. It is assumed that de-
tachment of a large-diameter drop from the electrode
tip under the effect of gas-dynamic pressure and its
tear into smaller droplets under the impact of elec-
tromagnetic and gas-dynamic forces occur simultane-
ously in the arc.

The following flow diagram is suggested for oc-
currence of this process (Figure 2). Affected by the
gas-dynamic pressure, the molten metal is blown off
from the electrode tip. With this it extends into a
flat jet, i.e. tongue, held at the tip by the surface

Figure 1. Flow diagram of the electric arc metallising process: 1 ----
wires; 2 ---- nozzle; 3 ---- gas jet; 4 ---- arc; 5 ---- molten particles

© Yu.S. KOROBOV, 2004

Figure 2. Diagram of detachment of droplets from the electrode
tip in EAM: 1 ---- electrode; 2 ---- liquid interlayer; 3 ---- tongue;
4 ---- arc; 5 ---- droplets
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tension forces. In accordance with the classical dia-
gram by V.G. Levich [7], tear of the molten metal jet
by the gas flow occurs in the neckings formed under
the effect of gas pressure gradients in the zones of local
disturbances. The current flowing through the tongue
and the electric arc supplement this mechanism with
the other, stronger mechanism of fracture of bridges [8].
Release of the Joulean heat in the neckings is more
intensive than in the other regions of the conductor due
to increased ohmic resistance. Therefore, metal and gas
near the bridges are heated to higher temperatures. The
combined processes of boiling of the molten metal and
impact expansion of gas near the neckings result in
further fracture of the jet.

In addition, electromagnetic forces are formed in
the arc zone as a result of interaction of the current
and induction flows. Studies [9, 10] describe inter-
action between the molten metal and electric arc for
the case of arc welding (AW). However, this descrip-
tion is inapplicable to EAM, as the latter is charac-
terised by the presence of a high-velocity gas flow
and a special relative location of the cathode and
anode, which dramatically changes parameters of the
processes at the electrode tips. In particular, in EAM
the size of the droplets is smaller and time of their
detachment from the electrode tips is shorter by 1--2
orders of magnitude, compared with AW, and the
direction and level of impact of the gas flow on the
electric arc change. In AW the gas flow is directed
along the electrode axis, whereas in EAM directions
of the gas flow and electrode axes form an angle of
15--30°. The mean mass flow of gas in EAM is higher
by a factor of 100. The inclined relative location of
electrodes causes a sort of interaction of the magnetic
and electric fields of the current flow.

Consider the effect of electromagnetic forces in
the arc zone. Diagram of movement of the arc blown
about by a transverse gas flow in a gap between the
electrodes, as suggested in study [11], is confirmed
by the data of high-speed filming. According to this
diagram, where the transverse gas flow affects the
arc, the arc column retains its cylindrical shape, while
the plasma flows attached to the reference spots are
blown off under the combined effect of the Ampere
force and gas-dynamic pressure.

However, in the case of EAM, correctness of the
assumption that the arc column has a cylindrical shape
and its axis is normal to the electrode tips requires
an additional estimation because of a high velocity of
the gas jet blowing about the electrode tips. Calculate
velocities of the arc and gas-plasma flows blowing
about it.

The arc column is contracted due to the pinch
effect, i.e. interaction of the current flowing in the
column with its natural magnetic field. This results
in a longitudinal pressure gradient. In turn, it induces
the plasma flows from the regions of the reduced
section. According to the Bernoulli law, for this case
the maximal velocity of plasma in a flow can be de-
termined from the equation given in [11]:

vpl = √(µIj)/(2πρg) , (1)

where µ is the magnetic permeability of a medium cor-
responding to vacuum, H/m; I = πr2j is the arc current,
A; j is the current density, A/m2; ρg is the gas density,
kg/m3; and r is the arc column radius, m.

If we assume that radius of the arc column is equal
to that of the electrode, for typical conditions (I =
= 200 A) this will correspond to j = 6.4⋅107 A/m2.
According to equation (1), velocity of the plasma
flow, vpl, under the above conditions is 140 m/s.
These calculation results are close to the experimental
data obtained from the filmograms of movement of
the probe droplet [10]. This value of vpl is in a range
between the velocity of the plasma flow in the arc
column in AW (vpl = 78 m/s, where j = 2⋅107 A/m2

[9]) and that of the plasma flow in a plasmatron
(vpl = 393 m/s, where j = 5⋅108 A/m2 [12]).

Velocity of the arc in a gap between the electrodes
can be estimated from the frequency of detachments
of droplets, this following from the physical notion
of the mechanism of arc formation between the elec-
trode tips. First the arc shunting takes place in a
region that is most favourable in terms of energy, i.e.
at the internal edges of the tips. Then the arc moves
to the leading edges of the tips. Here the arc column
bends and its length increases. The difference of po-
tentials between the cathode and anode remaining
unchanged, this leads to extinction of the arc. Then
the process again begins with the arc shunting at the
internal edges. At an electrode diameter of 2 mm, its
angle of inclination to the central axis equal to 15°
and a characteristic detachment interval of 5.7⋅10--4 s,
velocity of the arc column is

va.c = 2⋅10--3/(sin15°⋅5.7⋅10--4) ≈ 12 [m/s]. (2)

Velocity of gas in a gap between the electrodes is
determined from thickness of a molten interlayer
blown off by the gas flow from the electrode tip.
Dependence of thickness of the viscous layer, δ, car-
ried away by the gas flow upon the velocity of gas
and properties of the molten metal [7] was derived
from the Newton equation for a case of flow of thin
films of fluids:

δ = (σν/ρpvg
3)0.5, (3)

where ρp, σ and ν are the density (kg/m3), surface
tension (J/m2) and kinematic viscosity (m2/s) of
molten metal; and vg is the velocity of gas in a gap
at the external boundary of the interface layer (m/s).
Express the velocity of gas in the gap through expres-
sion (3):

vg = (σν/ρpδ2)1/3. (4)

It is assumed in the calculations that σ = 1.5 J/m2

[13] for molten metal temperature T = 2500 K.
Thickness of the interlayer carried away by the

gas flow is estimated from the condition of equality
of volume of the detached interlayer and that of the
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droplet, according to the data of oscillography of de-
tachment of droplets in EAM [2, 4]. For a charac-
teristic detachment interval of 5.74⋅10--4 s, the mass
of a droplet, m, is 6.4⋅10--7 kg. If we assume that
thickness of the detached interlayer is uniform over
the electrode tip, it will be equal to

δ = m/(ρpSs) = 6.4⋅10--6  [m], (5)

where Ss is the surface area of the electrode tip, m2.
Calculation of the velocity of gas in the gap from
equation (4) yields vg ~ 1.5 m/s.

To evaluate correctness of the calculation, compare
thickness of the detached liquid interlayer with that
of the molten metal layer at the electrode tip. For
this, use the following form of the equation of heat
balance of an electrode:

Qe = Qc + Qsp -- Qcon, (6)

where Qe is the total heat received by the electrode;
Qc is the heat released in the electrode due to the
current flow; Qsp is the heat released due to active
spots of the electric arc; and Qcon are the convective
heat losses. Expand this equation as follows:

cγvf 
dT
dL

 = j2ρ + 
cγvf(Td -- T)

L -- Lx
 exp (-- cγvf(L -- Lx)/λ) --

-- 4αtr(T -- Tg)/d,
(7)

where ρ is the specific electrical resistance, Ohm⋅m;
γ is the density of the solid electrode material, kg/m3;
vf is the wire feed speed, m/s; L is the electrode
extension, m; Lx is the current value of the electrode
extension, m; T and Td are the temperatures of the
droplet (current value and at the electrode tip, re-
spectively), K; Tg is the gas temperature, K; λ is the
coefficient of thermal conductivity of the metal drop-
let, W/(m⋅K); αtr is the coefficient of surface heat
transfer calculated from the Nusselt number,
W/(m2⋅K); and d is the electrode diameter, m.

Heating of the electrode from active spots of the
arc, Qsp (due to rapid heat input) was calculated
using the equation of propagation of heat from a con-
tinuous-action flat source in a rod, which moves at a
constant speed. Temperature dependencies of specific
electrical resistance ρ and specific metal heat c were
approximated by equations of the form of y = a1T2 +
+ a2T + a3, according to studies [14, 15].

As shown by numerical calculations from equation
(7), made for the input data typical for EAM, thick-
ness of the liquid interlayer at the tip is 11⋅10--6 m.
An additional calculation of thickness of the molten
metal layer was made for the same input data. This
calculation was made in accordance with solution of
the problem of melting of a cold body having a limited
size with a continuous removal of the formed melt,
allowing for the enthalpy of melting [16]. The result-
ing thickness of the molten metal layer is 7.6⋅10--6 m.
Relationship of this value according to both calcula-
tions and thickness of the liquid interlayer corre-
sponds to the qualitative picture of the process, where

part of the molten metal layer is blown off by the gas
flow.

The calculation results on the velocities of the arc
column, as well as gas and plasma flows in the gap
between the electrode tips are given in Table 1. As
follows from the Table, velocity of the transportation
gas flow is low compared with that of plasma in the
arc and column in the gap. Therefore, it can be con-
cluded that the arc column most probably has the
cylindrical shape with an axis normal to the gas flow,
and its movement occurs mainly due to the electro-
magnetic forces.

Estimate the level and direction of forces affecting
the necking in the tongue detaching from the electrode
tip. If we assume that the mutual pressure of metal
vapours from both tips is balanced, it seems to be
affected by the following forces (Figure 3):

• Fa.r (aerodynamic resistance);
• Ff (pressure at the shock wave front in explo-

sion-like expansion of metal vapours and gas near the
necking);

• Ampere force F1 (interaction of the magnetic
field of the electrode extension and current in the
necking);

• Ampere force F2 (pinch effect);
• Ampere force F3 (interaction of the magnetic

field of the arc column and current in the necking).
The force of aerodynamic resistance, Fa.r, can be

calculated as follows:

Fa.r = 0.5Ca.r Sρg(vg -- vp)
2, (8)

where Ca.r is the coefficient of aerodynamic resistance;
S = πdb

2/4 is the surface of the midlength section,
m2; vg and vp are, respectively, the velocities of gas
and particles, m/s; and db is the bridge diameter, m.

Figure 3. Schematic of forces in the arc zone: 1 ---- electrode; 2 ----
arc column

Table 1. Velocities in the gap

Velocity Calculation
equation

Value, m/s

vpl (plasma flowing about the arc
column)

(1) 140

va.c (arc column moving over the tips) (2) 12

vg (transportation gas in the gap) (4) 1.5
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The value of Ff due to the pressure at the shock
wave front, Pf, on the surface of the necking with
radius rn and length ∆h is

Ff = Pf2πrn∆h. (9)

According to the mechanism of tear of the tongue,
as we suggested, the current flowing through the neck-
ings dramatically enhances the heat released in them,
which is caused by an increased ohmic resistance. This
initiates tear of the tongue in the neckings and, hence,
formation of microacrs in the tear regions, thus lead-
ing to an explosion-like expansion of metal vapours
and gas. The expansion of gas causes a dramatic in-
crease in its volume and propagation of a shock wave,
accompanied by the energy release. Pressure at the
shock wave front can be expressed through the fol-
lowing relationship [17]:

Pf = 
2γg

0

κ + 1
vfr

2 , (10)

where γg
0 is the initial density of gas, kg/m3; κ is the

adiabatic constant; and vfr is the velocity of the front
of an expanding gas, m/s.

Velocity vfr can be estimated from the equality of
forces of the gas-dynamic pressure and capillary pres-
sure in the bridge preventing its fracture [8]:

vfr = √16Ca.rσ
dbγg

 = 1520  [m/s]. (11)

Diameter of the bridge, db, is assumed to be equal
to thickness of the blown off layer, δ, as estimated
from equation (5).

In addition to the gas-dynamic forces, the bridge
is affected also by the electromagnetic forces caused
by the current flowing through the tongue and elec-

trodes. Three main directions can be distinguished in
the current flow relative to the axis of the gas flow
(Figure 3):

• current flow along the electrode extension with
length L at angle α;

• current flow over the molten metal layer;
• current flow along the arc column with length

x.
Magnetic induction B1 of the electrode extension

at the central point of necking, A, can be calculated
from the equation of the magnetic field of a straight-
line conductor [13]:

B1 = 
µI

4πr1
 (cos ϕ2 -- cos ϕ1). (12)

According to the diagram shown in Figure 4, r1 is
the shortest distance from point A to the electrode
axis; and ϕ1 and ϕ2 are the angles between the vector
of current density in the conductor and radius vectors
drawn to point A from the beginning and end of the
conductor, respectively. Angles ϕ1 and ϕ2 are deter-
mined by the angle of inclination of the electrode, α:

cos ϕ1 = cos(180 -- α) = --cos α;  r1 = h sin α; (13)

cos ϕ2 = L + h cos α/√(h sin α)2 + (L + h cos α)2 , (14)

where h = de/2sin α + h1.
The necking ∆h long is affected by force F1 induced

by interaction of the magnetic field (induction B1)
and current flowing through the necking:

F1 = IB1∆h. (15)

Local reduction of the conductor in the necking
results in formation of force F2 induced by the pinch
effect. The pinch effect is caused by interaction of the
current flow and magnetic field (induction B2):

F2 = µI2ln(rñ/rn)/4π. (16)

In analogy with equation (12), the numerical
value of magnetic induction B3 at point A is

B3 = µI(cos ω2 -- cos ω1)/(4πr2) =

= µI(1 -- x/h2)/4πh2,
(17)

where ω2 = 90°, according to the assumption that the
arc column is normal to axis of the gas flow. Inter-
action of the magnetic field of the arc column with
current in the necking yields force F3:

F3 = IB3∆h. (18)

Results of the calculations of forces blowing off
droplets from the electrode tips are given in Table 2.

The following assumptions were made in the cal-
culations. The tongue is split into identical droplets
with a diameter of 100⋅10--6 m, thickness of the tongue
is 7⋅10--6 m; µ = 4⋅107 H/m; vg = 300 m/s; and ∆h =
= 1⋅10--6 m.

The calculation results given in Table 2 are of an
estimation character, which is attributable to shortage

Figure 4. Diagram for the calculation of electromagnetic forces in
the arc zone

Table 2. Calculation of forces in the arc zone affecting the mol-
ten metal

Force Equation
Value,
⋅105 N

Fa.r (aerodynamic resistance) (8) 7.1

Ff (shock wave pressure) (9) 5.6

Ampere force F1 (electrode extension
magnetic field -- current in necking)

(15) 5.2

Ampere force F2 (pinch effect) (16) 9.4

Ampere force F3 (arc column magnetic
field -- current in necking)

(18) 0.03
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of the experimental data. Nevertheless, the calcula-
tions show that forces of the electromagnetic nature
are of the same magnitude as the aerodynamic force,
but differ in direction from the desirable one for move-
ment of the droplets. Therefore, our assumption of
the probability of tear of the droplets in the arc zone
under the effect of not only the aerodynamic but also
electrodynamic forces is valid to a sufficient degree.

CONCLUSIONS

1. The level and direction of forces in the arc zone
provide a satisfactory explanation to the possibility
of producing small-diameter droplets.

2. Designing of the nozzle assembly of the electric
arc metallising unit requires that special measures be
taken to prevent scatter of the droplets from the jet
axis.
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SPECIFICS OF ARC SPOT
SHIELDED-GAS WELDING PROCESSES

(REVIEW)

N.M. VOROPAJ
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Peculiarities of processes of arc spot consumable and non-consumable electrode welding of carbon and alloyed steels,
non-ferrous metals and alloys are considered. Parameters of welding in active and inert gases and also the mechanical
properties of overlap joints made by the given method are presented. Prospects of development of arc spot welding
technology are outlined.

K e y w o r d s :  arc welding, consumable electrode, pulsed-arc
welding, non-consumable electrode, spot welded joints, CO2, ar-
gon, mixture of gases, synergic control, welding technology

Arc welding in shielding gases has found the wide
spreading in manufacture of structures from carbon
and alloyed steels, non-ferrous metals and alloys [1].
Important trends for the further improvement of the
arc welding are the programming of electrode wire
feed speed by the laws providing a forced transfer of
drops [2, 3]; separate feeding of current pulses to two
electrodes isolated one from another [4, 5]; pulsed-arc
welding with a synergic control of condition parame-
ters [6], and also hybrid technologies of plasma and
arc welding [7]. The latter include five processes:
plasma-MIG, plasma-TIG, welding with opposite arc
and plasma, welding with heteropolar current pulses
and plasma-arc «Hydra-process».

Undoubted advantage of the shielded-gas arc
welding is the feasibility to produce the quality over-
lap joints welded by separate spots (rivet welds) [1,
8]. The main types, design elements and sizes of spot
welded joints from different metals and alloys are
regulated by GOST 14776--80 [9]. In this case the
following terminology and designation of welding
processes are accepted: with consumable electrode in
CO2, with consumable electrode in inert gas, with
non-consumable electrode in inert gas, with forced
formation, on a removal backing and with a forced
penetration. Information about automatic arc spot
welding, procedures of stud welding and spot hard-
facing are generalized in work [8].

The experimental data gained about the electric
and heat characteristics of arcs allowed us to use the
calculation methods for determination of optimum
conditions of arc spot welding, which give a desired
shape and sizes of the penetration zone and the most
favourable thermal cycle. The insufficient heating of
parent metal leads to lack of penetration, abruptly
reducing the strength of the welded joint. Excessive
heating causes the through penetration of the product,
and also noticeable phase and structural changes in
weld metal and HAZ.

To study the dependence of change in penetration
shape on the spot welding conditions, the calculation
graphs of penetration depth h depending on arc power
q and duration of welding tw of sheets of various
thickness were constructed [8]. In the period of heat
saturation the depth of penetration is proportional to
the amount of heat, generated in the product, i.e. q
and tw. At welding time of less than 2 s the depth of
penetration is changed negligibly.

The expediency of CO2 use as a shielding gas in
arc spot welding of steel metal structures was
grounded in work [10]. In the opinion of authors, the
advantages of this method over the submerged arc
welding consist in a larger depth of penetration of
rivet welds, low susceptibility to rust and absence of
inconveniences connected with flux and slag feeding
and cleaning. The best results were obtained in CO2
welding with wire Sv-10GS of 1.6--2.0 mm diameter.
The favourable formation of heads of rivets was at-
tained in welding under the voltage, being higher
than that in conventional process of CO2 welding
(Table 1). With increase in arc voltage a pimple is
formed in the center of deposit, while with decrease
in arc voltage a depression is formed.

Analysis of published works shows that optimum
is the shape of rivet welds which have the larger
penetration depth h and smaller height of convexity
g at preset diameters (upper D and lower d) (Fi-
gure 1). Coefficient of penetration shape kp is equal
to the ratio of penetration depth to head diameter (kp
= h/D), while the coefficient of head shape is ksh =
= g/D. It was found that using the joint with rivets
it is necessary to have a high coefficient of penetration
shape and a low coefficient of head shape. In arc spot
welding in CO2 the rivets have the more favourable
shape as compared with those in submerged arc weld-
ing. Strength properties of joints made in CO2 are
not inferior to those made by submerged arc welding.

In arc spot CO2 welding of thin metal by electrode
wire of 0.8--1.0 mm diameter the quality of rivet welds
are defined by the stability of arc exciting [11]. The
latter is improved with decrease in electrode stickout,
increase in current density and rate of its increment
at the short-circuit moment. Optimum conditions of© N.M. VOROPAJ, 2004
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welding metal of 0.5--1.5 mm thickness provide a sta-
ble arc burning, minimum spattering of electrode met-
al and good weld formation. Sufficient penetration
of the lower sheet is attained in the presence of hole
in the upper sheet. The arc discharge is energized
usually at a continuous electrode feeding to the prod-
uct without the wire reverse or preliminary short-cir-
cuiting of the electrode.

Rivet welding is performed in all spatial positions.
Electrode wire of 0.8--1.2 mm diameter is used for
welding at current up to 300 A, while that of 1.6--
2.0 mm diameter is used at current above 400 A. The
thickness of upper sheet welded in these cases reaches
5--6 mm. When the electrode wire of 3 --4 mm diameter
and programming of welding condition parameters
are used, the depth of penetration is increased up to
8--10 mm [12]. Cycle of arc spot welding is divided
conditionally into the following technological stages:

• heating of surface of parts being welded in site
of making spot weld;

• burn-through of upper part and penetration of
lower part;

• welding-up of spot weld with filling of hole with
a molten electrode metal;

• welding-up of spot weld crater providing excel-
lent appearance of the welded joint.

The duration of each stage influences the quality
and sizes of spot welds. If to weld-up the crater not
for one stage, but for two stages, then the structure
and appearance of welds is improved owing to the
repeated heating. On this basis, a twin-electrode auto-
matic machine A-1731, designed for welding sheets
up to 6 mm thickness with spot welds to the bases of
different flat structures, has been created. The auto-
matic machine provides the pressing of parts and can
be remote controlled.

In work [13] the resistance to corrosion fatigue of
overlap joints. made by a resistance spot welding,
using the automatic CO2 welding with continuous
welds and arc spot CO2 welding, was determined. It
was shown experimentally that joints produced by a
bicycle arc spot CO2 welding are characterized by the
highest resistance against the corrosion fatigue. This
method of welding is recommended for manufacture

of components of railway cars and other panel struc-
tures.

Welding head for simultaneous CO2 welding of
two spots has been designed [14]. The distance be-
tween both torches is changed from 15 to 90 mm. The
head is designed for welding products made from sheet
material and from bars.

The experience of industrial application of arc spot
welding showed that holes with a conical reaming are
drilled for the thick upper sheets. The unique method
of rivet welding was suggested in work [15]. Both
stages of welding (penetration of sheets and crater
filling) are proceeding automatically by the preset
parameters. Rivet head is formed in a copper ring
whose height defines the head reinforcement height.
Thickness of metal welded reaches 30 mm.

The method of arc spot welding with consumable
electrode in argon was used for aluminium alloys, not
subjected to heat hardening [16]. The main obstacle
in welding of aluminium alloys is the maintaining of
weld pool metal from flowing out in case of a single-
side access to the site of joint. To prevent the metal
flowing out, it is necessary to limit strictly the time
of arc burning. Finally, the strength of samples of
overlap joints is defined by the cross-section area of
spots in the zone of two sheets fusion.

At similar sizes of weld spots the strength depends
also on the thickness of parts welded. In the process
of welding heat-hardened alloys (for example, alloy
VAD-1) the formation of crystalline cracks, causing
the low strength of welded joints, is possible in rivet
metal. In the near-weld zone of weld spots the struc-
ture of metal is not almost violated. With increase in

Figure 1. Scheme of a spot welded joint

Table 1. CO2 welding conditions and sizes of rivet welds

Thickness of
metal welded,

mm

Welding condition Sizes of rivet welds

Electrode wire
diameter, mm

Welding
current, A

Arc voltage, V
Time of

welding, s
Diameter of
head, mm

Height of
convexity, mm

Depth of
penetration, mm

2 + 2 1.6 220 27--30 0.5 13.0 2.0 2.5

3 + 3 1.6 260 30--32 0.5 14.5 1.5 4.0

5 + 5 2.0 300 32--34 1.5 16.5 1.3 2.3

≥ 6 2.0 450 35--37 1.5 23.0 2.0 6.0
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time of welding above 3 s a fine porosity was observed
in the deposited metal. The decrease in welding time
leads to the weld weakening, formation of disconti-
nuities and porosity in a central part of the weld spots.
Preliminary preparation of surface of parent metal
and welding wire influence greatly the occurrence of
these defects.

Arc spot welding with consumable electrode in
argon and helium was performed for high-strength
aluminium alloys of Al--Zn--Mg system [17]. Positive
results were obtained only in use of the electrode wire
of Sv-AK5, Sv-AMg5 grades. In non-consumable elec-
trode welding the pores, hot cracks and unwelded
craters of welds were observed.

In case of the consumable electrode welding the
intensity of formation of these defects is lower and
depends on condition parameters (welding current,
arc voltage, consumption of shielding gas). With in-
crease in current the depth of penetration is increased.
At the same time the spot diameter is little changed.

The increase in arc voltage leads to the increase
in spot diameter and to some decrease in depth of
penetration. It was noted that the pores and hot cracks
are observed more often in argon than in mixture of
Ar + 70 % He or in mixture of Ar + 0.1 % N2.

Specialized equipment for arc spot welding has
been developed on the base of equipment for the
mechanized consumable electrode welding [18]. It
consists of a welding rectifier with a flat charac-
teristic, a device for welding process control and a
torch with special nozzles. The latter are used of two
types: without and with water cooling.

The control diagram provides the preliminary sup-
ply of shielding gas and wire feeding, control of weld-
ing time and disconnection of wire feeding without
nozzle fusion. Shielding gas is pure argon or mixture
Ar + 1 % O2 and Ar + 2 % CO2. Welding in mixtures
is performed at direct current (straight polarity) with-
out drilling holes in the upper sheet. In CO2 welding
(reverse polarity) hole of 6--8 mm diameter is drilled

in the upper sheet. Overlap spot welds are made on
steels and aluminium alloys of about 3 mm thickness.

Technology of consumable electrode rivet welding
of linings, made from alloy AMg6, to frameworks,
made from pressed or stamped shaped sections, has
been developed by the Rostov Institute of Agricultural
Machine-Building, Russia [8]. Welding is performed
by the electrode wire of Sv-AMg6 grade of 2 mm
diameter in argon. A through penetration of elements
welded was envisaged. Diameter of rivet head was
20--22 mm, height of convexity was about 2 mm. The
head surface is smooth with a small shrinkage cavity
in the center. Typical conditions of welding metal of
thickness (1.2 + 3.5) mm was the following: welding
current ---- 160 A; arc voltage ---- 22 V; welding
time ---- 2 s.

Rivet welding was used for lining of refrigerator
chambers with stainless steel. The following condi-
tions for sheets of (1.8 + 2.8) mm thickness were
recommended: wire diameter ---- 1.2 mm; welding cur-
rent ---- 220 A; arc voltage ---- 28 V; welding time ----
2.4 s.

Specifics of a pulsed-arc spot welding with con-
sumable electrode in argon and helium, and also the
properties of produced overlap joints from aluminium
alloys of AMg6 and AD-33 grades were studied in
work [19]. The preliminary drilling of holes in upper
sheets provides the guaranteed penetration of the
lower sheet and decrease in convexity of spot weld,
significant increase in weld spot nugget and 20 %
decrease in heat input to the parent metal.

The maximum effect was attained at a relatively
high current and minimum time of welding. The spot
welding was performed from power source «Fronius
TPS-450», equipped with a special torch with a tip,
providing a constant distance between the torch nozzle
and upper sheet. Thickness of metal welded was 1.8
and 3.8 mm; diameter of wire Sv-AMg6 was 1.2 and
1.6 mm.

Frequency of pulses was 90--240 Hz, duration of
current pulses was 2.5--3.5 ms. Replacement of argon
by helium leads to 20--40 % increase in spot nugget
diameter and 1.5--2 times increase in the metal pene-
tration depth.

The comprehensive information about the technol-
ogy of arc spot non-consumable electrode welding of
alloyed steels is given in work [20]. Equipment for
realization of this process consists of DC power source,
controller of welding time and riveting device. The
process can be applied to carbon, medium-alloy and
stainless steels. Negative results were obtained in use
of heat-resistant steels, copper and its alloys.

The quality of welded joints was improved by
using a system of current reduction at the completion
of spot weld formation. In case of the presence of a
gap between the mating surfaces of parts the lower
sheet is heated to a lower degree as compared to the
upper sheet.

Similar peculiarities of arc spot non-consumable
electrode welding were observed in use of Ar + He

Figure 2. Schemes of cross-sections of nozzles for arc spot non-con-
sumable electrode welding: a ---- standard; b ---- angular; c ---- with
decreased diameter; d ---- with a control of a weld spot location
from upper sheet edge; e ---- the same, but providing the pressing
of upper sheet; f ---- tack welding of pipes located parallel
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mixture as a shielding gas [21]. Six varieties of nozzles
for arc spot non-consumable electrode welding were
studied (Figure 2). The sequence of welding opera-
tions in this case was as follows:

• a riveting device with an appropriate nozzle con-
tacts the part welded;

• when pressing the button «Start» the tungsten
electrode is fed to the product;

• the arc is excited and electrode is lifted upwards;
• welding is performed during 1--5 s.
Increase in welding duration promotes the increase

in weld width (Table 2). Replacement of argon by
helium leads to the increase in depth of penetration
and decrease in weld width. The consumption of
shielding gas has a little influence on the weld sizes.
Strength characteristics of weld spots on killed and
rimmed steels are little differed from each other. Di-
ameter of weld spot from reverse side is not indicative
for determination of the joint strength.

Formation of welds in the process of arc spot non-
consumable electrode welding of aluminium alloys
was studied at variation of current, composition of
activating paste and shielding gas [22]. Current cycle
consisted of heating, penetration and welding-up of
crater. At the stage of heating the current of arc in
helium was increased at a rate of 200--500 A/s and
1.5--2.0 mm arc length. The further penetration was
performed by a short arc at unchanged current. Crater
was welded-up at decreased current with a simulta-
neous elongation of arc. Paste, based on chlorine and
fluoride salts of alkali metals, shifted the arc from
the spot center to the periphery areas. Recommended
condition of welding alloy AMg6 is the following:
Iw = 180--210 A; tw = 3.5--4.5 s.

The quality joints of thin-sheet aluminium alloys
in arc spot welding in argon can be obtained by using
the variable-polarity square shape current [23]. In
this method of welding the oxide film is destroyed
over the entire surface of the cast nugget. The moment
of feeding the filler wire is coincided with the begin-
ning of crater welding-up. The arc length in heating
and melting of parent metal, the same as in the pre-
vious method, is 1.5--2.0 mm, while in crater weld-
ing-up it is 3--5 mm. The frequency of variable-polar-
ity current in heating and melting is 6--8 Hz. In weld-
ing-up of crater it was increased up to 25--40 Hz.

To determine the rate of non-consumable immer-
sion in arc spot welding, a probe, measuring the con-
ductivity in near-electrode region of welding torch
near the welding arc, is used [24].

Distance from the non-consumable electrode end
to the surface of pool and its sizes were found experi-
mentally. Programming of the cycle of arc spot weld-
ing using a probe provided a good weld formation
and high level of mechanical properties of welded
joints.

According to the article [25] it is possible to im-
prove the process of formation of butt and overlap
joints using a drop dosing of the filler metal. Detach-
ment of molten drop and its deposition on the parts

were realized in a forced way by increasing the rate
of shielding gas flow. To provide the stability of the
welding process the programmed change in arc current
was used. At the beginning of the cycle the current
of pilot arc was preset low and then it was increased
up to the operating value. The welding was performed
both without any backings and also on a removable
backing.

The positive results of single-sided arc spot non-
consumable electrode welding on thin-sheet stainless
steel SN-2 and titanium alloy OT4 were obtained in
work [26]. The joint is formed as a result of a through
penetration of the upper element by the arc burning
in argon during 0.2 s. Thickness of the upper sheet
was 0.4 mm, while that of the lower sheet was 0.6--
15.0 mm.

A specialized installation, designed for these pur-
poses, consisted of a casing, console, pneumatic cyl-
inder, slide and welding head. The removal of craters
in rivet weld was made by the second short-time pulse
of current whose duration was equal to the duration
of the first main pulse. All the cycle of the process
of mechanized two-pulse welding consisted of the fol-
lowing operations:

• compression of elements welded;
• system blowing with argon;
• feeding of main welding pulse;
• feeding of auxiliary pulse (crater welding-up);
• holding of argon feeding for metal cooling.
Value of welding current was selected coming from

the condition of obtaining required spot diameter and
degree of penetration of the lower sheet. Excessive
increase in current has led to the increase in diameter
of molten zone and decrease in life of the tungsten
electrode. In this case, a large shrinkage of spot metal
was observed, the craters in welds, circular cracks
and porosity appeared. It is typical that argon blowing
from the reverse side of metal welded is required in
welding of titanium alloy and stainless steel. With
increase in time of welding the diameter of penetration
zone is greatly increased, while the depth of penetra-
tion is little changed.

Table 2. Conditions of argon arc rivet welding of carbon and
stainless steels

Thickness of elements
welded, mm Welding

current, A
Time of arc
burning, s

Nugget
diameter,

mm
Upper Lower

0.5 0.5
2.0

40--50
50--60

0.5--0.8
1.0--1.3

3--4

0.8 0.8
2.0

80--90
100--120

1.5--1.8
1.7--2.0

4--5

1.2 1.2
2.0

110--120
130--150

1.7--2.0
2.0--2.5

5--6
6--7

2.0 2.0 190--210 4.0--5.0 8--9
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The Design Office of the E.O. Paton Electric
Welding Institute has offered a small-sized device for
electric arc spot welding of structures from steel and
aluminium sheets of 0.4--2.5 mm thickness using wire
of 0.8--1.2 mm diameter [27]. The single-sided weld-
ing is performed without preliminary drilling of sheets
in different spatial positions with a radius of service
up to 15 m. Duration of welding one spot is 0.8--4.0 s,
device mass with wire ---- 7 kg, power source ---- 3 kg.
Steel structures are welded in CO2, aluminium struc-
tures ---- in argon. Equipment is rational for arc spot
welding of frameworks, bodies, cabins and hangars.

Company «Krompton Parkinson» used rivet weld-
ing in manufacture of kitchen utensils [28]. To weld
on handles to the pots and pans, a specialized head
«Kromp-arc», power source with a rectifier and spe-
cialized assembly device are used.

Over the recent years a specialized welding instal-
lation PSW-500 for plasma spot welding was devel-
oped in Germany [29]. From the statement of authors
the installation has great advantages as compared with
the equipment for the resistance spot and laser weld-
ing. They consist in the lower cost of equipment and
feasibility of a single-sided access to product welded
(for example, to the pipe or hollow body). The plasma
torch is cooled by water. Filler wire is not fed to the
zone of welding. Welding is performed at direct cur-
rent (straight polarity).

The plasma arc melts the part by alternating pulses
of current. Special focusing of plasma makes it pos-
sible to decrease the HAZ. The installation is suitable
for welding carbon and alloyed steels, aluminium,
copper and their alloys of up to 2.5 mm thickness.
Welding can be performed manually, by automatic
machines and robots. Variant of welding in argon
with tungsten electrode with a conventional arc is
possible.

The experiments showed that the arc with tungsten
electrode can be applied for formation of 3--10 mm
diameter holes in upper sheets of up to 3--5 mm thick-
ness. Holes are burnt-through at currents up to 500 A.
After the sheet burning-through the arc is discon-
nected temporary and the weld pool molten metal is
blown out by a shielding gas jet. Gas jet smoothes
the hole walls.

The larger thickness of the upper sheet can be
melted out by a compressed plasma jet. In both cases
electrode wire of 1.2--1.6 mm diameter is fed to the
weld pool after the hole formation. At the end of the
cycle the welding current and the wire feed speed are
reduced to provide a good shape of rivet welds.

The least strength is characteristic of rivet welds
made by the tungsten electrode in argon without use
of the filler wire. A significant scatter of results of
mechanical tests had also the joints with an increased
gap between parts (above 0.2 mm). Stress concentra-
tion at the nugget edge leads to the formation of cold
cracks that decrease the fatigue resistance of welded
joints.

The arc spot welding is rational instead of a manual
riveting, welding with intermittent and plug welds.
Arc spot welding is most efficient in CO2 or in mixture
of Ar + CO2 with a preliminary formation of holes at
the upper plate using a plasma jet.

The further development of the arc spot welding
method is associated with the use of a hybrid tech-
nology, including the plasma and arc welding with
separate control of penetration of product and weld-
ing-up of crater. The most stable quality of welded
joints can be attained at synergic control of condition
parameters.

CONCLUSIONS

1. It was established that in arc spot consumable elec-
trode welding in active gases (CO2, Ar + CO2) the
quality overlap joints made from carbon and alloyed
steels of up to 5 mm thickness are produced as a result
of a through penetration of the upper sheet and sub-
sequent its fusion with a lower element. In case of
consumable and non-consumable electrode welding of
aluminium, copper, titanium and alloys on their base
the argon, helium or their mixtures are used as a
shielding gas. If the thickness of metal welded is more
than 5 mm, a hole, whose diameter exceeds the elec-
trode wire diameter by 3--8 mm, is drilled in the upper
sheet.

2. It is shown that the optimum parameters of
single or double pulses in arc spot welding (welding
current, arc voltage, electrode wire feed speed, time
of welding) should be pre-programmed depending on
grade and thickness of metal welded, diameter and
composition of electrode wire, consumption and com-
position of the shielding gas. The rivet welds, made
using electrode wire at minimum gaps between the
elements welded (0.1--0.2 mm), possess the highest
strength. To form the through holes in the upper and
lower sheet the arc with a tungsten electrode, com-
pressed by a plasma gas (for example, argon) can be
used.

3. The final aim of the developments of combined
and hybrid processes of arc spot welding is to widen
the technological capabilities of consumable and non-
consumable welding, to increase the efficiency of
welding and to improve the quality of welded joints.
The search for rational schemes of design of processes
of spot plasma-arc welding and equipment for their
realization should be connected with investigation of
physical peculiarities of welding arcs, combined with
plasma.
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USE OF WEB-TECHNOLOGIES
TO IMPROVE THE COMPETITIVENESS

OF UKRAINIAN ENGINEERING PLANTS

V.S. KOVALENKO and V.V. KOLPAKOV
Laser Technology Institute at NTUU «Kiev Polytechnic Institute»

Technical solutions intended to increase the competitiveness of engineering plants through reduction of the production time,
centralization of manufacturing and distribution of orders using web-technologies have been identified. Main principles of
development of a web-site as an acceptor of orders have been considered, and versions of software implementation of a
central server and acceptable versions of transfer, reception and performance of a product manufacturing order have been
analyzed by considering the example of the server of the Laser Technology Institute of the National Technical University
of Ukraine «Kiev Polytechnic Institute». The need to promptly set up a centralized web-structure to control orders of small
and medium-sized engineering plants of Ukraine for raising their foreign competitiveness is proved.

K e y w o r d s :  mechanical engineering, automation, laser
processing of materials, Internet, web-technologies, XML, Auto-
CAD, electronic commerce, network diagram

Change of the global management structure, princi-
ples of management and interaction of plants of the
engineering industry of Ukraine over the last decade
led to emergence of small and medium-sized plants,
competing with each other in the inner market. Their
emergence is due to disintegration of centralized man-
agement and disappearance of government contracts
for engineering products. The plants were left to their
own resources, and the newly established borders of
independent states have turned the former state co-
operation of the plants into a historic nonsense. In
the period of globalization of world economy disso-
ciation of gigantic engineering plants and almost com-
plete discontinuation of centralized funding affected
Ukraine’s position in the world rating of developed
countries. Actually all the leading mechanical engi-
neering industries ceased to be competitive.

Continuous efforts of a number of plants to pre-
serve foreign trade orders and obtain new ones can
be regarded as a definite asset. Timely reorientation
of part of the plants in shipbuilding and aircraft con-
struction to meet the demands of the word market
and comply with the continuing orders for replace-
ment of worn components in the already sold equip-
ment saved a significant number of engineering plants
from ruin. Nonetheless, any kind of leadership of local
industry in the world economy is out of the question.

Problem. Under globalization of the economy one
of the decisive factors for plant competitiveness is
their ability to integrate into a new system of obtain-
ing orders, maximum shortening of the turnaround
time and lowering the cost of a unit of product [1].
Small and medium-sized plants left on their own usu-
ally fulfill small and medium-size batch orders. Ob-
vious principles of lowering of the cost due to increase
of output of one product type are not applicable to
them. Considering a certain lagging behind in the
technological sphere of design and introduction of
new local products, which has been observed lately,

plants survival is based on manufacturing components
for old equipment and single orders. Absence of a
centralized structure of establishing and external ac-
ceptance of a possible flow of foreign orders makes it
impossible for separated Ukrainian manufacturers of
engineering products to reach external market as one
industrial complex [2].

Review of existing solutions. The greatest effect
in acceleration of the manufacturing process cycle is
provided by information technologies in stand-
ardization, unification and electronic classification of
the fixtures, equipment and finished products. Elec-
tronic bases of unified products, list of manufacturers
and accessibility of electronic payments allowed es-
tablishing electronic commerce sites based on organ-
izing web-service and centralizing product manufac-
turing.

The main directions of introduction of the devel-
opments and promising research are

• web-sites of order acceptors;
• data bases of accessible production facilities;
• consultative data bases for selection of the fix-

tures and material for manufacturing the specified
product type;

• organizing closed-loop virtual production.
Web-systematizing and data base to generate rec-

ommendations for selection of the cutting tools de-
pending on product material [3, 4] operates in the
server of the University of Kon-Ku (Korea). A model
has been developed and elements of web-interfacing
of design documentation, unification and operation
of plants of Stuttgart industrial complex have been
introduced in the server of Stuttgart Institute of In-
dustrial Development and Manufacturing (Ger-
many). Ministry of Science and Industry of the Ko-
rean People’s Republic has recently started funding
research on standardization and establishing a web-
site of remote design of hydraulic systems and pump-
ing units [5].

Initial purpose of information technologies of re-
ducing the time and cost of document circulation in
an individual plant has developed into a fundamen-
tally new stage of collective solution of engineering© V.S. KOVALENKO and V.V. KOLPAKOV, 2004
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problems of design, manufacturing and sale of prod-
ucts. The discussed problem of centralizing and im-
proving the competitiveness of plants of the engineer-
ing complex of Ukraine has been solved to some degree
in the structure of transnational automotive giant mo-
nopolies by unification of parts and manufacturing
the components of a common car prototype, using the
principle of international division of labour, web-
technologies of design and distribution of orders in
the local spatially dispersed production facilities.

Unfortunately, web-services provided by local
servers to Ukrainian plants are reduced to trivial ad-
vertising information about the plant existence, its
address, list of the «products that can be manufac-
tured».

Problem definition. A real path to the fastest
breakthrough in the engineering industry of Ukraine
to reach the external market using the existing po-
tential is development of a market-oriented, but cen-
tralized and fast system of support in securing orders
for small- and medium-sized plants, based on web-
technology of processing, analysis and transfer of the
data. Such a technology is currently being developed
by a number of Western corporations [3--6], and it
essentially is the main administrative tendency to im-
prove the manufacturing efficiency [1, 2]. In practice
the considered approach means partial reanimation of
the idea of a centralized industry, but in an electronic
format, foreign economy oriented and independent of
government bodies. Implementation of the system is
based on interfacing data bases of product charac-
teristics, network analysis of the load on process
equipment in a specific plant, its production capacity
and additional aspects of order fulfillment. This ac-
tually is an insignificant, but meaningful correction
of the tendencies of developments of Western giant
engineering corporations in terms of network man-
agement of the resources and use of the so-called glo-
balization within an individual country. In the pro-
posed version of export potential reanimation the
Ukrainian engineering industry will have the role of
a major industrial corporation of Western type with
spatially dispersed and independent affiliated
branches. Unlike the regular projects of support and
development of small- and medium-sized plants, it is
intended to increase the competitiveness of such plants
by fast processing of all possible orders and widening
the product range, using an «external order acceptor»,
providing their increased competitiveness and not de-
tracting from their independence in selecting their
development strategy. As a result, not a single plant
with limited capacity, but an entire industry with the

complete capacity range and possible product range
enters the international market. In technical terms
the central web-site can have the role of external
accumulator of orders for manufacturing the products
of local plants. This site should use as the basis the
data base with XML-marking, which will permit in-
terfacing the software of the main customers and
manufacturers from the engineering industry in the In-
ternet without creating intermediate archivated files of
technical documentation [7]. Site activation for «accep-
tance» and transfer of product prototypes for direct
manufacturing to a Ukrainian plant via the Internet
enables increasing the competitiveness of the local
manufacturing, fitted with laser systems, against West-
ern plants fitted with the same equipment, but having,
through obvious reasons, a higher product cost.

Technical solutions for construction of the soft-
ware to ensure order acceptance. Main elements of
the software for the order acceptor web-site. Princi-
ples and methods of programming the electronic busi-
ness plants are filled with new capabilities avalanche-
like. The main technical solutions for creation of an
external Internet-acceptor of orders have been defined
in the general case. A typical web-site for electronic
processing of orders includes the following program
modules (Figure 1) [8]:

• presentation of general information in the form
of HTML-files with possible inclusion of active ad-
vertising pages («saved scenarios»);

• formation and processing of the data base of
orders with active acceptance modules;

• information about the customer («common data
base»);

• formation and processing of a data file from/for
the data base of orders, using active modules of ac-
ceptance of information on the characteristics of the
product suggested for manufacturing («mechanism of
data base processing»);

• processing the file of order payment and issuing
a command for manufacturing and release of goods
(«mechanism of active server applications»);

• support and recording of receiving of the order
by the user («mechanism of data processing»).

During construction of a virtual manufacturing
the last listed items should be complemented by:

• evaluation of accessibility of equipment, which
enables fulfilling the order and calculation of the pos-
sible manufacturing time;

• preparation of technical documentation for
manufacturing and transfer for performance.

Principles of coordination of data bases and
graphic documentation in the Internet. Web-sites can

Figure 1. Schematic of implementation of a web-site of order acceptor
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Figure 2. Sequential windows of forming a web-page in DWF format in AutoCAD 2002 environment
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Figure 3. Sequence of generation of XML-file of a blank in AutoCAD 2002
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transfer various types of graphic information for proc-
essing to the user. The most widely accepted are
JPEG, GIF, PNG and BMP formats. Unfortunately,
the basic formats of CAD systems for mechanical en-
gineering products cannot be used for presentation in
the web-site, because of different data communica-
tions protocols, principles of structure formation and
data archiving. It should be taken into account that
the above Internet-formats are raster ones and lose
the image quality at scaling, do not accommodate
command performance of graphic constructions and,
therefore, are unacceptable for providing step-by-step
execution of geometrical elements by a PNC machine
tool. The main current CAD formats are DWG, DXF
and DWF. A figure compatible with www and simul-
taneously preserving the specifics of transferring the
drawing to a plotter or PNC board can be created in
DWF-format specially developed for inclusion into a
web-page or another text document. Use of a DWF-
file to place and fulfill an order requires each user to
have not only an additional program module of file
exchange, I-drop, disseminated by AutoDesk free of
charge, but also a copy of the main AutoCAD program
module of this company [9]. Figure 2 gives the se-
quence of windows for generating a file in DWF for-
mat in AutoCAD 2002 environment.

Automated functions of file layout on a web-page
were a new feature of AutoCAD 2002 product and in
addition to MeetNow functions, providing joint view-
ing and editing of documentation in the local network,
they became a significant element in the tendencies
of joint developed of the CAD and Internet systems.

The most promising software base for setting up
a web-acceptor of orders for the mechanical engineer-
ing industry can be the intensively developing areas
of design software for CAD systems, principles of
web-support of access to common resources and capa-
bilities of forming generalized data bases in the format
of extensible markup language XML [6]. World pro-
ducers of the software have mastered commercial re-
lease of XML-interfacing of data bases and presenta-
tion of web-browsers in 2000--2002. AutoDesk Com-
pany has also commercially introduced DesignXML-
module as a standard extension for generating an
XML-file of the designed item in AutoCAD 2002.

XML-file of the part designed and transferred for
manufacturing can be generated in this most powerful
CAD software product, isolating the structure object
saved in the file and forcedly replacing standard ex-
tension .dwg by .xml (Figure 3). This will result in
a file structured for XML-marking and acceptable for
presentation in the Internet.

In view of the above-said, selection of XML-pro-
gramming as a basis for special software in implemen-
tation of a web-acceptor and distributor of orders is
practically obvious.

Selection of software and operating system for
implementation of a web-site. Solution of the prob-
lem of using license software and certification of
electronic business programs. A large number of pub-
lications on electronic commerce of Western market
are helping the advertising campaign of the actual
field of electronic sales and specialized self-advertise-
ment of the authors. In addition, these publications
are designed for financially secure businesses, pur-
chasing Microsoft license programs, thus advertising
the products of this company. As a rule in Western
publications Microsoft Windows NT-server is selected
as the server operating environment, IIS as the mecha-
nism of server function support, ASP as the basic
environment for programming server applications,
and Microsoft SQL-server of various modifications as
the environment for forming the data base. Java (pro-
ducer is SUN company) and JavaScript (Microsoft)
are the most often mentioned language environments
for activation of the applications.

Average cost of the installation of the above license
programs is given in the Table. Considering the need
for programmers working on specialized programs and
server operation support, the cost of the work will
add up to a considerable sum for a government or-
ganization, small business or unit of an educational
establishment. Use of unlicensed software by the
authors to create commercial extensions is regarded
as unacceptable and is not considered.

Open-code programs, namely LINUX and
FreeBSD (among operating systems), APACHE
(among server programs), PHP (in the field of lan-
guage structures of dynamic programming of web-
pages) and MySQL (in the field of data base con-
struction) have become an acceptable alternative to
software products of Microsoft class. Openness of the
initial program code, ability to use them without li-
censing and low cost of these software products de-
termined their wide acceptance and popularity with
the Internet providers and qualified programmers, de-
veloping specialized web-applications. The general
schematic of data communication between the server
and user in the case of using software products with
an open code is given in Figure 4.

Most of the providers offer disc space for placing
active user servers, applying exactly this software. A
disadvantage of selecting open-code programs to im-
plement server applications of electronic commerce
are high requirements to the qualifications of the pro-
grammer managing the web-project. However, due to
a number of historically formed conditions, availabil-

Figure 4. General schematic of data communication between the
server and user in the case of using program products with an open
code

Program product Cost, USD*

Microsoft Windows NT-server 400--900
Microsoft SQL-server 1000--1200
ASP 800--1400

Java 300--350
AutoCAD 2002/2004 5300--5590
*Data are given by materials of «HotLine» journal.
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Figure 5. Principles of execution of commands for transfer of the drawing to the plotter in the structure of Mechanical DeskTop 6.0
software

7/2004 37



ity of qualified programmers is an advantage of the
Ukrainian labour-market.

Technical solutions of the problem of selection
of the method of making the finished product and
potential manufacturer. The most complete descrip-
tion of modern formalizing of the problem of making
the finished product and searching for a potential
manufacturer in the structure of virtual plants, as
well as its solution are given in the papers on «Infor-
mation Management and Integration of Manufactur-
ing Processes» of the Proceedings of 35th Interna-
tional Seminar of CIRP on «Manufacturing Technolo-
gies in the Information Age» [10]. The main principles
for solving this problem are based on the time profiles
of product manufacturing and methods of network
planning of the machine fleet usage, complemented
by modern methods of data processing and transfer.

Technical solutions of transfer of the program
task of making the product for execution by the
laser unit. Technical solutions of machine control in
keeping with the set program code were identified
simultaneously with introduction of PNC machines.
Their operation is based on the principles of execution
of the command-by-command code of the selected pro-
gramming language environment.

Ukraine lagging behind in manufacturing of ma-
chines and high-technology equipment observed over
the last years, was only slightly compensated by pur-
chasing of foreign machines on state credits or under
projects of technical assistance. It should be noted
that practically all the Western machines have auto-
matic control systems. The most advanced metal-
working equipment in the Ukrainian market are laser
systems for steel cutting, mechanical machines for
metal severing ---- presses and benders of
BYSTRONIC, Switzerland, and AMADA, Japan.

Practically all the laser systems of these companies
are fitted with PNC with programs of calculation of
optimum cutting of a sheet, as well as program-ori-
ented system of controlling the characteristics and
motion of the cutting beam or displacement of the
process table. A trivial solution of transfer of the
program task for execution by the laser beam can be
compared with drawing output to a plotter. This prob-
lem has been comprehensively developed and does not
require any significant additional engineering solu-
tions, except for, probably, finding a driver for in-
terfacing the technical devices of the used computer
machinery and the laser system. The principles of
solving the problem in the structure of Mechanical
DeskTop 6.0 software (manufactured by AutoDesk)
are shown in Figure 5.

In a similar, although a somewhat more complicated
fashion, is the numeric program processing performed for
the operations of drilling, milling, turning and other proc-
esses of material processing, not always related to laser
technology, but taking up a rather large volume of work
in manufacturing of mechanical engineering products.

The problem of transfer of the program task of
laser system operation appears to be much more com-
plicated when fulfilling the functions of part strength-
ening or making the product by the principle of laser
sintering of powder mass [1]. In this case one cannot

do without development of unique software or use of
additional license program modules.

Description of the principles of construction of
the software for control of such processes is beyond
the scope of material considered in this paper.

In any case, technical solutions of transfer of pro-
gram task of product formation for performance of
laser processing operation cannot become a stumbling
block in the path of solving the problem of centralizing
and increasing the competitiveness of the products of
engineering plants of Ukraine.

CONCLUSIONS

1. Use of Internet technology for centralizing obtain-
ing of export orders, as well as their analysis, proc-
essing and optimum distribution in the small and me-
dium-sized businesses of the engineering complex of
Ukraine is a real path for a significant increase of the
competitiveness of the industry and reducing the
small-batch shadow manufacturing.

2. The main order acceptor can be a web-site, using
the capabilities of conversion and XML-presentation
of technical documentation for product manufactur-
ing, data base of plants interested in getting the order,
characteristics of their engineering facilities and load
schedule.

3. Order forming and its transfer for manufactur-
ing can be performed both directly through XML-file
of the central web-site, and using a file of an electronic
drawing of the part, acceptable for output to the ma-
chine plotter.

4. The plan of plant work load should be made by
a program module of network planning, with criterial
selection of the next load site by price, speed and
quality estimates.
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EVALUATION OF MECHANICAL STRENGTH
OF A WELDED PIEZOTRANSDUCER

Yu.G. ZADOROZHNY and M.I. ZORIN
OJSC «Predpriyatie SENSOR», Chernigov, Ukraine

A procedure is proposed for evaluation of mechanical strength of welded metal-piezoceramic bimorph by the size of
fracture surface in peizoceramics. Dependencies of the strength of a welded metal-piezoceramic structure on welding
modes are given. A welding mode is established, providing the required level of welded structure quality.

K e y w o r d s :  diffusion bonding, bimorph, piezoceramics,
welded structure, strength

Accelerometers using peizoceramics have become
widely accepted in measuring systems. Their applica-
tion is due to a stable quality of products and a wide
range of service characteristics. Known are the designs
of piezoaccelerometers and piezoengines, using piezo-
ceramic bimorhps as transducers [1]. The latter are
mainly made by adhesion bonding. Presence of an
elastic adhesive interlayer in them leads to piezoelec-
tric characteristics, unstable in time or at temperature
variations, this limiting the working range of bimorph
temperature and their operating life. In addition, me-
chanical strength of the adhesion bond is much lower
than that of piezoceramics (least strong element of
the structure). This does not permit using them in
structures with higher mechanical loads.

The goal of the work consisted in development of
a procedure for evaluation of mechanical strength of
the metal-ceramic bimorph and determination of the
mode of diffusion bonding, providing maximum
strength of the weldment.

Bimorph design (Figure 1) includes two piezoele-
ments of TsTS-19 piezoceramics connected to each
other via a metal electrode of VT-6 titanium 0.2 mm
thick. Metal plates of the bimorph are made of tita-
nium foil of the same thickness. Polarization of pie-
zoelements can be provided in the same direction or
in opposition.

Mechanical strength of a metal-piezoceramic struc-
ture mainly depends on the strength of the transition
zone of the welded joint (weld) and level of mechani-
cal stresses in a welded structure. The transition zone
can have a high strength, which can be even higher
than that of one of the materials being welded. How-
ever, it will be minimum at a considerable level of
mechanical stresses in a weldment. When conducting

measurements of the strength of a weldment in tear,
shear and bending, it is necessary to take into account
the influence of the structure on it [2, 3]. In practice
mechanical strength is evaluated on mock-ups, having
dimensions close to those of the real structure.

During diffusion bonding improvement of me-
chanical strength of a weld is accompanied by a change
in the nature of material fracture [4]. At a low strength
the fracture proceeds over the surface of material con-
tact, and with its increase through the transition zone.
Further increase in strength is accompanied by frac-
ture running through the piezoceramics. Thus, the
nature of surface fracture of a welded joint through
the piezoceramics or the zone of contact of materials
is indicative of the strength in each point in the plane
of initial contact of materials, this allowing quanti-
tative evaluation of weldments strength to be per-
formed by the area of fracture surface in the zone of
initial contact of materials.

© Yu.G. ZADOROZHNY and M.I. ZORIN, 2004

Figure 1. Schematic of a metal-ceramic bimorph: 1 ---- piezo-
ceramics; 2 ---- titanium electrode

Figure 2. Schematic of fracture of a laminated structure (a) and
distribution of normal stresses on the metal--piezoceramic interface
(b): O ---- point of the start of delamination
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A delamination method [5] is used for breaking
up the metal-ceramic laminated structure. With this
method, the force is applied to a flexible metal elec-
trode and maximum breaking stresses in a welded
structure are implemented in the transition zone of
the welded joint (Figure 2).

Area of the surface of fracture of a weld through
the piezoceramics is directly proportional to the
welded structure strength. This dependence was used
for establishing a welding mode, providing maximum
strength of the welded structure of the bimorph.

Influence of the parameters of diffusion bonding
process on the mechanical strength of the bimorph

was studied in the mode of a single-factor experiment.
The data of [2, 6] was the basis to establish the mode,
providing a penetration close to the maximum pene-
tration over the entire surface of the initial contact
of materials. One or several parameters of the mode
were changed to determine their influence on the area
of fracture surface of a welded joint in the piezo-
ceramics. All the products were prepared with the
same flatness and ceramics from one batch was used.
The process was conducted at residual pressured of
the gas in the chamber below 0.01 Pa.

Evaluation of the obtained dependencies (Fi-
gure 3) shows that the joint strength (area of fracture
surface in the piezoceramics) rises with increase of
welding mode parameters and has maximum values
in a certain range. Further increase of the values of
welding mode parameters is accompanied by fracture
of the piezoceramic part.

A piezoelectric bimorph structure is used as a sen-
sitive element in vibropacks of VPE type, designed
for measurement of the parameters of vibration in
power units of thermal and nuclear power plants.
Ranges of welding mode parameters, providing the
maximum strength of the welded structure (T = 640--
650 °C, P = 27--33 MPa, τ = 55--65 min) were also
established.

Figure 3. Dependence of the fracture surface of a welded joint
through piezoceramics on the welding mode: P ---- compression
force; T ---- welding temperature; τ ---- welding time
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