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NUMERICAL ANALYSIS OF THE PROCESSES 
OF HEATING AND CONVECTIVE EVAPORATION 

OF METAL IN PULSE LASER TREATMENT
I.V. KRIVTSUN, I.L. SEMYONOV and V.F. DEMCHENKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Mathematical model of the processes of heating, melting and evaporation of metal under the effect of a focused laser 
beam is suggested. The model allows describing thermal processes in the bulk of metal and gas-dynamic processes in a 
metal vapour flow occurring in laser treatment by using pulse lasers. Numerical analysis was conducted to study the 
processes of heating and convective evaporation of metal with a millisecond pulse of the Nd:YAG-laser beam affecting 
a low-carbon steel sample.

Keywords: pulse laser, laser radiation, metal, temperature 
field, evaporation, metal vapour, Knudsen layer, gas-dynamic 
processes, mathematical model

Investigation of physical processes occurring in inter­
action of the high-intensity laser beam with a material 
plays an important role in development of new tech­
nologies for laser welding and treatment of different 
materials, and first of all the metallic ones [1-4]. Of 
special interest for upgrading of such technologies as 
microwelding, engraving, drilling, etc. is investiga­
tion into the processes of interaction of the focused 
pulse and pulse-periodic laser beams with metals [5­
8]. Such processes include absorption of the laser beam 
by metal, its heating, melting and subsequent evapo­
ration accompanied by scattering of the metal vapour 
into a surrounding gas (convective evaporation mode). 
Normally, analysis of convective evaporation of metal 
to determine quantitative characteristics of the evapo­
ration process (density, temperature and velocity of 
scattering of the vapour) is performed by using a model 
suggested by C. Knight [9]. This model is based on 
the assumptions that the vapour flow is unidimen­
sional and stationary. However, both of the above 
assumptions are known to be invalid in a case of high- 
rate heating of metal with a focused pulse laser beam, 
as upon reaching boiling temperature Tb the melt sur­
face at the heat spot centre continues heating up to 
the temperatures that are much in excess of Tb, and 
the vapour flowing from the heat spot experiences 
side unloading, this causing violation of the unidi-

mensional flow pattern assumed in study [9]. The 
present study is aimed at analysis of applicability of 
different models describing convective evaporation of 
metal under the conditions of heating of a metal plate 
with the focused pulse laser beam (ionisation of vapour 
and formation of laser plasma being ignored).

Consider the process of heating of a metal plate 
with single pulse of the focused laser beam. Assuming 
the spatial distribution of the radiation intensity to 
be symmetric about the beam axis, formulate the 
mathematical model of heating of the plate in the 
axisymmetric statement. Introduce the cylindrical co­
ordinate system as shown in Figure 1. Assume that 
radiation intensity I0 is distributed uniformly over the 
heat spot with radius R0 and remains constant during 
the pulse. Radiation intensity I0 is determined through 
total energy W of the pulse, its duration t and cross 
section area of the beam on the plate surface, S = 
= kPq, as follows: I0 = W/(tS).

The volumetric character of absorption of laser 
radiation can be ignored for the majority of metals. 
Then the thermal effect by the laser beam on a metal 
sample can be assumed to be a surface heat source 
distributed over the plate surface with density q(r):

q(r) =
\A(Tf)I0 at r<R0,
|0 at r>R0, (1)

Figure 1. Scheme of heating of metal plate by laser beam: 1 — 
plate; 2 — heat spot; 3 — laser beam axis

where A(Ts) is the coefficient of absorption of laser 
radiation, which depends upon the temperature on the 
metal surface, Ts(r).

Write down the equation of thermal conductivity 
of a sample in the following form:

C(T)p(T)
dT 
dt

1 d ( dT 
------ I rufT) — 
r dr ( dr

\

7

+ — fz(T) — 

dz ( dz,

0<r<R, 0 < z < L, t > 0,
(2)

where C(T), p(T) and U(T) are, respectively, the 
effective heat capacity of metal (allowing for the la­
tent melting heat), density and coefficient of thermal 
conductivity.

Write down the boundary conditions for equation 
(2)in the following form:

© I.V. KRIVTSUN, I.L. SEMYONOV and V.F. DEMCHENKO, 2010
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~L_0 = °; T(r, L, t) = T(R, z, t) = T°; 
dr r = °

-^CG)^ L_0 = 7-?rC-7e- 
dz

(3)

Here qrc(Ts') = ea(TS - T°) + a(Ts - T°) are the 
losses of heat for radiation and heat exchange between 
the surface and environment; e is the emissivity factor 
of the metal surface; a is the Stefan-Boltzmann con­
stant; a is the heat exchange coefficient; T° is the 
ambient temperature; qe(Ts) = Kqm(Ts) is the specific 
heat flow carried away by the vapour from the melt 
surface; k is the specific vaporization heat; qm(Ts) = 
= pu is the specific mass flow of the vapour; p and 
u are, respectively, the density and velocity of the 
metal vapour near the evaporating surface.

To close problems (2) and (3), it is necessary to 
use the model of convective evaporation of metal, 
allowing calculation of velocity u and density p. 
Within the framework of the Knight’s model, struc­
ture of the unidimensional subsonic flow of the vapour 
can be described as follows (Figure 2): the shock wave 
propagates via an ambient gas, followed by a contact 
discontinuity that is a contact region between the 
ambient gas and expanding metal vapour.

The Knudsen layer with thickness of an order of 
several lengths of the free path exists near the evapo­
rating metal surface, outside which (in the gas-dy­
namic flow region) the equilibrium is established on 
translational degrees of freedom of the vapour parti­
cles. Study [9] suggests the following dependencies 
relating density p and temperature T of the vapour at 
the Knudsen layer boundary to saturated vapour den­
sity ps and evaporating surface temperature Ts:

Figure 2. Scheme of unidimensional scattering of vapour [9]: 1 — 
Knudsen layer; 2 — contact discontinuity; 3 — shock wave

is limited by the Knight assumption of the stationary 
character of the vapour flow).

Consider the problem of non-stationary gas dy­
namics of the metal vapour by keeping, as earlier, to 
the assumption of a unidimensional flow pattern. Let 
Oz' be the axis of the cylindrical coordinate system, 
which is directed normal to the plate surface towards 
the vapour phase. At a high Reynolds number (veloc­
ity of scattering of the vapour is of an order of 5°°- 
7°° m/s), the Euler equation can be used to describe 
gas-dynamics of the vapour-gas mixture:

^ + 1^°, z'e[°, H], 
dt dz (7)

where U = (pm, p, pu, E); F = (pmu, pu, pu2 + p); 
(E + p)u); p, u and p are the density, velocity and 
pressure of the mixture, respectively; pm is the density 
of the metal vapour; E = pe + pu2/2 is the energy of 
the mixture; ande =p/p (y - f) is the internal energy.

Integrate equation (7) with respect to the follow­
ing boundary and initial conditions:

T_ 

T = s 
^^^^^^~

ps

V^

T

Y — f m
Y+f 2

- vn
Y - f m 
r+T "2 J ’

2 f I 2m2 + 2 I em erfc (m) - m
-7= +VnJ

(4)

(5)

3U^Lh = °’ t>°, (8)

1 T
+ — = [f - Vn mem erfc (m)].

2 T

p(°, t) - p°+
u(0, t) = u°+ + .p =,

V[p(°, t)(Y + f) + pm(Y -f)]

pm(°, t) = p(°, t), p(°) = p(°, t)RT, t > °;
(9)

Here m = u/^^T = Vy/2M; ^ is the gas con­
stant; y= 5/3 is the adiabatic exponent of the vapour, 
which is assumed to be a monatomic ideal gas; and 
M is the Mach number at the Knudsen layer boundary.

Pressure of the saturated vapour can be found from 
the Clausius-Clayperon equation, and density — from 
the equation of state of the ideal gas, p = p^T. Velocity 
u and pressure p are related to density p° and pressure in 
the ambient gas through the shock wave relationship [9]

p(z', °) = p°, u(z', °) = °, p(z', °) = p°, 
pm(z', °) = °, ° < z' < H,

(f°)

^^^^^~
u =

^^^B

p -p°

Vp°(p(Y+ f)+p°(Y- f)) (6)

One non-linear equation for determination of ve­
locity u can be derived from relationships (4) through 
(6) (the possibility of using conjugate model (2)-(6)

where p°+ = p(+°, t); p+° = p(+°, t) and u+° = u(+°, t).
Density p and temperature T at z' = ° and t > ° 

are determined from conditions (4) and (5), assuming 
that p = p, T = T, and u = u(°, t).

The Peacemen-Rachford method [f°] with local 
non-linearity iterations in difference analogue of the 
condition of local energy balance on the plate surface 
was used to find numerical solution for problem (2) 
and (3). The problem of non-stationary gas dynamics 
(7) through (1°) was solved by the Godunov method 
of the second order of accuracy [ff].

Consider heating of the low-carbon steel plate with 
single pulse of the focused laser beam having the fol­
lowing parameters: 1° = 5-f°6 W/cm2, t = f ms, and 
R° = °.f mm. This corresponds, e.g. to characteristic

1/2010 w^^^KIrimal 3



Figure 3. Temperature dependence of coefficient of absorption of 
Nd:YAG-laser radiation on low-carbon steel sample

operating parameters of the pulse Nd:YAG laser, 
which is part of the welding, cutting and deep en­
graving unit [f2]. The following values were chosen 
for plate thickness L and calculation domain radius 
R (see Figure f): L = f mm and R = 2 mm. Thermal­
physical properties of low-carbon steel were taken 
from study [f3], and corresponding temperature de­
pendence of the coefficient of absorption of laser ra­
diation was calculated from the data of studies [f4-f6] 
(Figure 3). Iron was used as an evaporating material, 
and air under normal conditions was used as an at­
mospheric gas.

Let us conduct comparative analysis of solution of 
the self-consistent problem of heating (f) through (3)

Figure 4. Dynamics of variations in metal temperature at the heat
spot centre (a) and mass flow from the melt surface (b): 1 
non-stationary model; 2 — stationary model

and convective evaporation of metal for two models 
of gas-dynamics of the vapour: stationary [9] and non- 
stationary (4), (5) and (7) through (fO) for a case of 
heating of the plate with a laser radiation pulse. The 
calculation results are shown in Figures 4 and 5 (the 
time in Figures 4, b and 5 is counted out from the 
beginning of evaporation). At the chosen parameters of 
the laser pulse, temperature at the centre of the heat 
spot reaches the boiling point during 7p.s (Figure 4, a), 
and it continues growing to 38OO °C for approximately 
80 p.s, after which it remains almost constant up to the 
end of the pulse. In a mode of stabilisation of the metal 
surface temperature, due to laser heating the heat flow 
is compensated for by the losses of heat for evaporation 
and, partially, by the radiant heat exchange between 
the surface and environment.

By the time moment (with respect to the beginning 
of evaporation) when the metal surface temperature 
stops varying with time, the shock wave has moved 
to a distance that is much in excess of the characteristic 
size of domain of the gas-dynamic problem solution 
(e.g. diameter of the heat spot), and no longer affects 
kinetics of the process of evaporation of metal from 
the melt surface. If the time during which the molten 
metal surface reaches the stationary value of tempera­
ture tends to zero (infinitely high heating rate), the 
gas-dynamic characteristics of the flow (velocity and 
pressure) correspond to the Knight model. In spite of 
the fact that in the non-stationary model of convective 
evaporation these characteristics differ from the 
Knight idealised flow scheme (see Figure 5), the val­
ues of the specific mass flow of the vapour at the 
Knudsen layer boundary calculated from the station­
ary and non-stationary evaporation models almost co­
incide (see Figure 4, b). This is explained by the fact 
that the time during which the surface reaches the 
stationary value of temperature (see Figure 4, a) is 
much shorter than the characteristic time of setting 
of the gas-dynamic processes. Therefore, it might be 
expected that a more substantial difference in struc­
ture of the flow and, accordingly, in value of the 
specific mass flow, qm(t), will occur with decrease in 
the heating rate.

To illustrate the last statement, consider heating 
of the plate with laser radiation of lower intensity 
I0 = 7-fO5 W/cm2. In contrast to the above heating 
conditions, differences between the stationary and 
non-stationary evaporation models at low heating 
rates become more substantial in terms of the thermal 
problem solution (Figure 6). Therefore, at lower heat­
ing rates it is necessary to allow for the non-stationary 
character of the gas-dynamic processes.

The above models are valid for evaporation of metal 
with a developed liquid surface (with unlimited flat 
surface). In evaporation from the heat spot of a small 
diameter, as is the case of the focused laser beam 
affecting the surface, the assumption of a unidimen­
sional structure of the gas-dynamic flow is violated. 
To study the effect of side scattering of the vapour, 
consider the two-dimensional problem of gas dynamics 
for a vapour-gas mixture in the axisymmetric state­
ment. The Euler equations in the cylindrical coordi­
nate system (r, /) have the following form:

4 wS^a^L 1/2010
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Figure 5. Distribution of velocity of vapour (a) and gas-dynamic 
pressure (b) in vapour phase at i = 6.7-10 s: 1, 2 — same as in 
Figure 4

dU dF + dG f

di dr dz‘ r
(11)

Here U = (p1, p, pu, pv, E); f = (p1u, pu, pu, (E + 
+ p)u); F = (pmu, pu, pu2 + p, puv, (E + p)u); G = 
= (pmv, pv, puv, pv2 + p, (E + p)v); u and v are the 
axial and radial components of the velocity vector, 
respectively; E = pe + (pu2 + pv2)/2 is the mixture 
energy; and e = p/p(Y _ 1).

Integrate equation (11) in a domain shown in Fi­
gure 7.

Boundaries r4 and r5 are the external boundaries 
of the flow region, r2 is the symmetry axis, and r6 is 
the metal surface outside the evaporation spot. The 
Knudsen layer on the surface of the liquid metal pool 
is modelled by a rectangular protrusion with bounda­
ries r1 and r2. The boundary condition similar to (9) 
is set at boundary r1. Tangential component of the 
velocity vector at this boundary is redefined from the 
flow region by the characteristic relationships. The 
non-flow boundary condition is set on the metal sur­
face, symmetry condition is set on the flow axis, and 
non-reflection boundary conditions are set at external 
boundaries r4 and r5. The initial conditions are set to 
be as follows: p = p0, u = 0, v = 0, p = p0, and p1 = 
= 0, where p0 and p0 are the pressure and density of 
the atmospheric gas.

The formulated problem of two-dimensional gas 
dynamics was solved by the Godunov method of the 
second order of accuracy (TVD scheme). Sizes of the

Figure 6. Time variations of mass flow of vapour at I0 = 
= 7-105 W/cm2: 1, 2 — same as in Figure 4

calculation domain were chosen to be as follows: 
length of boundary r1 was 0.015 cm, and Knudsen 
layer width r2 was assumed to be 0.006 cm (proceeding 
from the estimation of mean length of the free path 
in the atmospheric gas and metal vapours immediately 
over the melt). Sizes of external boundaries r5 and r6 
of the calculation domain were assumed to be equal 
to 6L0. Air under normal conditions was assumed to 
be the ambient gas, and temperature of the evaporating 
metal surface was assumed to be constant and equal 
to 4000 °C.

The calculation results are shown in Figures 8 and 
9. The qualitatively different flow pattern takes place 
in a case of side unloading of the vapour flow. Velocity 
at the Knudsen layer boundary does not reach the 
stationary value (like in the unidimensional case), but 
monotonously grows until the Mach number becomes 
equal to one (Figure 8, b). After that a stationary 
compression shock forms in the vapour flow region 
with a contact discontinuity propagating behind it at 
a constant velocity. The compression shock forms be­
cause pressure in a region between the Knudsen layer 
boundary and ambient gas becomes lower than the 
atmospheric one (region of decreased pressure in Fi­
gure 8, a). The shock wave at the time moment under 
consideration is at a distance of 0.075 cm from the 
Knudsen layer boundary, the decreased pressure re­
gion and compression shock being at a distance of 
0.05 cm. Such flow pattern was fixed in [5] in inves­
tigation of the impact on metal by the pulse laser 
beam. It should be noted that the similar structure of

Figure 7. Scheme of calculation domain to solve two-dimensional 
equations of gas dynamics: 1 — Knudsen layer; 2 — gas-dynamic 
region

1/2010 w^^^KIrimal 5
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Figure 8. Isolines of pressure p/p0 (a) and density (b) at t = 4-10 7 s: / — shock wave; 2 — contact discontinuity; 3 — compression 
shock

Figure 9. Distribution of pressure along the symmetry axis at t = 
= 4-10 s (a) and time dependence of the maximal value of Mach 
number at the Knudsen layer boundary (b)

the flow occurs also in the case of a supersonic outflow 
of gas from the nozzle in a mode of underexpansion.

Consider the non-stationary conditions of heating 
of metal with the laser beam. The time of reaching 
the stationary temperature value by the surface is ap­
proximately three orders of magnitude longer than 
the time during which the Mach number at the Knud­
sen layer boundary becomes equal to one. Therefore, 
in the case of side unloading of the vapour the problem 
of metal heating with the laser beam can be solved 
with a sufficiently good approximation by assuming 
the Mach number at the Knudsen layer boundary to 
be equal to one. In this case, the mass flow can be 
found from relationships (4) and (5) without solving 
the gas dynamic problem.

It should be noted in conclusion that such charac­
teristics as the thermal state of metal, density of the 
mass flow of the metal vapour, its scattering velocity, 
losses of heat for evaporation and pressure of the vapour 
recoil reaction, which are important in terms of techno­
logical applications, are determined not only by the 
conditions of metal heating, but also by the gas-dynamic 
processes occurring in the vapour phase. In a general 
case, the self-consistent model describing thermal proc­
esses in the bulk of metal and processes of heat and mass 
transfer in the Knudsen layer, as well as gas-dynamic 
processes in the vapour flow should be used to model 
the situation under consideration.
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RISK OF FRACTURE OF PRESSURISED MAIN PIPELINE 
WITH DEFECTS OF THE TYPE 

OF WALL THINNING DURING REPAIR
V.I. MAKHNENKO, V.S. BUT, S.S. KOZLITINA and O.I. OLEJNIK

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

It is shown that welding repair of defects of the type of pipeline wall thinning by compensating the metal lost in the 
thinning zone by the deposited metal using low-current (~90 A) manual arc weld deposition is a sufficiently efficient 
technology. Wide application of this technology for repair of pressurised main pipelines is limited by the safety problem. 
Also, it is shown that the minimum admissible wall thickness in the defect zone under operating pressures depends upon 
the size of a defect along the generating line and, to a much lesser degree, upon its size on the circumference, as well 
as upon the thermal parameters of welding and accepted sequence of welding-up (deposition) of the defect.

Keywords: main pipelines, pressure, thinning defects, 
minimal thickness, welding repair, welding sequence

Repair of a linear part of main pipelines without their 
putting out of operation is a problem of current impor­
tance. The most common defects in such structures are 
caused by corrosion damages on the external surface of 
a pipe, which are accompanied by decrease in thickness 
of the wall metal. Normally, such defects are schematised 
by a certain spatial figure with dimensions S, c and a 
(Figure f). In approximate description of this volume 
in a system of coordinates x, y, z (Figure 2) by the 
second-order surface in a form of

(2x 
[S

+ |2y
I c

(f)

volume V of the filler metal required to weld up such 
a defect with no allowance for spattering is determined 
as follows:

V=nSc£-
6 (2)

Figure 1. Schematic of pipe with thinning defect axS xc: 1 — pipe; 
2 — thinning defect; 3 — welded-up regions by time moment t

Time tr necessary to compensate for the lost volume 
of metal, V, is equal to

Vy'■ Y - o) 
ad^ w

where y is the specific weight of the deposited metal 
(7.8 g/cm3 for steel pipes); «d is the deposition effi­
ciency equal to about 7.8 g/(A-h) for manual arc 
welding at low currents Iw; and - > f.0 is the coeffi­
cient allowing for the losses of time for performing 
auxiliary operations.

At - = f.5 and Iw = 90 A, one welder per shift 
(6 h) can fill up the volume of the deposited metal 
characterised by sizes S, c and a, and by the surface 
described by expression (f), this volume correspond­
ing to product Sca = 688-f03 mm3. Under the above 
conditions, sizes of the defects, which can be repaired 
by one welder per 6 h of operation at rather low 
operating parameters of manual fusion welding, are 
given in Table f. It can be seen from the Table that 
welding repair of corrosion defects is a very efficient 
technology. However, its wide application for pres­
surised pipelines is limited by difficulties associated 
with ensuring safety in implementing this technology.

The matter of safety can be conditionally subdi­
vided into two groups. The first group includes prob­
lems associated with the thermal effect of the welding

Figure 2. Schematic of welding repair of a defect with passes made 
on the pipe circumference (direction y) from ends of the defect to 
the centre

© V.I. MAKHNENKO, V.S. BUT, S.S. KOZLITINA and O.I. OLEJNIK, 20f0
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Sizes of thinning defects (mm) which can be repaired by one welder per shift at hw = 90 A and ^ =1.5

a = 2 a = 3 a = 4 a = 5 a = 6 a = 7 a = 8

S c S c S c S c S c S c S c

100 3440 100 2300 100 1470 100 1380 100 1150 100 980 100 860

200 1720 200 1150 200 735 200 690 200 575 200 490 200 430

400 860 300 575 400 375 400 345 400 290 400 245 400 115

800 430 400 290 800 185 800 172 800 145 800 122 800 60

arc and corresponding risk of burn-through or fracture 
of the pipeline wall as a result of decrease in its re­
sistance to force loads (internal pressure, bending mo­
ments in repair). The second group relates to the prob­
lems of weldability of pipe steels under sufficiently 
rigid welding conditions and force loading, namely 
with prevention of cold (hydrogen-induced) cracking, 
as well as unfavourable microstructural changes ca­
pable of deteriorating performance of a pipeline region 
repaired by welding.

Available are publications on both first and second 
groups of safety issues. However, because of their 
complex and critical nature they require further in­
vestigation, as well as development of methods for 
prediction of consequences of application of these or 
those technological solutions.

This study considers the issues of maintaining in­
tegrity of a pipeline, which are directly associated 
with heating of a pipe wall by the welding arc in 
welding repair of thinning defects on the external 
surface, i.e. the first group of the safety issues. As 
applied to welding repair of isolated pit-like defects, 
these issues are considered in detail in study [1]. As 
to welding repair of defects of the thinning type, which 
are extensive both on the circumference and along the 
pipeline axis, these issues were experimentally inves­
tigated in studies [2, 3].

The results obtained provide important references 
to ultimate bounds of applicability of manual arc weld­
ing for repair of the above thinning defects. However, 
the absence of theoretical generalisation of the results 
limits their application for the cases outside the con­
sidered initial data.

This study suggests a mathematical model for es­
timation of the risk of violation of integrity of wall 
of a pressurised pipe under conditions of heating of 
the thinning zone in welding (see Figure 1). The model 
is based on tracing the temperature field during weld­
ing (weld deposition) of a defect by fixing changes 
in its dimensions S(t) and c(t) with time. With this 
calculation, the depth of the defect, ar(t), is deter­
mined at different time moments t from the maximal 
depth of penetration of temperature, Tmax, at which 
resistance of a material to deformation is insignificant. 
For pipe steels, the value of TJnax ranges from 720 to 
1000 °C, according to different recommendations. The 
last value is in a rather good agreement with the ex­
perimental data [3], and the first one is more conser­
vative.

According to the data of study [4], the condition 
of admissibility of a corrosion thinning defect with 
dimensions S(t), c(t) and ar(t) in a pipeline at time 
moment t can be written down as follows:

Y(t) = 5 - a^t) - [6]^- >0 0 = S, c), (4)

where

0.2, if A =
Rs =

0.9 -

Rc = <

1.285 
vw 
0.9

S < 0.3475;

vr+oisAf

-
1.0 0-91

. V1+0.48A2 J
, if A > 0.3475;

(5)

0.2, if-^ < 0.348, 

-0.7358+ 10.511(c/D)2
1.0+ 13.838(c/D)2

if ^^> 0.348;

D is the internal diameter of the pipeline; and [5] is 
the admissible calculated thickness of the pipeline wall 
at the absence of defects, which depends upon the 
material of the pipe and its force loading, and is known 
for a given pipeline region.

As noted above, in welding repair of a given defect 
the S(t), c(t) and ar(t) values required for the cal­
culation are determined depending upon the welding 
conditions, initial heating and sequence of deposition 
of separate passes. In the majority of cases it is enough 
to determine conditions for maintaining the integrity 
in deposition of the first layer to weld up the defect 
for S(t) = S(0), or after deposition of end zones of 
the defect to substantially decrease the S(t) value, 
compared with S(0) (Figure 2).

For these purposes, it is possible to use modern 
methods of mathematical modelling of temperature 
fields in welding by an appropriate method. Below 
we will consider such a possibility for the case of arc 
welding-up of a thinning defect on the surface of a 
pipe of steel 17G1S with diameter D = 1420 mm, wall 
thickness 5 = 20 mm and [5] = 16 mm. Welding pa­
rameters were as follows: Iw = 120 A, Ua = 22 V, and 
ow = 2 mm/s. The initial heating temperature within 
the defect zone, T0, varied from 20 to 150 °C (for 
walls with thickness 5=15 and 10 mm, using welding 
parameters with Iw = 90A).

Welding repair was performed by depositing beads 
on the circumference of the pipe (direction y in Fi­
gure 2) from the ends of the defect along the gener­
ating line (direction x in Figure 2).
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While modelling each pass, it was taken into ac­

count that the effective power of the welding arc, qe = 
= nUIwUa, is introduced partially with the deposited 
metal, qi, while the rest of the power, q2 = qe - qi, 
is introduced by the normal law from a heat source 
moving at speed ow = 2 mm/s.

The value of qi is determined from the following 
dependence:

a I
qi = 36w(TfcY+K)’ (6)

where Tf is the temperature of the filler metal; cy is 
the volumetric heat capacity of metal, and k is the 
latent melting heat.

At Tf = 2100 °C, ad = 8 g/(A-h), y = 7.8 g/cm3, 
k = 2080 J/cm3, Iw = 120 A and cy = 5.2 J/(cm3-°C), 
it yields that qi = 445 W.

Accordingly, at n = 0.8 and Ua = 22 V, q2 is equal to

q2 = 2ii2 - 445 = i667 W.

Parameter q2 has a distribution following the nor­
mal-circular law, when

, , -hr9(r) = 90S , (7)

where g0 = q2k/n; r2 = (x - xs)2 + (y - ys)2; xs = 
= xs(t) and ys = ys(t) are the coordinates of the heat 
source at time moment t, and k is the concentration 
coefficient equal to 0.05 i/mm2.

The data on temperature field T(x, y, z, t) were 
obtained by using the software developed by the E.O. 
Paton Electric Welding Institute, which realises a 
corresponding numerical solution of the thermal con­
ductivity problem for a volume limited by surface (i) 
allowing for the deposited metal, as well as by surfaces 
z = 5 and z = 0, for which the conditions of heat 
exchange with the environment were set according to 
the Newton law with heat exchange coefficients ai 
for surface z = 0 and a2 for z = 5. Coefficient a2 = 
= 0.05 W/(cm2-°C) allows for heat exchange on the 
internal surface with a gas having a temperature of 
40 °C and moving at a speed of 6 m/s, while ai = 
= 0.005 W/(cm2-°C) allows for heat exchange on the 
external surface.

Thermal-physical properties of steel i7GiS were 
taken from the reference data depending upon the 
temperature, like in study [i].

Results of the calculations by using the described 
procedure in the form of minimum admissible thick­
nesses within the thinning zone

_ |5-am“(t), 
5min = | c

[5 a0>

where amax is the maximal depth of Tf isotherm, start­
ing from surface z = 0; and a0 is the maximal depth 
according to (4) at c0 and S0 (5) with initial dimen­
sions a0 x c0 x S0 (is shown in Figure 3 depending upon 
the value of S0). These data show the effect of wall 
thickness 5 at 5 = 20, i5 and i0 mm and diameter 
D = i420 mm, where admissible thicknesses [5] at the

Figure 3. Results of calculation of minimal pipe thickness within 
the defect zone depending upon defect size S0 at c0 = 70 mm (see 
Figure 2), D = i420 mm and welding parameters Iw = 90-i20 A, 
Ua = 22 V and ew = 2 mm/s: 1, 4, 5 — 5 = 20 mm, [5] = i6 mm; 
2 — 5 = i5 mm, [5] = i2 mm; 3 — 5 = i0 mm, [5] = 8 mm; 1-3 — 
T0 = i50 °C, Tcr = i000 °C; 4 — T0 = 20 °C, Tcr = 750 °C; 5 — 
T0 = i50 °C, Tcr = 750 °C; 1, 4, 5 — Iw = i20 A; 2, 3 — Iw = 90 A 

absence of a defect were assumed to be i6, i2 and 
8 mm, respectively.

The initial temperature of heating of the defect 
zone, T0, was varied from 20 to i50 °C, and critical 
temperature Tcr — from 750 to i000 °C.

It follows from the data shown in Figure 3 that 
the minimal wall thickness within the zone of the 
defect under conditions of its welding repair corre­
sponding to manual fusion arc welding at a current 
not higher than i20 A for 5 = 20 mm, and 90 A for 
5 = i5 and i0 mm, at the initial heating temperature 
equal to i50 °C (corresponding to a considerable heat­
ing within the welding zone) depends upon defect 
dimensions S0 along the pipe axis. However, at low 
5 and [5] (Figure 3, curve 3), this dependence grows 
from 6 mm at S0 = 50 mm to about 9 mm at S0 = 
= i50 mm, whereas at 5 = 20 mm and [5] = i6 mm 
(Figure 3, curve 1) this dependence grows from ap­
proximately 5 mm at S0 = 50 mm to ii mm at S0 = 
= i50 mm. Curve 2 in Figure 3, corresponding to 5 = 
= i5 mm and [5] = i2 mm, lies between curves 3 and 
1, it being closer to curve 1 in a zone of low S0 and 
closer to curve 3 at high S0.

Curves 4 and 5 in Figure 3 show that critical tem­
perature Tcr = 720-750 °C postulated in a number of 
suggestions leads to substantial overestimation of 
minimal wall thicknesses within the defect zone in 
terms of application of welding, compared with ex­
perimentally verified Tcr ~ i000 °C [3], for modern 
pipe steels used for transportation of hydrocarbons.

It should be noted that in welding repair of the 
considered defect along the generating line, where 
length of the defect, S(t), insignificantly varies with 
time, the minimal thickness within the given defect

Figure 4. Effect of decrease in operating pressure on minimal thick­
ness within the defect zone at Iw = i20 A, T0 = i50 °C, 5 = 20 mm, 
c0 = 70 mm for welding on the circumference: 1 — p = 7.5; 2 — 
5.6; 3 — 3.75 MPa
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zone for the welding parameters under consideration 
is determined by the depth of penetration of tempera­
ture Tcr in the zone of a maximal initial depth of the 
defect, «o> i.e. approximately 5 mm above the curves 
in Figure 3, respectively: for curve 1 (5 = 20 mm) the 
minimal values of thickness within the defect zone 
will be 5min = 9 mm at So = 50 mm and 5min =16 mm 
at So = 150 mm; for curve 2 (5 = 15 mm) it will be 
5min = 9.5 mm at So = 50 mm and 5min = 14 mm at 
So = 150 mm. For 5 =10 mm, this welding sequence 
is inadmissible in terms of the accepted safety require­
ments.

Note the possibility of decreasing pressure in the 
pipeline as a method of improving safety of welding 
repair of defects of the type of thinning. Figure 4 
shows the curves demonstrating the efficiency of this 
method for a case of large sizes of thinning.

CONCLUSIONS

1. In repair of thinning defects in main pipelines by 
arc welding, the minimum admissible thickness within 
the defect zone according to the safety requirements 
under operating pressures depends upon size S of the 
defect along the generating line, to a much lesser 
degree upon size c on the circumference, as well as

upon the thermal parameters of welding and accepted 
sequence of welding-up of the defect.

2. In terms of the safety requirements, the best way 
of welding repair of defects is to deposit beads on the 
circumference, starting from the end regions located 
along the generating line, which allows decreasing the 
length of a defect in the indicated direction.

3. Worthy of notice from the practical standpoint 
is development of nomograms to evaluate the possi­
bility of using welding with specific process parame­
ters to repair the considered thinning defects, depend­
ing upon the geometric dimensions of the defect, such 
as So, co and a0, wall thickness 5, pipe diameter D 
and internal pressure in a pipeline.
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The paper gives the results of experimental studies of the influence of structural characteristics on physico-mechanical 
properties of coating materials and damping capacity of coated structural elements allow ing for such factors as temperature, 
frequency and amplitude of stress.

Keywords: coating, material nanostructure, temperature, 
structural element, vibration frequency, logarithmic damping 
decrement, dynamic stress

Progress of modern mechanical engineering leads to 
high requirements made of the reliability and fatigue 
life of both individual structural elements and ma­
chines as a whole. As most of them are operating under 
the conditions of a broad spectrum of dynamic loads, 
which may lead to failure and breaking up of structural 
elements, and can have catastrophic consequences, en­
suring their dynamic strength is one of the key prob­
lems in achievement of reliable functioning during the

required service life. This is particularly urgent for 
aviation gas turbine engines (AGTE), most of the 
defects in which (more than 60 %) detected during 
design, development and operation, are due to insuf­
ficient strength of the components and structural ele­
ments, and, primarily, blades. About 70 % of the de­
fects are of vibration-related origin.

One of the most important technico-economic qual­
ity indices of mechanical engineering products is en­
suring their vibration reliability. In most of the cases, 
however, it is impossible to eliminate hazardous reso­
nance modes as a result of a considerable density of

The article was prepared on the basis of results of accomplishment of the NASU targeted integrated program ^Problems of Remaining 
Life and Safe Operation of Structures, Constructions and Machines^ (2007-2009).
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frequencies of natural and forced vibrations in opera­
tion of the considered objects. Therefore, various de­
sign-technological methods are used, lowering the risk 
of their consequences, among which the determinant 
factor is increase of damping capacity as a means of 
limitation of maximum resonance stresses of the most 
stressed structural elements.

In the case of AGTE compressor blades made of 
high-strength titanium alloys with low values of dis­
sipative properties, one of the effective methods to 
improve the vibration reliability is deposition of 
highly-damping coatings on the airfoil [1]. As these 
alloys are sensitive to surface damage, coatings should 
also have the required set of physico-mechanical char­
acteristics, namely high values of hardness, fatigue 
limit, corrosion resistance, etc., i.e. they should si­
multaneously provide reliable resistance to operating 
conditions of the structural elements.

Extensive experience has now been accumulated 
in development of such coatings, which satisfy the 
conditions of AGTE manufacturing and operation to 
varying degrees [2]. One the other hand, it should be 
noted that the parameters of the above characteristics 
of materials, which can be used as high-damping coat­
ings, are insufficient, and their increase by alloying 
or thermomechanical treatment as a rule leads to de­
terioration of the dissipative properties.

Considering the tendencies in development of mod­
ern aviation engine construction, manifested in in­
crease of gas temperature and dynamic stress ampli­
tudes, and widening of the external load frequency 
spectrum, there arises the need to create new materials 
for coatings. Regarded as the latter can be nanostruc­
tured vacuum condensates developed at PWI (further 
on referred to as condensates) [3], which are deposited 
on structural elements from the vapour phase by the 
technology given in [4].

An urgent task from the view point of applicability 
of such coating materials in manufacture of compressor 
blades of modern AGTE, is determination of optimum 
parameters of their material structure and deposition 
conditions to improve the damping capacity of blades 
in operation, which is the purpose of this work.

Coating materials and method to produce them. 
In this work quasicrystalline alloy Al-Cu-Fe charac­
terized by increased values of hardness (10-11 GPa) 
and corrosion resistance [5, 6], as well as pure copper 
and with iron additives (up to 4 %) were selected as 
the main coating material. The latter two materials 
can be used as a bond coat having a high level of 
adhesion with the structural element and coating ma­
terial. In addition, copper presence in the coating com­
position results in an increase of energy dissipation in 
the vibration system, as it belongs to highly damping 
materials in the nanostructured state [7].

Coatings 50-150 pm thick from the selected ma­
terials were produced by the technology of electron 
beam evaporation and deposition in vacuum [4]. The 
latter was performed on pin samples from VT1-0 ti­
tanium alloy characterized by low dissipative proper­
ties at up to 450 °C temperature [8]. Initial materials

for coatings were copper and iron ingots, as well as 
tablets of a compacted mixture of aluminium, copper 
and iron powders. At deposition of Cu-Fe coatings 
metal was evaporated from two targets simultane­
ously. Sample surface was first cleaned in a vacuum 
furnace by an argon ion beam. Coating deposition rate 
was 2-3 pm/min, and their structural condition was 
changed by variation of sample temperature in the 
range from 160 up to 600 °C.

Coating deposition on AGTE compressor blades 
was performed in the mode of their rotation to ensure 
coating uniformity. For this purpose the blades were 
attached to a horizontal shaft, rotating during the 
process of coating formation.

Coating structure was studied by the methods of 
scanning and electron microscopy (CanScan4 instru­
ment), and their microhardness was measured on 
transverse microsections of the samples by Vickers 
method using PolyvarMet optical microscope at 
0.05 N load for 10 s.

Main principles of the procedures of investiga­
tion of coating material dissipative properties and 
structural element damping capacity. Energy dissi­
pation characteristics of coating material were deter­
mined by calculation-experimental method. First the 
amplitude dependencies of the logarithmic damping 
decrement were derived by the results of testing coated 
samples supported in cantilever in the damped vibra­
tion mode in a unit described in [9]. Then they were 
used as the basis to determine by the calculation pro­
cedure of [10] the amplitude dependencies of the true 
logarithmic decrement for the coating material, i.e. 
its energy dissipation characteristics in a uniform 
stressed state.

Damping capacity of the structural elements was 
determined using experimental devices developed at 
G.S. Pisarenko Institute for Problems of Strength of 
NASU to study the dissipative properties of materials 
and structural elements both at room and elevated 
temperature [11], minimizing the energy losses in the 
articulations, not related to hysteresis losses in mate­
rials of the test object or in coatings. Logarithmic 
damping decrement was determined by the resonance 
curve method [1].

A cantilever sample of a rectangular cross-section 
(Ax6x 1 = 4x 12 x 150 mm) was selected as the test 
object. Coating was deposited only on one surface of 
the sample test portion across its entire width b, starting 
from the root section. It had a constant length of 50 mm. 
Sample was tested at constant thickness h = 4 mm and 
reduction of length I of its test portion from 150 to 
50 mm to achieve the required vibration frequency.

In keeping with problem definition, the following 
range of test parameter variation was established: vi­
bration frequency 150-1000 Hz, temperature 20­
400 °C (which, on the whole, corresponds to the main 
operating modes of AGTE compressor blades).

Structure and properties of coating materials. 
Structure of copper coatings was changed by variation 
of deposition temperature Tc in the range of 160­
600 °C, which resulted in the size of the columnar
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Figure 1. Microstructure of copper condensates (cross-section) deposited on a sample at the temperature of 170 (a), 230 (b) and 
350 (c) °C

grain D (of the crystallite) decreasing from 4-5 pm 
(Tc = 600 °C) to 0.3-04 pm (Tc = 160 °C). A qualitative 
change of crystallite substructure was found.

From Figure 1 it is seen that the internal structure 
of the crystallites changes with lowering of deposition 
temperature, which is manifested in formation of an 
interlayer of twin domains, located predominantly in 
parallel to the crystallite growth front (Table). Number 
of such twins rises abruptly with lowering of the depo­
sition temperature starting from Tc ~ 350 °C [7]. At 
further temperature lowering their quantity rises so 
much that it leads to formation of a polydomain nanot­
winned substructure in the crystallites (Figure 1, a).

Transition to a nanotwinned structural state of the 
copper coatings leads to an abrupt increase of their 
microhardness from 0.8 up to 1.5 GPa [7], as well as 
qualitative change of energy dissipation charac­
teristics, which is manifested in an essential weakening 
of amplitude dependence of the logarithmic damping 
decrement, inherent to coarse-grained copper with 
preservation of high values at heating (Figure 2). 
More over, unlike coarse-grained copper, the energy 
dissipation characteristics of these coatings are pre­
served after multiple cyclic deformation.

Additional increase of coating microhardness (up 
to 2 GPa) is achieved as a result of adding 2-4 % of 
iron to copper. Energy dissipation characteristics of 
such a Cu-Fe coating in this case decrease at high 
deformation amplitudes. On the other hand, they re­
main quite high and cyclically stable at testing tem­
perature of 20-350 °C. Here an almost complete co­
incidence of the curves obtained during cyclic defor­
mation of samples at the temperature of 250 °C with 
the initial curve was registered.

Change of mechanical and dissipative properties 
of coatings from condensates of copper and Cu-Fe at 
formation of a nanotwinned substructure in them is 
due to an essential weakening of the role of inter­
granular dislocations, both in the process of plastic 
deformation, and at mechanical energy dissipation.

At approximately 100 nm dimensions of structure 
components, generation of «fresh» dislocations in met­
als becomes impossible [12]. On the other hand, the 
role of grain-boundary surface rises with reduction of 
grain size, resulting in domination of energy dissipa­
tion mechanisms related to thermally activated trans­
formation of atomic configurations on grain bounda­
ries in nanostructured materials.

Figure 2. Amplitude dependencies of the logarithmic damping decrement of sample derived for copper condensates with 2.5 pm grain 
size (a) and polydomain nanotwinned substructure (b) at the temperature of 20 (/), 250 (2) and 350 (3) °C
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Figure 3 gives the results of investigation of the 

influence of grain size on energy dissipation charac­
teristics for coatings from Al-Cu-Fe composite alloy. 
In coatings deposited at Tc = 650 °C, average grain 
size D was equal to 580 nm. At lowering of deposition 
temperature to 350 and 270 °C, it was reduced to 270 
and 30 nm, respectively. For coatings with grain size 
of 580 and 270 nm the parameters of energy dissipation 
characteristics in the temperature range of 20-400 °C 
turned out to be low. However, with grain size reduc­
tion to 30 nm, an abrupt increase of the logarithmic 
damping decrement at 250-400 °C was registered (see 
Figure 3).

A feature of the considered nanostructured coat­
ings is their amplitude-independent nature right up 
to relative deformation amplitudes e = 1.2-10-3, which 
is important from a practical viewpoint. Note also the 
high hardness of such coatings (15 GPa) and lower 
value of the modulus of elasticity (177 MPa), com­
pared to a coating of the same composition with grain 
size equal to 270 and 580 nm, and modulus of elasticity 
of 207 and 210 MPa, respectively.

Thus, from the results of the above-described in­
vestigations it follows that selection of the respective 
modes of electron beam deposition on the structural 
element surface allows forming nanostructured coat­
ings with an increased level of dissipative and me­
chanical properties.

Results of determination of damping capacity of 
coated structural elements and their analysis. Three 
kinds of coatings, the characteristics of which are 
given in the Table, were selected for analysis.

The obtained amplitude-frequency characteristics 
of the samples were used to determine the values of 
their logarithmic damping decrement and its respec­
tive dependence on maximum stress amplitude amax 
at variation of vibration frequency and testing tem­
perature at different values of coating parameters. 
Note that at resonance testing it is impossible to ensure 
the same frequency of sample oscillations. As this dis­
crepancy is minor, it did not have any essential influ­
ence on test result analysis.

Coating composition and characteristics

Sample 
#

Coating 
composition

Deposition 
temperature 

Tc, °C

Grain size 
D/d, nm

Coating 
thickness hc, 

pm

1 Copper 605 3000 97
2 Same 345-350 1400/160 150
3 » 240-245 780/65 170
4 » 600 2800 33
5 » 600 2800 100
6 » 300 1100/105 87
7 » 300 105 72
8 Iron 700 2500 110
9 Same 340 70 102
10 Al-Cu-Fe 500 430 53
11 Same 500 430 62
12 » 300 110 55
13 » 300 110 58

Note. d — twin thickness in copper condensates.

To perform comparative analysis of the influence 
of particular factors on the damping capacity of sam­
ples with the selected coatings, first the amplitude 
dependencies of the logarithmic damping decrement 
were determined for an uncoated sample in the speci­
fied range of vibration frequencies at room tempera­
ture (20 °C), given in Figure 4, a. Presented results 
show that the above dependencies are of a linear na­
ture, while the influence of vibration frequency on 
the value of the logarithmic damping decrement is 
negligibly small at small stress amplitudes, and some­
what rises at their increase.

Let us consider the results of the performed testing 
from the viewpoint of the influence of vibration fre­
quency on damping capacity of samples with the se­
lected coatings.

Analysis of amplitude dependencies of the loga­
rithmic damping decrement of samples with single­
component coatings (samples 1~9 were made at room 
temperature), corresponding to their certain struc­
tural condition (Figure 4, b, c) showed that in this

Figure 3. Dependence of logarithmic damping decrement of a sample with Al-Cu-Fe alloy coating on temperature (a) at relative 
deformation amplitude e = 5-10 for grains of 580 (1) and 30 nm size (2) and on relative deformation amplitude (b) at grain size of 
30 nm and temperature of 20 (3), 300 (4) and 350 (5) °C
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Figure 4. Dependencies of logarithmic damping dec­
rement of a sample without coating (a) and with 
single-component coatings of copper (Tc = 605 °C, 
hc = 97 pm) (b) and iron (Tc = 700 °C, hc = 110 pm) 
(c) on maximum stress amplitude at variation of reso­
nance vibration frequency, Hz: 1 — f= 143; 2 — 
312; 3 — 507; 4 — 614; 5 — 744; 6 — 881; 7 — 
143; 8 — 328; .9 — 492; 10 — 620; 11 — 712; 12 — 
792; 13 — 147; 14 — 328; 15 — 519; 16 — 624; 
17 — 732; 18 — 868

case the influence of vibration frequency on the value 
of logarithmic decrement depends on coating type. 
So, the most significant frequency dependence of the 
logarithmic damping decrement is characteristic for 
copper coating, particularly, at increased amplitudes 
of maximum stresses. It is less pronounced for samples 
with an iron coating.

The influence of frequency on sample damping dec­
rement is visually demonstrated by its frequency de­
pendencies, which for the maximum stress amplitude 
(omax = 50 MPa) are given in Figure 5, where the 
average vibration frequency is plotted along the ab­
scissa axis, allowing for the impossibility of ensuring 
its constant value during testing.

It follows from the presented test results that 
damping capacity of the samples essentially depends 
on their microstructural characteristics.

On the whole, the obtained data lead to the con­
clusion that frequency dependence of the logarithmic 
damping decrement of a sample is more characteristic 
at deposition of a copper coating. The degree of its 
growth is the most pronounced in coatings with coarse 
grains and higher values of maximum stress amplitude. 
For samples with an iron coating the above dependence 
of the logarithmic decrement on vibration frequency 
is practically not registered, particularly at lowering 
of maximum stress amplitude.

In keeping with the problem definition, we will 
analyze the results of investigations on determination

of the joint influence of vibration frequency and op­
erating temperature on the damping capacity of coated 
samples. Let us consider problem solution in the case 
of a coating from quasi-crystalline Al-Cu-Fe alloy 
(more probable) compared to single-component coat­
ings for practical applications, particularly for AGTE 
compressor blades.

Samples were tested at variation of the same tech­
nological and operating parameters, considered for 
single-component coatings, as well as of the operating 
temperature. Similar to homogeneous coatings, am­
plitude dependencies of the logarithmic damping dec­
rement on the maximum stress amplitude were ob­
tained. Their analysis showed that damping capacity 
of samples with the considered coating at elevated 
temperature can rise three and more times.

Obtained amplitude dependencies of the logarith­
mic damping decrement were used to plot the diagram 
of its variation, depending on the frequency of reso­
nance vibrations of the sample (Figure 6). As follows 
from the presented data, vibration frequency practi­
cally has no influence on damping capacity of a sample 
with multicomponent coating from quasicrystalline 
Al-Cu-Fe alloy.

Assessment of cyclic strength of titanium blades 
with coatings from nanostructured copper. High 
level and cyclic stability characteristics of energy dis­
sipation by copper-based nanostructured condensates, 
as well as their good adhesion to titanium alloys allow
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Figure 5. Dependence of logarithmic damping decrement at maxi­
mum stress amplitude of 50 MPa for samples with single-component 
coatings from copper (a) and iron (b) on average frequency fav of 
resonance vibrations at different coating parameters: 1 — Tc = 
= 605 °C, hc = 97 pm; 2 — Tc = 350 °C, hc = 150 pm; 3 — Tc = 
= 245 °C, hc = 170 pm; 4 — uncoated sample; 5 — Tc = 700 °C, 
hc =110 pm; 6 — Tc = 340 °C, hc = 102 pm

regarding these condensates as a possible component 
of the intermediate layer of composite protective coat­
ings for AGTE blades.

Conducted testing was used as the base to establish 
the technological modes of copper coating deposition 
on titanium blades, which ensured the coating nano­
structured state. The influence of such coatings 5­
10 pm thick on fracture strength of titanium blades 
from VT3-1 alloy was studied. For comparison coat­
ings from copper with microsized grains were depos­
ited on another part of the blade. Testing was con­
ducted at the temperature of 20 °C and vibration fre­
quency of 530 Hz. Cyclic fatigue of the blades was 
assessed by an accelerated procedure under the con­
ditions of a discrete increase of stress amplitude after 
every 5-106 vibration cycles [13].

Positive influence on vibration stability of blades 
with coatings with micron-sized grains was noted in 
50 % of the samples. Now, in the case of nanostructured 
coatings positive result was obtained for all the samples, 
50 % of them not failing right up to the end of testing.

The given results confirm the assumption that con­
densates based on nanostructured copper can be used 
as the components of composite coatings, for instance 
bond coats between the structural element and the 
main part of the coating.

Figure 6. Diagram of variation of the logarithmic damping decre­
ment of a sample with Al-Cu-Fe coating (Tc = 500 °C, hc = 62 pm) 
depending on the frequency of resonance vibrations at maximum 
stress amplitude 45 MPa and testing temperature 350 (1) and 20 
(2) °C and of an uncoated sample (3)

CONCLUSIONS

1. It is shown that damping capacity of coated samples 
essentially depends on their structure and production 
parameters, primarily coating deposition temperature, 
as well as vibration frequency.

2. It is established that the logarithmic damping 
decrement of a sample with a nanostructured coating 
at elevated temperature can increase by three and more 
times compared to the room temperature value.

3. A search for further optimum coating nanostruc­
tures and their production parameters is necessary to 
ensure the maximum damping capacity of the struc­
tural elements of machines of the type of AGTE com­
pressor blades under service conditions.
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MODELLING OF THE PROCESS OF INDUCTION 
HEATING OF PIPES WITHIN THE WELD ZONE

I .V. CHERNYKH1 and S.A. RACHKOV2
1Ural State Technical University, Ekaterinburg, Russian Federation

2Productive-Scientific Enterprise ELTERM-S Ltd., Ekaterinburg, Russian Federation

Modelling procedure for the process of induction heating of large-diameter pipes before welding is considered. The choice 
of a software package for modelling is substantiated, and an example of modelling is given. The pattern of temperature 
field in the weld zone and plots of temperature distribution in the pipe wall are described. An example of embodiment 
of the induction heating unit is given.

Keywords: welded pipes, large diameter, weld, induction 
heating, temperature field, modelling

Induction heating of the weld zone is widely used now 
in welding operations performed on large-diameter 
pipes. The induction heating unit consists of an in­
duction coil and power supply for a medium-frequency 
(2400 Hz) current. Development of the unit involved 
mathematical modelling of the heating zone to find 
geometric parameters of the induction coil and pa­
rameters of the power supply for the induction heating 
unit, and determine the distribution of temperature 
in the pipe wall. The calculation methods are described 
in detail in studies [1-3]. The calculation results are 
temperature field patterns, plots of distribution of 
power of the heat released in a pipe and temperature, 
as well as integral indicators, such as power consump­
tion, efficiency, cos 9, etc.

The calculations were performed in two stages.
At the first stage it was assumed that the pipe is 

continuous (has no discontinuity in the future weld 
location). The calculations were made by using the 
Universal 2D software. The software is based on the 
use of numerical methods (finite differences, finite 
elements, integral equations and their combinations) 
for a combined calculation of electromagnetic and tem­
perature fields in 2D regions. This stage made it pos­
sible to determine the main energy indicators of the

Figure 1. Results of calculations of distribution of temperature 
along the pipe wall at the first stage: 1,3— temperature of external 
and internal surfaces of the pipe, respectively; 2 — average tem­
perature

unit and plots of distribution of temperature along 
and across the pipe wall allowing for the assumption 
made. The calculations were made for a steel pipe 
with diameter D = 1420 mm and wall thickness h = 
= 33.4 mm. The unit has an induction coil consisting of 
two sections, each having two turns. Distance between 
the sections is 160 mm, which is sufficient to install an 
external pipe aligner. The calculations showed that the 
power consumed by the unit is P = 50 kW, time of 
heating to a preset temperature is t = 10 min, and electric 
efficiency of the unit is n = 81.7 %. The curves of dis­
tribution of temperature along the pipe wall are shown 
in Figure 1. Width of the pipe zone heated to a tem­
perature of 100 °C or more is equal to 260 mm.

The work done at the second stage included check­
ing the calculations allowing for the shape of pipe 
edge preparation (Figure 2) and solving the electro­
magnetic and thermal problems. The temperature field 
pattern, plots of distribution of temperature along the 
concerned profiles of the pipe, and plots of variations 
in temperature with time in heating and cooling of 
the pipe were obtained. The ELCUT software using 
the finite element method was employed for the cal­
culations [4]. Figure 3 shows the temperature field 
pattern within the heating zone, as well as location 
of control point X and profiles A and B. It can be 
seen from the Figure that the pipe has a maximal 
temperature of 130 °C in zones of location of the in­
duction coil turns, whereas in the weld zone the tem­
perature is about 100 °C. Figure 4 shows the plots of 
distribution of temperature along profiles A and B at 
the end of the heating range. It can be seen that tem-

© I.V. CHERNYKH and S.A. RACHKOV, 2010
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Figure 3. Pattern of distribution of temperature field in the heating 
zone

perature on the mating surfaces is 100 °C, while on 
the pipe surface under the induction coil it does not 
exceed permissible values.

Additionally, parameters of natural cooling of the 
pipe after switching off of the induction coil from the 
power supply were calculated at the second stage. As 
follows from Figure 5, surface within the weld zone 
remains heated to a temperature of 100 °C for about 
another 10 min.

Figure 5. Variations of temperature at control point X in cooling

Figure 6. General view of induction heating unit ELTERM-S UINT- 
50-2.4

Figure 4. Distribution of temperature at the end of heating range 
along profiles A (a) and B (b)

Figure 7. Scheme of arrangement of soft flexible induction coil on 
the pipe: 1,2 1st and 2nd induction coils, respectively; 3 — 
connection of thermocouples (4 pcs); 4 — remote control panel; 
5 — assembly belt from a set; 6 — control cable; 7 — electric 
cable; 8 — water hose
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Design parameters and operation conditions of in­
duction heating unit ELTERM-S UINT-50-2.4 were 
optimised using the calculation results. General view 
of the unit is shown in Figure 6, and arrangement of 
the induction coil on the pipe heated is shown in 
Figure 7. Several types of the induction coils were 
designed on the basis of modelling.

The induction heating units developed and mass 
produced by ELTERM-S, which were optimised based 
on the calculation results, are high-efficiency techno­
logical units for induction heating to be used prior to 
and during welding.

The authors suggest using the experience accumu­
lated from electromagnetic and thermal calculations

to develop units for induction heating of different 
objects (pipes, fittings, shafts etc.).
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RANGE OF KL409, KL-110
AND KL-111 UNIVERSAL MACHINES

FOR EBW OF LARGE AND HEAVY WORKPIECES
• PC and programmable controllers are used.
• Electron beam parameters analysis and «black box» type self­

diagnostics of machine by PC.
• Real-time seam tracking and monitoring of EBW process by RASTR 

system on the basis of the secondary electron emission.
• Gun power source with electron tube flashless system.

Mobile type 15, 30 or 60 kW electron beam gun at accelerating voltage
of 60 kV.’

Design
The work chamber has two sliding doors. The workpiece table is 
moved out of the work chamber onto the runout platform of EBW 
process. The table acommodates rotators with horizontal and vertical 
axis, and also back centre. The electron gun 3-axis-manipulator has 
the travelling distance in X-direction up to 3000 mm, in /-direction 
up to 730 mm and in Z-direction up to 1500 mm. Precision of the 
guidance and drive system equals that of precision machine tools 
operation with tolerances in the hundredth-of-a-millimeter range.

Contacts: Prof. Nazarenko O.K.
E-mail: nazarenko@technobeam.com.ua
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DEVELOPMENT OF THE TECHNOLOGY 
FOR FORMATION OF MECHANICAL 
AND GLUED-MECHANICAL JOINTS 

BY THE PUNCHING METHOD
Yu.S. VASILIEV, L.S. PARSHUTINA and A.N. CHUKASHKIN

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

The processes of formation of mechanical joints in thin-sheet materials with anticorrosive coatings by the punching 
method using glue compositions of different viscosities between the mating surfaces were investigated. The limiting 
values of rheological characteristics of the glues that affect formation of the glued-mechanical joints were established. 
The cold-cured highly filled glue composition on a silicon-polyurethane base, not preventing formation of the glued-me­
chanical joints, was developed. Press equipment based on a 
20 kN, was developed and manufactured.

Keywords: mechanical joints, glued-mechanical joints, 
thin-sheet metal structures, forming technologies, hybrid glue 
compositions, filling compounds, polydisperse filling

Competition between materials in transport machine 
building is determined by continuously growing re­
quirements for reduction of weight of structures, im­
provement of reliability, extension of service life of 
vehicles, and ensuring comfort and environmental 
friendliness. The share of aluminium alloys, plastics 
and composite materials used to produce vehicle bodies 
constantly increases. Nevertheless, steel continues to 
be a promising material. It will dominate in transport 
machine building in the future because of its techno­
logical innovation potential, high affordability and 
environmental friendliness [!]. When using increased- 
and high-strength steels, reduction of sheet thickness 
allows maintaining cost characteristics of a vehicle, 
but leads to a substantial increase in requirements for 
reliable and durable corrosion protection of a struc­
ture.

It is a known fact that galvanising is the most 
effective method for anticorrosive treatment of thin- 
sheet steels used to produce vehicle bodies, which is 
attributable to its peculiar electrochemical mechanism 
of metal protection. Combined systems containing 
metallised and polymeric coatings, which are charac­
terised by high deformability, weldability and ageing 
resistance gain an increasingly wider popularity. De­
velopment and application of new materials and coat­
ings require mastering of the advanced methods for 
joining components of vehicle structures.

Application of the glued joints in components of 
thin-sheet structures, which do not experience high 
loads, has been widening lately in a number of indus­
tries. The reason is that the glued joints have low

pneumatic actuator, providing a compression force of up to

reliability characteristics in non-uniform pulling and 
tear. Moreover, the glued joints have drawbacks re­
lated to variations in properties of the glues as a result 
of ageing, necessity of forming contact pressure and 
fixation of parts in curing of the glues. Therefore, the 
trend is to combine the glued joints with joints pro­
duced by other methods, providing additional local 
bonds between the parts.

The combined glued-welded joints made by resis­
tance spot welding (RSW) of parts over the layer of 
the glue preliminarily deposited on the mating surfaces 
are widely applied in production of thin-sheet struc­
tures from low-alloy steels [2]. However, RSW of 
coated metal sheets involves some difficulties. More­
over, the high-temperature effect of RSW causes burn­
out of metallic and organic coatings, this requiring 
the use of additional operations for corrosion protec­
tion.

The glued-riveted and glued-bolted joints are char­
acterised by the highest strength properties, particu­
larly under dynamic loading conditions. However, the 
presence of holes in the parts joined does not only 
lead to weakening of a section, but also create some 
technological difficulties in the process of formation 
of permanent joints.

Application of the local deformation technology 
by pressing the metal sheets to be joined into the die 
with a punch eliminates many problems in formation 
of the combined joints [3]. Many design and technol­
ogy solutions to provide formation of the «dovetail» 
type joints (Figure f) were patented. It should be 
noted that, as a rule, the information available on 
such joining methods is incomplete. Only the flow­
charts of the processes used to manufacture the joints 
can be found, without disclosure of principles of design

The article was prepared on the basis of results of accomplishment of the NASU targeted integrated program «Problems of Remaining 
Life and Safe Operation of Structures, Constructions and Machines^ (2007-2009).
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Figure 1. Joints produced by the punching method: a — clinch; 
b — TOX

of the equipment and calculation of parameters of 
forced formation of the joints.

The purpose of this study was to develop recom­
mendations on the technology for formation of me­
chanical and glued-mechanical joints on galvanised 
steels by the punching method in order to extend life 
of thin-sheet structures applied in transport machine 
building. The problems solved were as follows:

• processes of contact interaction in punching of 
the metal sheets joined into the die were investigated;

• requirements to rheological and physical-me­
chanical characteristics of the glues to produce sound 
joints were identified;

• and technology and experimental equipment were 
developed for formation of the mechanical and glued- 
mechanical joints on galvanised metal sheets.

Formation of the joints by the punching method 
belongs to the category of technologies for pressure 
treatment of metals and consists of a number of suc­
cessive operations: fixation of the metal sheets with 
a clamping element (Figure 2, a), punching of the 
sheets joined until they contact the anvil (drawing) 
(Figure 2, b), upsetting of the sheets with decrease 
in their thickness and simultaneous increase in their 
cross-section area (Figure 2, c), and removal of a 
finished joint (Figure 2, d) [4, 5].

Analysis of the stress-strain state during the draw­
ing process shows that plastic deformation is mainly 
concentrated only within the overlap portion of the 
sheets, which is located on a flat face of the die and 
its rounded edge. Increase in the radius of rounding 
of the die, rd, causes decrease in localisation of plastic 
deformation in the bent section. Deformation of the 
sheets on the punch face is characterised by the fact 
that metal gradually bends over the rounded edge of 
the punch at the initial moment of drawing, when the 
load has not yet reached its maximal value. If the 
radius of rounding of the punch edge is small compared 
to its diameter, the bend with plastic deformation will 
not coincide in time with the peak load, and will have 
no significant effect on the latter.

Investigations of the process of formation of the 
joints by punching were carried out by using 0.55 and 
1 mm thick sheets of cold-rolled low-carbon steel 08kp 
(rimmed) galvanised by the electrolytic method on 
both sides. This steel belongs to the materials of deep 
drawing, and is widely used in formed-welded struc­
tures applied in transport machine building.

Rigid TOX-die and opening clinch-die were devel­
oped, allowing formation of the joints on metal sheets 
of different thicknesses due to varying internal diame­
ter and height of a forming bushing (Figure 3, a, b). 
Technological investigations were conducted by load­
ing the punch-die system in a clip (Figure 3, c) using 
testing machine ZD-10, and by recording the compres­
sion force depending upon the punch movement.

As established, for the clinch- and TOX-dies it is 
indicated to use gap 2 of a different width between 
the punch and die wall. With a smaller gap than total 
thickness of the sheets joined (z < t0), thinning of 
the «sleeve» wall to a preset value occurs at a small 
decrease in thickness of the metal sheet at the punch 
face. This approach was used to design the rigid TOX- 
die. To reduce stresses, the radius of rounding of the 
leading edge of the die was increased to rd ~ (0.25- 
O.4O)to.

In the technology of formation of clinch-joints the 
drawing stage should be performed without wall thin­
ning at gap z > 1.110, as opening of the clinch-die 
during formation is undesirable. At a minimal value 
of the radius of rounding of the die, rd - (0.05-0.10)t0, 
stresses in the dangerous section substantially grow.

Figure 2. Flowchart of formation joints by punching using an opening die (clinch-joint) [5]: a-d — see in the text; 1 — punch; 2 — 
clamp; 3 — sheets joined; 4 — anvil; 5 — opening die; 6 — limiter
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Figure 3. Devices for formation of joints by the punching method: 
a — opening clinch-die (/ — forming head of the collet type; 2 — 
anvil; 3 — elastic bushing; 4 — conductor); b — mountable-and- 
dismountable TOX-die (/ — forming bushing; 2 — adjustment 
gasket; 3 — anvil); c — appearance of clip

However, in deep drawing to 1.5f0, although tensile 
bend stresses exceed the values of yield stress of the 
metal, but displacement of a sheet over the die face 
prevents opening of the die.

Formation of the «dovetail» takes place in the 
process of upsetting of the sheets joined between the 
punch and die anvil. Drawing of the working surfaces 
together leads to metal flow from centre to periphery, 
and deformation occurs in a stepwise manner to form 
riffles at the steel 08kp-zinc coating-die anvil inter­
face. This is accompanied by formation of the so-called 
collars, where continuity of the zinc coating may be 
broken (Figure 4, a).

Formation of the TOX-joint takes place as a result 
of the metal flow between the die anvil and punch 
into the closed volume of cavity on the anvil perimeter. 
This process corresponds to cold forming with forced 
drawing of metal. Formation of a «button» joint oc­
curs at a tighter interaction of the metal sheets sub­
jected to orientation thinning. Formation of the joint 
in a closed volume limits surface deformation of a 
metal sheet, thus maintaining continuity of the zinc 
coating (Figure 4, b).

It is reported [6] that the use of glue compositions 
with viscosity of up to 50 Pa-s has no substantial effect 
on the process of formation of the glued-mechanical 
joints made by the punching method. However, it 
makes the entire technological cycle more compli­
cated. There is a problem of dosed deposition of liquid 
glues on the mating surfaces, while pressing out from 
the overlap cavity leads to contamination of a work-

Figure 4. Mechanical lock on the die side in clinch- (a) and TOX- 
joints (b)

piece, equipment and process fixture. Viscosity of a 
glue composition is adjusted by adding various filling 
agents. While reinforcing the glue interlayer, these 
agents retain the glue in the overlap gap, help to 
maintain uniform thickness of the glue layer after 
deposition of the glue on the curvilinear surfaces, and 
increase strength characteristics and crack resistance 
of the glue interlayer.

Investigations of the effect of the glue interlayer on 
the process of formation of the clinch- and TOX-joints 
were carried out by using epoxy-polyurethane glue com­
position EPU with different filling degrees: EPU-K with 
effective viscosity of about 80 Pa-s, EPU-N — about 
200 Pa-s, and EPU-P — paste-like.

As established, composition EPU-K can be readily 
pressed out from the contact area, and it does not 
prevent formation of sound joints. At the same time, 
compositions EPU-N and EPU-P exert different ef­
fects at all stages of formation of the joints in the 
clinch- and TOX-dies. Two variants of accumulation 
of glue EPU-N were observed in the clinch-joint, 
where formation occurs without thinning of the sheets 
joined: in the circumferential zone under a clamp, and 
in the upset plastic flow zone behind the edge of the 
working surface of the punch (Figure 5, a). The last 
case is characterised by cracking of the «button» that 
forms recesses, this leading to contamination of the 
opening die.

The negative effect of glue EPU-P on formation 
of the TOX-joint was fixed as early as at the stage of 
pressing the sheets together and applying load to the 
punch. The zone of uniform compression forms at the 
«button» centre. It prevents movement of the paste
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Figure 5. Sections of the glued-inechanical clinch-joint (glue EPU-N) 
(a) and TOX-joint (glue EPU-P) (b)

to the circumferential drawing formation zone. The 
glue appears to be in the closed space and forms a 
«pocket» that separates the sheets being joined. At 
the stage of upsetting, the glue is pressed out from 
the «pocket» to the necking region and hinders for­
mation of the «dovetail» (Figure 5, b). The use of 
glue EPU-N with viscosity of about 200 Pas excludes 
formation of the «pocket» and provides the sound 
TOX-joint.

In hybrid overlap joints, misalignment of appli­
cation of load results in their deformation, thus caus­
ing redistribution of stresses in the glue layer and 
their concentration at the overlap end. Upon reaching 
the level of ultimate stresses, the glue layer fractures 
and the hybrid joint works as a purely welded or 
riveted one.

Tensile shear tests of the glued-mechanical speci­
mens showed that strength of the clinch- and TOX- 
joints with compositions EPU-K and EPU-N is almost 
identical. Initial fracture occurred in the glue inter­
layer under the loads twice as high as in the specimens 
without glue, i.e. the main load is taken up by the 
glue interlayer, while the rivet functions as a retainer 
in polymerisation of the glue.

Operation of cars with glued-mechanical joints 
showed that the cured epoxy glue interlayer is sensi­
tive to surface cracking under dynamic loading and 
thermal cycling. Intergrowth of cracks leads to their 
filling up with aggressive media and intensification 
of crevice corrosion.

Capabilities of formulation methods for regulation 
of service properties of epoxy glue compositions are 
limited by narrow ranges of variations in the compo­
nents making up the system (plasticisers, solvents, 
filling agents, etc.), the content of which is deter­
mined by technological requirements for formation of

sound glued-mechanical joints. Therefore, the search 
for new alternative methods to improve rheological 
and deformation characteristics of the filled glue com­
positions is still of current importance.

Investigations were carried out to study a hybrid 
glue composition (HGC) produced by combining raw 
rubber and polyurethane, which turned out to be 
promising in terms of a wider variation of deforma­
tion-strength and rheological properties. Organic-sili- 
con elastomer served as a rubber component. The pres­
ence of chain-terminal functional groups (Si-OH) in 
its chain plays an important role in the mechanism of 
«cold» curing, as the rates of reaction of prepolymer 
of the urethane matrix with chain-terminal isocyanate 
groups and silicon are comparable. This made it pos­
sible to produce a single-component system in the form 
of a finished glue composition in the sealed container 
packing. Curing of this material results from interac­
tion of the atmospheric moisture with hydrolytically 
unstable groups in molecules of a structuring agent 
and subsequent reaction with blocked chain-terminal 
groups of silicon and prepolymer.

Investigation of physical-mechanical properties of 
the experimental HGC showed their high adhesiveness 
to aluminium alloys and galvanised steel, as well as 
to oiled surfaces resulting from the forming process 
(tensile shear fracture of glued specimens was of a 
cohesion character). At the same time, high (up to 
400 %) elongation is characteristic of elastomeric 
sealants that effectively protect the overlap joint from 
crevice corrosion. To use HGC as a structural glue, 
it is necessary to increase the elasticity modulus and 
mechanical strength, i.e. the degree of its resistance 
to external force effects.

Decisive role in physical and, first of all, mechani­
cal properties of the cured glue interlayer is played 
by the frame of hard particles and fibres, i.e. their 
packing, orientation and degree of filling of the vol­
ume. According to the theory of polydisperse filling 
[7], the highest effect of strengthening of the glue 
composition structure is provided by discontinuous 
granulometry of disperse particles. In this case, fine 
particles fill up the cavities that inevitably form be­
tween coarser particles.

It was established that not only arranging of mole­
cules of the hybrid matrix into a kinetically beneficial 
position, but also redistribution of intermolecular 
bonds that catalyse polymerisation reactions occur un­
der the effect of the hard surface of an active filling 
agent. Here the hydrogen bonds play an important 
role. Therefore, the non-hydrophobised silicas con­
taining OH-groups on their surface accelerate cross­
linking reactions, whereas the hydrophobised ones 
have no effect.

Hard powders of different chemical nature and 
degree of dispersion (aerosil, kaolin, aluminium pow­
der, ultra-dispersed silicon carbide powder, high-dis­
persed iron powder and commercial graphite) were 
used to investigate filling of the experimental poly­
meric hybrid matrix.
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Figure 6. Diagram «force F-deformation Al» for mechanical (3) 
and glued-mechanical joints with experimental hybrid glued com­
positions GKK-1 (/) and GKK-2 (2)

It was found that adding aerosil and kaolin, having 
on their surface the active groups capable of interact­
ing with the polyurethane component of the hybrid 
matrix, increases cohesion strength and tightness. 
Rheological properties of the compositions vary with 
the concentration of these filling agents.

We used the method of mathematical calculation 
of the density of packing of the polyfraction loose 
mixture with simultaneous allowance for the character 
of interaction of the hybrid polymeric matrix with an 
inert inorganic surface [8]. This made it possible to 
solve the following problems: determine the ratio be­
tween different fractions of inert filling agents in the 
polyfraction mixtures, which provided the optimal de­
gree of packing with the highest density and Young 
modulus; establish the maximum possible doses of the 
filling agents in the polymeric matrix, which did not 
prevent formation of the glued-mechanical joints pro­
duced by different methods; and provide simultaneous 
interaction of the glue interlayer and riveting in shear 
tension with the adhesion-cohesion character of fracture.

Two compositions of HGC were selected, having 
no effect on the process of formation of the clinch- 
and TOX-joints. Shear tests of the single-spot glued- 
mechanical joints showed that the use of GKK-1 in­
creased strength of the clinch- and TOX-joints 1.5 
times with simultaneous fracture of the glue interlayer 
and «button». The use of GKK-2 insignificantly in­
creased strength of the mechanical joint. Fracture of 
specimens occurred in series — first the separation of 
the glue interlayer took place to form strands, and 
then shear or pullout of the «button» followed (Fi­
gure 6). Fracture of the glue layer was of a cohesion 
character. High adhesion strength is indicative of high 
sealing properties and crevice corrosion resistance.

Figure 7. Appearance of pneumatic press for formation of mechani­
cal joints

The investigations conducted resulted in the de­
velopment of the principles of design of the punch-die 
system for clinch- and TOX-joints on deep-drawing 
thin-sheet steel, as well as stationary equipment on 
the C-frame base with the pneumatic actuator and 
adjustment of compression in a range of 0-20 kN (Fi­
gure 7). The technology for formation of mechanical 
and glued-mechanical joints produced by the punching 
method is recommended for manufacture of assemblies 
of thin-sheet vehicles operating in corrosive environ­
ments.
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OF THE CONCENTRATION OF HARMFUL MATERIALS 

IN THE WORK ZONE AIR 
IN COVERED-ELECTRODE WELDING
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Investigation results are presented on dependence of the concentration of harmful materials in the work zone air in 
manual rutile-cellulose electrode welding upon the distance to the welding arc under different ventilation conditions 
(general, local and without ventilation), as well as analytical dependencies of the concentration of harmful materials at 
different points of the work zone upon the intensity of formation of welding fumes and power of the welding arc.
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Pollution of a work zone air with toxic materials in 
the form of welding fumes (WF) formed during the 
electric arc process is one of the main harmful indus­
trial factors in welding engineering. Protection of 
welders and industrial environment against the WF 
action is performed by using different ventilation sys­
tems, which should provide a content of harmful ma­
terials in the work zone air not higher than the maxi­
mum allowable concentration (MAC). Experimental 
data on the content of harmful materials in the work 
zone air under different ventilation conditions are nec­
essary for selection of the system of ventilation and 
increase of its efficiency in work places of the welders. 
Obtaining of such data using conventional methods 
[1, 2] is a time- and labor-consuming task. Thus, it 
takes virtually one working shift to take a sample of 
WF only at one point of the welder’s work zone when 
using a specific welding consumable grade. At that 
the permissible relative error of the data obtained, in 
accordance with the requirements [3], is ±25 %. This 
allows providing a selective determination of the ma­
terial content at a level of not higher than 0.5 MAC. 
Taking into account that a large amount of domestic 
and foreign grades of welding consumables has been 
used at present in welding engineering, such data are 
easier to forecast from the index of the WF formation 
intensity, for the determination of which it is necessary 
to take no more than 3-5 WF samples during a couple 
of minutes [1].

The aim of present study is to experimentally in­
vestigate dependence of the WF concentration in air 
of the work zone in covered-electrode welding of low- 
carbon steel upon the WF formation intensity and/or 
the arc power, distance to the welding location (weld­
ing arc) and type of the ventilation system.

Experiments carried out under laboratory condi­
tions at a typical work place for manual arc welding
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with and without general and local ventilation. The 
WF samples were taken around the arc at three points 
at a different distance from it: 55 cm — welder’s 
breathing zone, 100 and 150 cm — work zone. To 
compare the efficiency of general and local ventilation 
systems, its productivity was selected to be the 
same — 1500 m3/h. A typical axial fan was used in 
the system of general ventilation, and a welder’s table 
with built-in exhaust device of the type of a uniform 
suction inclined panel (Figure 1) was used as a local 
ventilation system. The samples of WF and gases were 
taken during the process of deposition of beads by 
using 4 mm diameter rutile-cellulose electrodes ANO- 
36 on plates of steel St3sp (killed). The process was 
performed at the direct current of reverse polarity. 
The welding current was varied in a range of Iw = 
= 130-230 A, and arc voltage — in a range of Ua = 
= 24-40 V to determine dependence of the WF emis­
sion intensity upon the arc power. Standard methods 
[1,2] were used to take the WF samples in the work 
zone air and determine the content of manganese as 
the most toxic component in a composition of WF, 
formed in low-carbon steel welding, and the WF for­
mation intensity. Reliability of the obtained experi­
mental data was checked according to the accepted 
instructions [3]. Analytical and statistical processing 
of the established mathematical dependencies was per­
formed by using the special regression analysis-based 
software developed by the National Research Institute 
of the Labor Safety [4, 5].

The investigation results on dependencies of the 
concentration of WF in the work zone air upon the 
distance to the welding arc (Figure 2, a) showed that 
this concentration is maximal and decreases with in­
crease in the distance to the arc in welding without 
ventilation, that it is much lower and increases in the 
presence of general ventilation, and that it is minimal 
and hardly changes when using local ventilation. The 
above-said proves the fact that the local ventilation, 
which in this case also provides reduction of the man­
ganese concentration below the MAC level (not more
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than 0.2 mg/m3) both in the breathing zone (at a 
distance of 55 cm from the arc) and at other points 
of the work zone (Figure 2, b), is the most effective. 
This is explained by the fact that the WF plume is 
localized by the local exhaust device already in the 
welding arc zone and does not propagate in the work 
zone air.

When using general ventilation, the suction port 
of which is at some distance from the welder’s work 
place, the WF concentration is much higher than in 
the previous case, and rises even higher with increase 
in distance from the welding position. This indicates 
that air, which is polluted with fume in the arc zone, 
is transferred in a direction to the location of the 
suction port of the general ventilation system. The 
manganese concentration in the work zone air at a 
small (approximately up to 70 cm) distance from the 
arc is below the MAC level (see Figure 2, b).

Dependence on the WF formation intensity and man­
ganese content at different distances from the welding 
arc and type of applied ventilation was investigated to 
predict the content of WF and, in particular, manganese 
as a decisive toxic element formed in general-purpose 
electrodes welding of low-carbon steel (see Figure 2). 
Proportionality coefficients (ratios) Kf for WF and KMn 
for manganese between the concentration of the given 
materials at all points of the work zone, where the WF 
samples were taken, and intensity of their emission were 
calculated as follows:

Kf(Mn) = Cf(Mn)/yf(Mn)> (1)

where Cf(Mn) is the concentration of WF and manga­
nese, respectively, in the work zone, mg/m3; and 
yf(Mn) is the intensity of emission of WF and manga­
nese, equal to 0.807 and 0.036 g/min, respectively.

Processing of the experimental data shown in Fi­
gure 2, performed by using the Lagrange interpolation 
formula [6], allowed deriving the following depend­
ence of the proportionality coefficients upon distance 
L to the welding arc:

in welding without ventilation

Kf(Mn) = 0.0039L2 - 0.019L + 0.0563; (2)

Figure 1. Built-in exhaust device of the type of uniform suction 
inclined panel over the welder’s work table

in welding with general ventilation

Kf(Mn) = -0.0085L2 + 0.0295L - 0.011; (3)

and in welding with local ventilation

Kf(Mn) = -0.0005L2 + 0.0014L - 0.0003. (4)

The relative error in the developed mathematical 
models is no more than 1.8%.

The Cf and CMn values are found from formula (1):

Cf(Mn) “ Kf(Mn)yf(Mn). (5)

Substituting dependencies (2)-(4) to formula (5) 
yields the mathematical models for prediction of the 
concentration of WF and manganese depending upon 
the intensity of their emission and distance to the 
welding arc:

in welding without ventilation

Cf(Mn) = yf(Mn)(0.0039L2 - 0.019L + 0.056); (6)

in welding with general ventilation

Cf(Mn) = yf(Mn)(-0.0085L2 +0.0295L - 0.011); (7) 

and in welding with local ventilation

Cf(Mn) = yf(Mn)(-0.0005L2 + 0.0014L - 0.0003). (8)

Figure 2. Dependence of WF Cf (a) and manganese concentration CMn (b) in the work zone air upon distance L to the welding arc in 
arc welding without ventilation (/), with general (2) and local (3) ventilation
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Figure 3. Dependence of the intensity of formation of WF Vf (1) 
and manganese VMn (2) on arc power P

Thus, the concentration of these materials at dif­
ferent points of the welder’s work zone with or without 
ventilation can be easily calculated at a high reliability 
level from the experimental data on the intensity of 
emission of WF or manganese, the determination of 
which involves no particular difficulties [1, 2]. Oth­
erwise, if it is impossible to obtain these data, then 
other, less accurate method, based on the experimen­
tally established dependence of the intensity of for­
mation of WF and manganese upon the welding arc 
power, can be employed (Figure 3). Analytical proc­
essing of these data by the regression analysis method 
allowed deriving the following dependencies:

Vf =-0.178 + 0.187Zw^a, O)

VMn = 0.0014 + 0.0058/wUa, (10)

where Iw is the welding current, A; and Ua is the arc 
voltage, V. The relative errors in dependencies (9) 
and (10) are 2.1 and 3.7 %, respectively; and the 
ultimate correlation coefficients are 0.999 and 0.994.

Checking accuracy of the calculation data, com­
pared with the experimental ones, showed that their 
relative error did not exceed 5.3 % (Table).

Generalization of our experimental and calculation 
data [7] showed that the intensity of emission of WF 
did not exceed 0.4 g/min in welding with rutile elec­
trodes and 1.0 g/min in welding with cellulose ones. 
The content of manganese oxides in WF formed in 
rutile electrode welding was no more than 10.2 %, 
and in cellulose electrode welding — 5.5 %. The ex­
perimental part of this study was performed with the 
rutile-cellulose electrodes widely used at present. At 
the same time, the intensity of WF formation under 
optimal conditions (Iw = 180 A, Ua = 30 V) was 
0.81 g/min (more than for the rutile coverings, but 
less than for the cellulose ones), and the manganese 
content was 4.45 % (not more than in study [7]).

Results of verification of the calculation data on the content of 
manganese in the work zone air in welding with electrode ANO-36

Type of 
ventilation L, m

CMn. mg/m3 Relative 
error, %Calculation Experimental

Without venti­
lation

0.55 1.700 1.700 0

General 1.00 0.360 0.380 5.3

Local 1.50 0.024 0.023 4.3

Given that the relative error of the WF content in 
the work zone air, according to the requirements [3], 
is ±25 %, the developed mathematical models can be 
applied for an approximate estimation of pollution of 
the work zone air with manganese in welding of low- 
carbon steel by using rutile and rutile-cellulose elec­
trodes of different grades.

Considering that manganese is the main harmful 
component in composition of WF, determining the 
labor conditions in manual rutile-cellulose electrode 
welding of low-carbon steels, to decide on the type 
of ventilation (general or local) it is necessary to use 
the data on the concentration of manganese in the 
work zone air, and to calculate the efficiency of ven­
tilation it is necessary to use the data on its emission 
intensity.

Results of the investigations proved that the local 
ventilation is much more efficient than the general 
one. It allows reducing the manganese concentration 
below the MAC level in the welder’s breathing zone 
and work zone of the production area (see Figure 2).

Prediction of the WF and manganese content in 
the work zone to select the type of ventilation and its 
optimum parameters can be performed from formulae 
(6)-(8), firstly by experimentally determining the 
intensity of their emission [1, 2] or calculating it de­
pending on the welding conditions (welding current 
and arc voltage) from expressions (9) and (10).
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Tendencies in development of repair technologies in service of gas turbine engines (GTE) are considered. A procedure 
was developed for qualitative assessment of the influence of part repair technologies on the set of mechanical characteristics 
of base material in the repair zone. The effectiveness of the technology is determined by the change of mechanical 
properties.
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Modern tendencies in development of gas turbine con­
struction consist in creation of a service system simul­
taneously with development of new engines [1]. The 
most effective element of this system is introduction 
of advanced technologies of corrective maintenance to 
extend the operation period with setting up of spe­
cialized centers of engine repair. In the USA repair 
of aircraft equipment is performed by engine manu­
facturers, large independent repair companies, as well 
as subdivisions of major carriers [2]. According to 
predictions, sales of new Boeing aircraft in the next 
20 years will amount to 1.7 trln USD, and service 
income will be 3.1 trln USD. And half of this sum 
will come from repairs. In 2000 repair income was 
equal to 44.6 bln USD, and by 2002 it will rise to 
110 bln USD [2].

At present the segment of GTE manufacturers in 
engine service and repair sector is growing. Rolls- 
Royce has 300 major customers in 50 countries [3, 4], 
and promotes establishment of subsidiaries specializ­
ing in repair. Company’s annual contracts amount to 
9 bln USD.

GE is developing new repair technologies [5], also 
for the USA [6], Alstrom is creating CLE system 
envisaging application of new repair technologies to 
increase GTE overhaul periods [7]. Leading companies 
are building enterprises for power equipment repair 
in different regions of the world [8]. Repair routine 
for an industrial GTE is being patented [9]. Starting 
from 2000, Trans Canada Turbines has provided GTE 
overhaul service. In the next 10 years the sum of orders 
for repair of GTE of RB 211 type will exceed 
250 mln USD [10]. Ever more attention is given to 
development of repair technologies and repair person­
nel training [11] in prediction of repair costs [12].

A key issue of repair technologies remains to be 
assessment of residual life and its extension, so that 
a number of studies are devoted to development of

procedures and mathematical models of damage me­
dium mechanics for theoretical analysis of the proc­
esses of life exhaustion of structural element materials, 
allowing for degradation processes developing under 
operation conditions [13, 14]. Comparison of strength 
analysis results with structural changes in the metal 
proceeding in high-temperature service, allows deter­
mination through calculations of the most probable 
sites of damage accumulation [15].

Practical repair and reconditioning of power equip­
ment components makes use of a broad range of mod­
ern technologies. For GTE blade repair MTU Aero 
Engines GmbH patented a combination of the methods 
of powder metallurgy, welding and machining of the 
weld area [16], as well as a repair technology of braz­
ing with nickel alloy based brazing filler metals [17]. 
The methods of efficient and rational application of 
brazing for repair of defective blades of GTE hot stage 
and the main technologies developed for these pur­
poses, are given [18, 19]. Cut-out defective sections 
are filled with molten powder material, consisting of 
the braze alloy and filler by argon microplasma spray­
ing [20]. Techniques of laser welding up of defects 
and laser cladding for repair of spot defects in different 
combinations of heat and finish treatment are becom­
ing ever wider accepted in practice [21-27].

It is difficult to repair parts from high-temperature 
nickel alloy with high aluminium and nickel content 
by regular welding processes. Therefore, the method 
of electrospark alloying using high-strength filler is 
promising for repair of unweldable alloys. It is noted 
[28] that mechanical properties of the repaired section 
are quite satisfactory, but introduction of the tech­
nology of electrospark alloying into industry will re­
quire certain efforts in the future. IHI and Mitsubishi 
developed a new method of electrospark alloying, 
namely micro spark coating (MSC) [29] for GTE 
blade repair, which uses the energy of highly-sensitive 
microelectric discharges, and can replace the tradi­
tional repair techniques in a number of cases, namely

The article was prepared on the basis of results of accomplishment of the NASU targeted integrated program ^Problems of Remaining 
Life and Safe Operation of Structures, Constructions and Machines^ (2007-2009).
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welding, galvanic, and thermal. Toshiba developed 
method of hot isostatic pressing (HIP) for recondi­
tioning of GTE blades [30]. Extension of the service 
life of a part with some fatigue damage is achieved 
with ion nitriding technology [31].

New integrated technological processes of GTE 
blade repair, combining various operations, are be­
coming accepted. Processes of welding and subsequent 
local heat treatment by the electron beam are efficient 
[32]. Snecma Moteur SA applies cold rolling after weld­
ing of the defective section of blade airfoil. This induces 
residual compressive stresses in the blade airfoil, which 
compensate the residual tensile stresses in the weld, thus 
achieving strengthening of the reconditioned structure. 
This technique is effective for repair of solid discs with 
blades, when individual blades cannot be removed for 
replacement or reconditioning [33].

Most of the repair technologies should be regarded 
as alternative. In this connection it is necessary to 
develop procedures of technology assessment and se­
lection.

The effectiveness of repair technologies can be 
evaluated primarily by the change of the set of me­
chanical properties of the repaired defect zone com­
pared to properties of unrepaired zone [34].

The purpose of this study is development of the 
procedure of quantitative assessment of the influence 
of repair technologies on service properties of base 
material in the repair zone.

Experimental procedure. Samples from undam­
aged material and samples with repaired defects — 
simulators of real damage made from models of GTE 
blades from EK-9 alloy — were used to perform a 
series of studies of the influence of the features of 
repair technology on the characteristics of short-time 
and long-time static strength, as well as high-cycle fa­
tigue. Repair technologies of arc welding and cladding 
and microplasma powder cladding developed at PWI 
were used. Samples were made by spark erosion process. 
After the cladding cycle the samples were heat-treated 
according to the accepted repair technology. Two-sided 
notches of 10x0.5 mm size were made on side surfaces 
of the flat sample as damage simulators.

A feature of testing was the fact that deformation 
not of the entire sample, but just of the damaged area 
was measured using extensometer with 12 mm meas­
urement base. It was also measured in a similar area 
of an undamaged sample. Diagrams of deformation of 
such samples at temperatures of 20 and 800 °C were 
recorded. Investigations were conducted in INSTRON 
testing system. Programmed loading, thermal condi­
tion control and data processing in the numerical and 
graphic form were provided in the automatic mode.

Two types of samples of EK-9 alloy were made for 
high-cycle fatigue testing: cylindrical smooth samples 
for determination in the initial condition and samples 
with a raiser of 1 mm depth and 2 mm length along 
sample generatrix. The raiser simulated a defect to be 
repaired. A sample supported in cantilever was 
mounted in an electrodynamic tester. During testing

the range of oscillations of the cantilever sample free 
end corresponding to the required level of stress am­
plitude, was established. The range was monitored by 
MBS-2 optical microscope, the number and frequency 
of loading cycles — by data processing frequency me­
ters ChZ-34.

Assessment of the influence of repair technology 
on the thermal stress and strain state was performed 
by design-calculation method. Investigations were 
conducted on wedge-like samples simulating blade 
edge. Damaged zone cutting out and subsequent repair 
microplasma powder deposition of a bead were applied 
to repair the damaged edge. The level of thermal stress 
state of wedge-like sample edge after repair depending 
on the technological modes of testing was assessed in 
a gas-dynamic bench in keeping with the standard 
[35]. Calculations of thermal and stress-strain state 
(SSS) of the repaired samples were conducted using 
SPACE applied software package [36]. Charac­
teristics of EK-9 (base metal) and EP-539 (deposit 
metal) alloys were used in calculations. The damage 
stage was considered, when thermal fatigue cracks of 
up to 0.5 mm length develop on the edge, and edge 
building-up to 0.7 mm depth is required, which cor­
responds to the edge rounding-off radius. Results of 
thermometering of samples in the tester by fixed ther­
mal cycling modes were the basis for analysis of the 
kinetics of thermal state and SSS of the material. The 
most stringent mode of GTE blade operation was used, 
namely 60 s heating and 60 s cooling in the temperature 
range of 350-1100 °C.

Results and their discussion. Short-term and 
long-term static strength. Analysis of investigation 
results allows making the following statements.

Deformation curves obtained on undamaged sam­
ples (Figure 1, curve 1) run somewhat lower (~ 10 %) 
than the certificate characteristics of EK-9 alloy. This 
is indicative of the influence of the processes of model 
blade manufacturing, which lead to certain deviations 
of mechanical characteristics. Technology of spark ero­
sion treatment of the samples can have additional in­
fluence.

Analysis of deformation curves of the sample test 
portion in the repaired defect zone (Figure 1, a, curve 
2) points to 15 % lowering of limit characteristics of 
strength and significant lowering (more than 50 %) 
of the ductility margin. However, sample failure at 
tension occurs beyond the zone of the repaired defect. 
Therefore, it may be stated that the developed repair 
technology ensures recovery of material strength to 
the level not lower than that of the sound region.

Results of long-term strength testing given in Fi­
gure 2 show that the nature of failure of sound and 
repaired samples is practically identical to the given 
in Figure 1 results of short-term static testing. Similar 
to short-term testing, the repair zone in the repaired 
sample is not a weak link.

Prediction of performance by the criterion of re­
sistance to long-term loading was performed using the 
base diagram method (BDM) suggested by V.V.
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Figure 1. Curves of short-time deformation of a defect-free sample (/) and sample with a repaired defect (2) at temperature of 20 (a) 
and 800 (b) °C

Krivenyuk [37]. This requires information about the 
behaviour of an analog-material in a certain time in­
terval of prediction; results of static testing (see Fi­
gure f); limited information on the studied material 
behaviour at long-term loading at a limited cycle num­
ber (see Figure 2). If information is available, other 
data on similar materials as to composition and prop­
erties are also used.

Proceeding from the data on the nature of property 
change allowing for the true scatter of data, coeffi­
cients of the base diagram equation were found in the 
following form:

lg o’ = lg Of - (3.6 - lg Of)(lg t + 0.Hg2t)/f2, 

where ot is the current value of stress in the base 
diagram, MPa; of is the stress leading to fracture 
within f h; t is the time to fracture, h.

Features of individual sections of long-term 
strength curve are precised using experimental char­
acteristics. A fundamental aspect of application of 
BDM prediction procedure is determination of correc­
tion coefficients, which allow for the kinetics of duc­
tility variation. Tentative calculations by BDM pro­
cedure demonstrate a lowering of long-term strength 
characteristics over considerable time base to the level 
of about 30 % of the initial values.

High-cycle fatigue. Testing of initial samples was 
conducted at resonance frequency of 850-900 Hz by 
the first oscillation mode. Endurance limit was deter­
mined on the base of 2-f07 cycles. Number of loading 
cycles was recorded during testing. Start of lowering 
of resonance frequency (f), and lowering of resonance

frequency by f % (2) were taken to be the limit state 
criterion. The first of them was taken to be the fatigue 
life, which corresponds to the moment of fatigue crack 
initiation, which is followed by the process of crack 
development to the moment of lowering of resonance 
frequency by f %. The latter fatigue life was taken as 
the sample final fracture. Testing results are given in 
Figure 3.

Analysis of the curves is indicative of the fact that 
in terms of cycle number the process of fatigue crack 
development is 3 to 4 longer than before crack initia­
tion. A feature of fatigue fracture is presence of several 
cracks on the surface of sample test part.

After application of repair technology the samples 
were ground. Resonance frequency was 720 Hz. Fatigue 
curves after application of repair technology are given 
in Figure 4. Comparison of testing results shows that 
samples after repair have lower fatigue characteristics 
than the initial values (o-f = 240 MPa — initial; o-f = 
= 205 MPa — samples after repair). In addition, 
whereas the fatigue curve of the initial samples has the 
shape of an inclined curve up to the number of cycles 
of 2-f07, the curve for the repaired samples has a steeper 
slope and physical fatigue limit equal to 2-f07 cycles 
with curve break abscissa on the level of 3-f06 cycles. 
Fatigue cracks in samples after repair developed not in 
the weld zone, but in the HAZ metal.

Obtained results were interpreted in terms of limit 
exhaustion of ductility in keeping with the model 
proposed in [38, 39].

Thermal-stress state of materials in the repair 
zone. The main purpose of work in this direction was 
assessment of the influence of the difference between

Mechanical properties of EK-9 alloy

Temperature, 
°C Ot, MPa O0.2, MPa 8, % E, MPa

20 704.2
597.0

637.3
570.0

1.3
0.5

f80
f80

800 630.8
460.0

536.0
450.0

0.6
0.3

153.19
153.19

Note. The numerator gives the initial values, the denominator — 
values after repair.

Figure 2. Curves of creep of defect-free samples (/) and samples 
with a repaired defect (2) at the temperature of 800 °C
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Figure 3. Fatigue curves of samples from EK-9 alloy in the initial 
state: 1 — start of lowering of resonance frequency; 2 — lowering 
of resonance frequency by 1 % Figure 4. Fatigue curves of samples of EK-9 alloy after repair: 1 — 

start of resonance frequency lowering; 2 — start of resonance fre­
quency lowering by 1 %; a — sample after testing (N = 2-10 
cycles) first at 6a = 205, and then at 6a = 220 MPa

Figure 5. Variation of stresses a, in the point of contact of deposit material (/) and base metal (2) in the thermal load cycle by condition 1 
(a) and 2 (b)

the properties of the base and deposited metals on the 
level of residual process stresses and kinetics of their 
variation under the conditions of variable tempera­
tures.

Predominant attention was given to two variants 
implemented in practice. In the first model problem 
an assumption was made that the repair technology 
ensures absence of residual stresses at the temperature 
of 20 °C, i.e. at this temperature the initial stresses 
in the wedge are absent. In the second model problem 
the initial assumption was that the repair deposit was 
made at the temperature of 1200 °C and at this tem­
perature and uniform thermal state initial stresses are 
absent. Generalized results of such analysis are given 
in Figure 5.

Comparing thermal stress states of the wedge-like 
sample in the thermal load cycle of the two variants 
of the initial state of materials in the deposit zone, 
we can note the following. Higher stresses, both com­
pressive and tensile, arise in the case of variant 1. 
However, while the compressive stresses in the two 
variants are close in absolute values, tensile stresses, 
which are particularly hazardous for initiation and 
development of thermal fatigue cracks, are much 
smaller for case 2, which gives a more adequate rep­
resentation of the actual situation. These stresses are 
as follows: for variant 1 — 400 (on the edge), 380

(deposit metal) and 245 (base metal), and for variant 
2 — 145, 110 and 171 MPa, respectively.

In conclusion it should be noted that in practical 
operation of power plants, including AGTE, a ten­
dency has emerged, when the scopes of repair and 
reconditioning operations start exceeding the volume 
of new equipment sales. This discrepancy will increase 
with time.

Practical repair and reconditioning operations are 
performed with application of a wide range of modern 
technologies. A greater effect of ensuring the required 
level of properties is achieved when using multiopera­
tion integrated technologies. Their effectiveness is de­
termined by the level of lowering of the set of me­
chanical properties of the reconditioned parts.

CONCLUSIONS

1. A procedure is proposed for qualitative assessment 
of the influence of repair technologies on the service 
properties of base material in the repair zone. The 
procedure uses laboratory, bench and numerical meth­
ods determining the characteristics of short-time and 
long-time static strength, high-cycle fatigue, as well 
as assessment of thermal stress state of the repair zone.

2. Further studies are required on a multifactorial 
experiment to determine the optimum technological 
modes of repair technologies. The set of optimization
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criteria should include cost indices. Assessment and 
prediction of the residual life of reconditioned parts 
are performed by calculation methods based on ex­
perimental laboratory testing.

3. It is necessary to develop standard documents 
specifying introduction in repair plants of the proce­
dures for determination of the set of mechanical prop­
erties, depending on the technological modes.
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INCREASE OF RESISTANCE OF WELDS TO FORMATION 
OF CRYSTALLINE CRACKS IN REPAIR OF BANDS 

OF KILN FURNACES USING ELECTROSLAG WELDING
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1E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 
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The results of study of causes of appearance of crystalline cracks in central parts of layers of multi-layer electroslag weld 
are given. The method of increase of resistance of such welds to formation of crystalline cracks applied to repair of 
damaged bands of rotary kiln furnaces at the site of their operation is developed.

Keywords: multi-layer electroslag welding, rotary fur­
naces, bands, carbon steels, crystalline cracks, repair, weakness 
area

The most critical parts of rotary kiln furnaces are 
bearing bands of solid rectangular section, which are 
mounted on the furnace body with a definite radial 
gap, and bands of solid shaped section, welded-in into 
the furnace body [1]. The bands are manufactured of 
medium-carbon steels of the type 35L, 30GSL and 
34L-ESh. The sizes of cross sections of butts being 
welded of bands are (355-500) x (900-1350) mm, 
outer diameter is up to 8450 mm.

Through cross cracks, often initiated in the bands 
of rotary furnaces during operation, result in forced 
and durable stop of the whole machine for replacement 
by a new band or repair of the band which came out 
of order [2].

In most cases the rewelding of cracks is performed 
without removing of a band from the furnace body. 
To realize this method of repair a band is set in a way 
that damaged place was positioned strictly in upper 
position by rotation of the furnace body. To repair 
the non-through cracks the groove is made using drill­
ing of holes of 50 mm diameter with a pitch of 0.8-0.9 
of diameter, and welding is performed using non-con- 
sumable nozzle with a feed of single wire of 5 mm 
diameter [3]. However due to the high rigidity of 
fastening of edges in re-welding of holes of the depth

Figure 1. Transverse macrosection of specimen of steel 35L of 500 x 
x 300 x 500 mm size with hot cracks formed after ESW of holes of 
50 mm diameter and 500 mm depth

© S.M. KOZULIN, I.I. LYCHKO and M.G. KOZULIN, 2010

of more than 100 mm the crystalline cracks are formed 
in welds (Figure 1). Besides, the re-welding of 
through cracks is complicated by the requirements of 
limitation of residual deformations, distorting the in­
itial geometric sizes of a band.

The comparative analysis of efficiency of applica­
tion of existing methods of repair of similar defects 
using fusion welding showed that the most promising 
technological process for repair of fractured bands 
directly at the site of their operation (at the furnace) 
is the multi-layer electroslag welding (MESW) [2, 
3]. However its application is limited by the number 
of factors, one of which is a low resistance of weld 
layers to formation of crystalline cracks in the central 
part of the weld layers.

To study causes of initiation of these defects and 
to develop the technological methods of improving 
resistance of layers of multi-layer weld to formation 
of crystalline cracks, the number of experiments was 
carried out. The investigation was performed accord­
ing to the procedure, including comprehensive study 
of experience of application of MESW, analysis of 
obtained results, development of new methods of 
welding and their practical realisation at making the 
MESW of specimens.

The sizes and material of specimens were selected 
similar to specimens-witnesses applied at manufactur­
ing of bands of rotary furnaces (Figure 2). The welding 
machines of the type A-645 and A-1304 with power 
source TShS-3000-3, electrode wires of grades Sv- 
08GA and Sv-10G2 of 3 mm diameter, and also flux 
AN-8M were used. In the process of welding the main 
parameters of conditions were recorded using infor­
mation-recording system ISU-150 [4]. The welded 
specimens were cut into templates, from which trans­
verse and longitudinal macrosections were produced, 
the prints were taken according to Bauman.

Considering the peculiarities of electroslag weld­
ing (ESW) of large workpieces in thickness and sizes 
it turned out to be impossible to apply known methods 
of quantitative evaluation of resistance of a weld to 
formation of crystalline cracks [5-7]. Therefore, to 
obtain qualitative evaluation of metal resistance 
against hot cracks formation the so-called rigid sam-
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pies were investigated [8]. According to these methods 
the specimens, similar by sizes and their mass to pro­
duction workpieces (full-scale specimens), are 
welded. To increase rigidity, the fixing distance gas­
kets were placed into a welding gap (see Figure 2). 
As the criteria of evaluation of weld metal resistance 
against hot crack formation the specific heat input of 
welding was taken Ew, providing guaranteed fusion 
at minimal required penetration depth without hot 
crack formation.

With the purpose of providing the sufficient resis­
tance margin of a weld metal to crystalline crack for­
mation the preheating of full-scale specimens (rigid sam­
ples) was intentionally not performed before welding.

In MESW using vertical welds the rigidity of edges 
fastening was caused by mounting of transverse me­
tallic bridges, forming the groove (see Figure 2). The 
rigidity of joint increases with layout of layers (in­
crease of obstacle to free shrinkage of crystallizing 
metal). As far as decrease of rate of tensile deformation 
of weld metal by decrease in welding speed failed due 
to the loss of steadiness of electroslag process [5, 9] 
it was decided to change the conditions of formation 
of a multi-layer weld.

According to the selected methods the specimens 
(Figure 2) of the steels 30L and 34LESh were re­
welded. The holes formed at mounting of plates of 
rolled metal were re-welded successively using dual 
electrode consumable nozzle at specific heat input 
Ew = 110-170 kj/cm2.

The study of transverse macrosections of welded 
joints of performed specimens showed that after re­
welding of holes of rectangular shape the lines (areas) 
of fusion have an elliptical shape. The crystallites 
grow from the edges of parent metal in the direction 
of a centre, where meeting each other, they form a 
weld area with the least ductility (plane of weakness) 
[5, 10]. The plane of weakness is positioned along the 
large axis of ellipsis, thus parallel to the edges being 
welded. It is known [11] that development of a hot 
crack mainly occurs in the direction perpendicular to 
the action of the largest component of deformation 
(Figures 3, a and 4, a). Considering high rigidity of 
elements being welded and the fact that in the weld 
metal area of high temperature the transverse defor­
mations are mainly developed, the most favourable 
conditions to hot crack formation are formed at this 
position of weakness area. It was also proved by carried 
out investigations.

Basing on the results of carried out experiments 
the suggestion was made about the possibility of de­
crease of negative influence of the area of the smallest 
ductility on technological strength using positioning 
of weakness plane parallel to the vector of the maximal 
tensile forces appeared at crystallisation of a weld 
metal (Figure 3, b). In order to check it, the groove 
of edges was formed using plates-spacers after mount­
ing of which the rectangular holes appeared between 
the edges being welded. The largest side of the hole

Figure 2. Scheme of assembly (a) and MESW (b) of pilot samples 
with longitudinal arrangement of consumable nozzles: 1 — parts 
being welded; 2 — input pocket; 3 — forming plates-spacers; 4 — 
water-cooled cover plate; 5 — consumable nozzle; B — width of 
welding gap; 5well — thickness of well metal

Figure 3. Schemes of positioning of zones (planes) of weakness in 
metal of layers of multi-layered weld in ESW with consumable 
nozzle with arrangement of consumable nozzles along the axis of 
edges preparation (a) and across (b): 1 — edge being welded; 2 — 
shape of layer of a weld in a cross section; 3 — forming cover plate; 
4 — weakness zone (plane); 5 — vector of shrinkage forces
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Figure 4. Transverse inacrosections of multi-layer electroslag welds 
performed with longitudinal (a) and transverse (b) arrangement 
of consumable nozzles in a gap: 1 — billets being welded; 2 — 
forming plate-spacer; 3 — forming water-cooled device; 4 — con­
sumable nozzle

(well) was positioned not parallel, but perpendicu­
larly to the edges being welded (Figure 4).

ESW of the holes was performed using consumable 
dual electrode nozzles mounted across the welding gap 
according to the scheme in Figure 4, hat the specific

power within the above-mentioned limits. The results 
of investigations of macrosections and Bauman’s 
prints of transverse and longitudinal sections of welds 
performed according to the offered scheme showed 
that hot cracks in weld layers were not detected.

Thus, it was established that by changing the di­
rection of weakness plane of single layers relative to 
the vector of tensile forces of multi-layer weld it is 
possible to achieve increase of its resistance against 
formation of crystalline cracks.

At the repair of through cracks in bands of rotary 
kiln furnaces the shape of groove of edges and pitch 
of layers being re-welded should be determined de­
pending on the configuration and sizes of defects.
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consumables and technologies allowing improvement of welded joint resistance to local corrosion damages are proposed.
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In the pipelines of the second circuit of power units 
of nuclear power stations the welded joints of pipes 
of dissimilar steels (austenite and low-alloyed) are 
mostly subjected to corrosion fracture [1]. During 
repair of a pipeline the site welding is usually not 
applied. Instead of a removed defect area a specially 
manufactured insert is welded-in, which has also a 
limited life.

The investigations carried out earlier showed that 
corrosion cracking and fracture of mentioned joints is 
caused by heterogeneity of metal of welded joints, 
presence of brittle and weakened interlayers, stressed 
state and hydrogen embrittlement of metal.

The main factors influencing the life of welded 
joints of dissimilar steels are their chemical and struc­
tural heterogeneity in the places of joining of austenite 
and pearlite steels due to mixing of these metals in a 
weld pool and diffusion of different elements, espe­
cially carbon.

In mentioned areas of a welded joint the formation 
of alloyed martensite with sufficiently high carbon 
content is possible. It is characterised by high hardness 
and also low plasticity.

The residual stresses in similar and dissimilar 
welded joints are considerably differed after perform­
ance of heat treatment. During cooling in the process 
of tempering of dissimilar welded joints the new re­
sidual stresses occur due to different thermal expan­
sion of steels.

Tensile stresses arise in an austenite part of welded 
joint. In welding of butts of pipes of dissimilar steels 
the stresses at the inner surface of austenite pipe are 
tensile and in the pipe of a perlite steel — compression. 
During evaluation of stressed state of the joint it is 
necessary to take into account the structural stresses. 
In martensite interlayers they can much exceed the 
residual stresses.

The main factor influencing the serviceability of 
dissimilar welded joints is hydrogen. The combination 
of three factors (diffusion-mobile hydrogen, marten­
site structure and stressed state) can result in delayed 
fracture of the welded joint [2]. Here the local defects 
and microcracks are formed on the grain boundaries 
of former austenite grains. The development of delayed 
fracture process can result in a rapid intercrystalline 
corrosion cracking of the welded joint.

The increase in life of dissimilar welded joints can 
be achieved as a result of development of different 
technological measures providing minimal penetration

Figure 1. Schemes of first (a), second (b) and third (c) technologic variants of welded joints of dissimilar steels: I — base metal (steel 
20); 2 — hard-facing of Armco-iron; 3 — weld made using filler metal Sv-10Kh16N25AM6; 4 — base metal (steel 08Kh18N10T); 5 — 
hard-facing of filler metal Sv-10Kh16N25AM6; 6 — weld made using filler metal Sv-04Kh19N11M3; 7 — weld made using Armco-iron 
as a filler metal

© O.G. KASATKIN, A.K. TSARYUK, V.Yu. SKULSKY, A.R. GAVRIK and S.I. MORAVETSKY, 2010
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Figure 2. Microstructures (a-e — x200; f — xlOOO) of different zones in metal of welded joints of dissimilar steels: a — steel 20; b — 
steel 20, area of incomplete recrystallisation; c — steel 20, area of normalisation; d — zone of fusion of steel 20 with Armco-iron; e — 
hard-facing of Armco-iron; f — zone of fusion of deposited metal with austenite weld

of base metal and prevention of formation of brittle 
and decarbonized interlayers.

The analysis of existing domestic and foreign high- 
alloyed welding consumables showed that they do not 
allow complete prevention of formation of chemical 
and structural heterogeneity in dissimilar welded 
joints as well as formation of martensite and decar­
bonized interlayers.

To prevent formation of martensite interlayers it 
is necessary to exclude the possibility of mixing pear­
lite and austenite metals in welding. For this purpose

Figure 3. Microstructure (a — x250) and change of microhardness 
(b) at the area of fusion of commercial iron layer deposited on steel 
20 and weld metal made using wire Sv-l0Khl6N25AM6

it is possible to line the edge of pearlite steel with 
commercially pure iron (Armco-iron) with a low carb­
on content. During hard-facing the share of base metal 
should be small. In this case it is possible to prevent 
the formation of alloyed metal with carbon content 
of more than 0.05 %. In the iron with a low carbon 
content no hard martensite with a high density of 
dislocations is formed.

The universal method of decrease of diffusion 
movement of carbon is nickel adding to weld metal 
or lining of edges with this metal. Necessary concen­
tration of nickel in a weld should be increased with 
increase of operating temperature of the welded joint.

In the work the following technological variants 
of welding dissimilar steels using interlayer of com­
mercially pure iron are evaluated:

• preliminary argon arc hard-facing of two layers 
of Armco-iron on edge of steel 20 (Figure l, a). After 
mechanical treatment of edges the welding of austenite 
steel using wire Sv-l0Khl6N25AM6 was performed;

• argon arc hard-facing of Armco-iron layer, then 
two layers with filler wire Sv-l0Khl6N25AM6 on the 
edge of steel 20. After mechanical treatment of edges 
the welding of joint was performed using filler wire 
Sv-04Khl9NllM3 (Figure l, b);

• argon arc hard-facing of Armco-iron layer on the 
edge of steel 08Khl8Nl0T. After mechanical treat­
ment of deposited edge the argon arc welding of a 
joint was performed using filler of commercial iron 
(Figure l, c).

The welded joints of steels 20 and 08Khl8Nl0T, 
made according to different technological variants, 
were cut into transverse templates to perform mechani­
cal and metallographic investigations.

The values of strength, bend angle and impact 
toughness, obtained as a result of investigations, sat­
isfied the requirements set forth to welded joints of 
steels 20 and 08Khl8Nl0T. '
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Figure 2 shows microstructures of metal of char­
acteristic areas of welded joint of dissimilar steels:

• area of complete recrystallization or normaliza­
tion (Figure 2, c) where after phase recrystalization 
the metal acquired a fine-grain structure;

• area of overheating, where along with hard-facing 
of Armco-iron layer (Figure 2, d) the coarse structure 
of large areas of ferrite and pearlite (Widmanstaetten 
structure) was formed on steel 20. The deposit of 
Armco-iron near steel 20 has a fine-grain structure, 
and due to its mixing with base metal single pearlite 
areas were present in it;

• the metal of hard-facing of commercial iron (Fi­
gure 2, e) has a purely ferrite structure with a rela­
tively coarse grain;

• area of fusion of Armco-iron layer with austenite 
weld metal (Figure 2, f), where coarse grains offerrite 
and layer of Armco-iron melt, not mixed with weld 
metal, are seen.

Depending on conditions of mixing metal in weld 
pool the transition from Armco-iron can be abrupt or 
have a layer with a fine-dispersed structure. This is a 
metal formed as a result of incomplete melting of grain 
fragments of commercial iron and absence of mixing 
such melted metal with austenite weld metal (or de­
posited metal).

It is obviously that formation of such interlayers 
is influenced by higher temperature of technical iron 
melting (about 1530 °C as compared to 1380 °C in 
austenite metal) and narrow range of crystallization 
temperatures facilitating its rapid solidification at 
changes of temperatures in the process of welding and 
also difficulty of mixing with an austenite melt.

The joint metal at the transition area from the 
layer of commercial iron to the layer of deposited 
metal of the type Sv-10Kh16N25AM6 has a similar 
microstructure (Figure 3).

It is seen from results of measurements that in 
austenite weld metal or deposited metal at the area 
of changing composition in base metal (commercial 
iron) the microareas are formed with increased hard­
ness, much lower than that of martensite due to dif­
ferent volume participation of melted unalloyed and 
surfaced high-alloyed metals. Due to non-uniform 
mixing of melts of iron and austenite metal, except 
areas with increased hardness, the microareas with 
hardness of austenite are formed.

The obtained results showed the following:
• in hard-facing of transient unalloyed carbon-free 

iron layer and next welding using the austenite weld 
the migration of carbon and formation of carbide in­
terlayers, characteristic of the zone of fusion of steel 
20 with austenite weld metal, were revealed;

• migration of carbon and formation of decarbon­
ized interlayer in steel 20 does not occur at the area 
of its fusion with underlayer of commercial iron;

• at the areas of the commercial iron-deposited 
weld austenite metal fusion the microareas with vari­
able hardness are formed due to additional alloying 
of iron melt by alloying elements and carbon of 
austenite wire.

The investigations of technological variant with 
hard-facing of Armco-iron layer on the edge of steel 
08Kh18N10T and next argon arc welding of a joint 
with Armco-iron filler showed that at the area of fusion 
of the first hard-facing layer of Armco-iron on 
austenite steel no areas with high hardness of metal, 
characteristic of hardened structures, were formed. At 
this area of welded joint no redistribution of carbon 
and formation of carbide interlayers were observed.

The results of investigations of flat specimens 
showed that boundary of fusion of austenite and low 
carbon steel is more homogeneous if to perform hard- 
facing of low carbon steel on austenite and to fill a 
weld with ferrite metal. However filling of a weld 
with low carbon unalloyed metal leads to the decrease 
in strength of the welded joint.

Later to fill a weld, the Armco-iron, alloyed with 
a small amount of strengthening elements, was used 
as a filler material. As a whole, the values of mechani­
cal properties of dissimilar welded joints performed 
according to suggested technology meet completely 
requirements regulated by PNAE G-7-010-89 for 
equipment of nuclear power stations.

CONCLUSIONS

1. In the course of preliminary corrosion tests of 
welded joints of dissimilar steels 20 and 08Kh18N10T 
it was established that their welded joints represent 
complex multi-electrode element with difference of 
potentials between base metals in a welded joint of 
up to 0.5 V in neutral medium of sodium chloride 
(pH 6.5-7.0), thus causing intensive fracture of metal 
in a fusion zone.

2. In the process of tests of welded joints at the 
loading of up to 0.9oy in boiling solution of mixture 
of calcium nitrite and nitrite of ammonium in the 
specimens welded both according to conventional 
technology, and also in hard-facing of commercial iron 
on the edges of steel 08Kh18N10T, corrosion cracking 
occurs. Under similar conditions of testing specimens 
with hard-facing of edges of carbon steel by Armco- 
iron the corrosion cracking was not observed.

3. The developed technology of welding of the 
second circuit pipelines of dissimilar steels is sup­
posed to be certified at Khmelnitskaya nuclear 
power station.

1. Zemzin, V.N. (1981) Welded joints of dissimilar steels. In:
Welding and consumables. Vol. 1. Moscow: Metallurgiya.

2. Makarov, E.L. (1981) Cold cracks in welding of alloy 
steels. Moscow: Mashinostroenie.
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The paper gives the results of experiments on qualitative assessment of the influence of thermomechanical treatment on 
the strength of spot welded joint. Rationality of shock application of the compressive force at the temperature close to 
the recrystallisation point of the metal being welded is shown.
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As is known, the most widely accepted cause for low­
ering of welded joint strength is development of tensile 
stresses in the weld zone, caused by metal shrinkage 
during cooling.

The level of residual mechanical stresses is lowered 
using thermal, thermomechanical [1,2] and shock-me­
chanical kinds of weld zone treatment, which is con­
ducted after completion of welding operation. For 
instance, performance of strengthening by the method 
of high-frequency mechanical peening [3, 4], hammer 
peening [5] or shot blasting [6] allows several times 
increase of cyclic fatigue life of the welded structure 
due to redistribution of residual mechanical stresses 
in the weld zone. The above strengthening methods 
are characterized by multiple shock application of the 
compressive force, which is performed at the speed of 
about a hundred meters per second.

«Peening» term characterizes a process of welding 
at a much lower speed of compressive force application 
(not more than a dozen meters per second) and one­
time action, which is due to the inertia of the pneu­
matic drive assembly of electrode displacement both 
at the stage of welding, and peening.

This led to the need to reject the term «peening» 
from resistance welding area and use a term from a 
related area of engineering, namely «impact treatment 
of metal» [3-6], which characterizes high-speed and 
multiple treatment of metal directly during the weld­
ing process at the stage of spot weld cooling.

The disadvantages of welded joint heat treatment 
include the need for either long-term (for several 
hours) heating by a certain cycle of the entire welded 
product in furnaces, or not less long-time local heating 
of the weld zone.

In some cases, however, it turned out to be possible 
to replace the expensive and power-consuming heat 
treatment of the entire product by additional surface 
melting of welds by arc heating in argon. This tech­
nology was developed at PWI. Results of the con­
ducted studies showed that argon-arc surface melting 
of welds allows recovering the weld metal impact 
toughness, improving the welded joint fatigue limit,

which, as was explained by the author of [7], is related 
to structural changes in the weld metal.

Lowering of the level of residual tensile stresses 
in welded joints can be achieved also through appli­
cation of special filler materials, characterized by low 
temperature of interphase transfer in the weld metal 
[8].

Compressive stresses in welded joints form directly 
during the welding process, for instance, at spot re­
sistance welding with a peening cycle envisaging the 
impact of an additional and higher force of metal 
compression at the stage of cooling of the formed spot 
weld. This treatment variant was accepted in welding 
metals prone to cracking and porosity formation, in 
order to lower residual stresses and improve the fatigue 
strength of welded joints [9, 10]. This treatment vari­
ant, however, is characterized by a low level of com­
pressive stresses induced in the spot weld metal, be­
cause of the low speed of peening force application 
and inertia of the compressive mechanism; moreover, 
it excludes the possibility of variation of the moment 
of peening pulse application relative to the tempera­
ture of spot weld metal heating.

Shock-mechanical kinds of welded joint treatment 
include peening with a pneumatic vibration tool, shot 
blasting and ultrasonic peening. Technical literature 
gives information about improvement of cyclic fatigue 
life of welded joints by several times after performance 
of the operation of metal peening with a pneumatic 
hammer or its shot blasting. Ultrasonic treatment also 
allows an improvement of mechanical strength, for 
instance, in treatment of welded joints of 20KhGSA 
steel and some aluminium alloys [11, 12].

In view of the technological disadvantages inher­
ent to the above treatment techniques, high-frequency 
mechanical peening became widely accepted now. 
Conducted studies [3, 4] showed that application of 
this kind of treatment, even without metal preheating, 
allows achieving a more favourable redistribution of 
residual stresses in the metal surface layers and form­
ing a sufficiently high level of compressive stresses, 
in particular in the base-to-weld metal transition zone.

Proceeding from the above said, it may be antici­
pated that the joint action of heat treatment and me­
chanical peening can turn out to be an effective means 
of improvement of both the mechanical strength, and© A.S. PISMENNY and V.M. KISLITSYN, 2010
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Figure 1. Schematic of sample preparation to rupture testing: 1, 
2 — spot welds with peening and without it, respectively; 3 — 
cut lines

endurance limit of welded joints. Action of impact 
treatment at increased temperature certainly should 
increase the depth of the surface layer of metal where 
plastic deformation takes place, and, therefore, also 
the dimensions of the zone of residual (post-weld) 
mechanical stress.

This gives rise to the following questions, requiring 
experimental verification of the possibility of improve­
ment of welded joint mechanical strength, namely 
determination of the optimum temperature range, in 
which the shock impact of the compressive force is 
favourable, optimum ratio of thermal and mechanical 
impact energy, and optimum speed of compressive 
force application.

Solution of these problems is of theoretical and 
practical interest not only for improvement of the 
methods of welding metals and joining new structural 
materials, but also during performance of repair-main­
tenance operations on welded structures. It is also 
necessary to assess the effectiveness of application of 
different kinds of heating, namely electric contact, 
arc, flame heating, for this purpose.

This work is an attempt at a qualitative evaluation 
of the attractiveness of impact treatment of weld metal 
in resistance welding of sheet steel.

In order to perform technological verification of the 
anticipated positive effect of shock application of the 
compressive force on mechanical strength due to refine­
ment of the spot weld metal crystalline structure we 
have performed investigations by the following proce­
dure. St3 steel plates of 100x30x 1 mm size were used 
as the samples. Selection of St3 steel 1 mm thick was 
supported by the generally accepted current practice of 
application (for the sake of lowering product cost at the 
expense of reducing item service life from dozens of years 
to dozens of months) of low-alloyed sheet steel with 
unspecified content of impurities for mass-produced 
items (for instance, automotive products, electrical 
equipment, household appliances).

The laboratory resistance spot welding machine 
used for this experiment included the module for ad­
justment of the number of welding current pulses 
(from 1 to 8 half-periods) and module of setting the 
moment of sending the voltage pulse to the solenoid 
of the assembly of shock application of the compressive 
force, adjusted in the range from 1 up to 12 half-pe­
riods.

After mechanical and chemical cleaning to remove 
contamination, samples were resistance welded in two

Figure 2. Schematic of welded sample preparation to microsection 
cutting out: a — before welding; b — after welding with the line 
of the cut along the spot weld; c — for microsection preparation

modes: with the use of the device to provide the shock 
application of the compressive force and without ther­
momechanical treatment. To perform comparative 
evaluation of the strength of welded joints made in 
the above modes, the welded plates were cut into 
5 mm wide strips, which were joined in pairs to each 
other by resistance spot welding, as shown in Figure 1.

Thus, during rupture testing the rupture load was 
simultaneously applied to three spot welds made with 
one power source mode, but differing by the impact 
or absence of shock application of compressive force 
at the temperature close to metal recystallization 
point.

To assess the effect of peening on welded joint 
strength, instead of measuring the breaking force it 
turned out to be sufficient to record the fracture of 
one of the spot welds, having minimum strength, i.e. 
the weakest link in joints of four strips welded in 
three points.

Such a preparation of welded joint samples allowed 
elimination of a number of negative factors, namely 
possible influence of fluctuations of initial metal prop­
erties on its strength; differences in the thickness and 
composition of oxide films on the surfaces being 
joined; random deviations of welding mode and tem-

Figure 3. Microstructure (x100) of spot weld metal before ther­
momechanical impact (a) and metal of mirror half of the same spot 
weld after thermomechanical impact (b)
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perature, at which the shock application of the com­
pressive force is applied.

The proposed comparative assessment of welded 
joint strength can be regarded as a procedure of quali­
tative evaluation of the effectiveness of the impact of 
the modes heating and subsequent thermomechanical 
action. Despite a limited scope of information on joint 
strength, obtained with application of the proposed 
testing procedure, it has the advantage of the possi­
bility of evaluation of the results for a specific tech­
nological sample in minimum time, which is particu­
larly valuable during adjustment operations.

Results of the conducted rupture testing of samples 
showed that more than 97 % of welded joints fail 
through the spot welds, not treated by shock appli­
cation of the compressive force.

In order to asses the influence of shock peening on 
the change of spot weld metal structure, samples were 
made by spot welding (Figure 2, a), which were cut 
along the strips and through the spot weld (Figure 2, 
b). One of the spot weld halves was reheated to the 
temperature of (600 + 50) °C (near the steel recrys­
tallization point) and shock compressive force was 
applied starting from the moment of the thermocouple 
recording the specified temperature. Then the two 
halves of the spot weld were joined to produce a 
macrosection as shown in Figure 2, c.

As the time of cooling of spot weld metal in the 
selected samples is equal to about 0.5 s, the spot weld 
can be subjected to one or several dozens of shocks 
even at pulse repetition rate of 50 Hz.

As is seen from Figure 3, the microstructures of 
mirror halves of one spot weld differ significantly both 
by the crystallite size, and homogeneity of metal struc­
ture near the spot weld. Microstructures of peened 
joints show a significant refinement of the largest 
crystallites, which grew out of the spot weld central 
zone.

In addition, the spot weld metal shows a lowering 
of the content of foreign particulates and porosity,

i .e. the difference between the structure of metal of 
the spot weld, HAZ and base metal becomes smaller.

Thus, the conducted technological studies of the 
influence of shock thermomechanical treatment per­
formed directly during welding, showed the possibil­
ity of an essential improvement of welded joint me­
chanical strength.

Proceeding from the existing interrelation between 
the parameters of the metal crystalline lattice and its 
operating properties, it can be anticipated that impact 
treatment of the weld at the temperature close to 
recrystallization point will allow improvement of 
welded joint fatigue limit.

1. (1976) Principles of materials: Manual. Ed. by I.I. Sidorin. 
Moscow: Mashinostroenie.

2. Gulyaev, A.P. (1951) Materials science. Moscow: Oboron. 
Promyshlennost.

3. Knysh, V.V., Solovej, S.A., Kuzmenko, A.Z. (2008) Accu­
mulation of fatigue damage in tee welded joints of 09G2S 
steel in the initial condition and after strengthening by high- 
frequency mechanical peening. The Paton Welding J., 10, 
10-15.

4. Knysh, V.V., Kuzmenko, A.Z., Solovej, A.S. (2009) In­
crease of cyclic fatigue life of tee welded joints with surface 
cracks. Ibid., 1, 29-33.

5. Branko, C., Infante, V., Bartista, R. (2004) Fatigue behav­
ior of the weld joints with cracks repaired by hammer peen­
ing. Fatigue & Fract. of Eng. Materials and Struct., 27, 
785-798.

6. Turnbull, A., Los Rios, E.R., Tait, R. et al. (1998) Improv­
ing the fatigue crack resistance of wespalloy by shot peen­
ing. Ibid., 21, 1513-1524.

7. Asnis, A.E. (1983) Argon-arc treatment as a reserve in 
strength increase of welded joints. In: Argon-arc treatment 
of welded joints. Kiev: PWI.

8. Mazel, Yu.A. (2003) Martensite welding wire on the base of
10 % Cr and 10 % Ni with low temperature of transition. 
Welding Int., 17(5), 386-389.

9. Moravsky, V.E., Vorona, D.S. (19852 Technology and 
equipment for spot and projection capacitor welding. Kiev: 
Naukova Dumka.

10. Moravsky, V.E. (1963) Welding with accumulated energy. 
Kiev: Gostekhizdat.

11. Polotsky, I.G., Nedoseka, A.Ya., Prokopenko, G.I. et al. 
(1974) Lowering of residual welding stresses by ultrasonic 
treatment. Avtomatich. Svarka, 4, 74-75.

12. Kholopov, Yu.V. (1973) Ultrasonic treatment of metal 
welded joints for the purpose of residual stress relieving. 
Svarochn. Proizvodstvo, 12, 20-21.

40 W^^^SI/RniAL 1/2010



BRIEF INFORMATION

PROCEDURE OF EVALUATION OF TRANSPORTATION 
LAGS IN WELD FORMATION ACS

V.V. DOLINENKO, V.A. KOLYADA, T.G. SKUBAand E.V. SHAPOVALOV
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

A method is suggested for determination of transportation lags in feedback circuit of automatic system for control of 
weld reinforcement formation process in MAG welding. Mechanism of emergence of two different transportation lags, 
i.e. formation of weld reinforcement height and width, which are revealed by measurements of its geometric parameters 
by a laser TV-sensor, has been investigated. To estimate the transportation lags, it is suggested using the regression 
formulae derived on the basis of computational experimental results. A mathematical model of the weld pool developed 
for conditions of item heating with the movable normal-circular heat source has been used as an object of the computational 
experiments.

Keywords: arc welding, welded joints, weld shape, ACS, 
transportation lag, laser-TV sensor

The problem of closed-loop control of formation of 
the weld in arc welding has for a long time attracted 
the attention of specialists in the field of welding 
process automaton. One of the main challenges in 
solving this problem is realization of feedback by pa­
rameters determining the weld shape. In [f] it is pro­
posed to perform closed-loop control of the process of 
weld formation using weld pool observation with a 
special sensor, the functioning of which is based on 
the method of two-colour pyrometry. Such an ap­
proach allows obtaining only indirect assessments of 
weld parameters, which can essentially differ from 
actual values. Of great interest is the method, pro­
posed in [2], which suggests using direct measurement 
of geometrical parameters of weld reinforcement with 
a laser-TV sensor (LTVS). The fact that the presence 
of several transportation lags between LTVS and weld 
pool sections is not taken into account can be regarded 
as one of the disadvantages of the known schematics 
of closed-loop control of weld formation. Therefore, 
control stability can deteriorate at the change of the 
welding mode parameters.

This work proposes a procedure of assessment of 
transportation lags for automatic control systems 
(ACS) of MAG welding, in which the feedback is 
provided using LTVS [3].

It is known from the theory of welding processes 
that bead width and height correspond to pool solidi­
fication front in its middle and tail parts [4]. Figure 
f shows the schematic of formation of two transpor­
tation lags in ACS using LTVS (separately for meas­
urement of height g and width e of weld reinforce­
ment). The dashed line outlines the contour of an 
imaginary weld pool at the moment of time, when the 
projection of the electrode axis was in point O. Weld 
shape corresponds to the direction of welding from 
left to right. Point A indicates the extreme point of 
the solidification front of the weld pool tail part. Its 
coordinate along the abscissa axis determines the start

of formation of the height of weld reinforcement. 
Points B and B' indicate the points of the weld pool 
solidification front in its middle part. Their coordi­
nates along the abscissa axis determine the start of 
formation of weld reinforcement width. Distance be­
tween the electrode (welding torch axis) and LTVS 
light trace LTV determines the base value of transpor­
tation lag at the change of bead parameters. Distance 
between point A (B) and point O along the abscissa 
axis is equal to Lg(Le). Thus, the values of portions 
of transportation lags of following width ALe and 
height ALg of weld bead are calculated as follows: 
ALe = Ltv - Le, ALg = Ltv - Lg. Hence, the formulas 
for calculation of time parameters of transportation 
lags become:

T ^^.
g V vw

LTV Le
Te = ~----- ’vw

(f)

where Te, Tg are the time parameters of transportation 
lags of measurements of bead width and height, re­
spectively, s; vw is the welding speed, cm/s.

It is seen from the Figure that in order to determine 
the value of transportation lags between the weld pool 
and LTVS light trace, it is necessary to know coordi­
nates of points A, B, B' relative to the current coor­
dinate of the projection of electrode axis O. However,

Figure 1. Schematic of emergence of transportation lags between 
the weld pool and LTVS in MAG welding: 1 — LTVS light trace; 
2 — imaginary contour of weld pool; 3 — surface of solidified 
weld pool

© V.V. DOLINENKO, V.A. KOLYADA, T.G. SKUBA and E.V. SHAPOVALOV, 2010

1/2010 41



BRIEF INFORMATION

Figure 2. Weld macrosection (Ua = 19 V; Iw = 160 A; vw = 
= 0.75 cm/s)

for a symmetrical bead shape, abscissas of points B 
and B' are equal, so that calculation is required only 
for points A and B.

In order to solve this problem, a mathematical 
model was synthesized, which allows calculation of 
weld pool geometrical parameters based on heat trans­
fer in the welded items. Equation describing the proc­
ess of heat propagation in a semi-infinite body at its 
heating by a moving normal-circular source [5], has 
the following form:

2q „ „T(x, y, z, t) =-------exp 
cy(4M3/2

t
dt''

0 ^t" (t0 + G)

x exp z2 r2
4at" 4a(t0 + t'')

^^^^^B
u?

2^ (t0 + t } ,

x

(2)

where r2 = a2 + y2, cm2; a, y, z are the coordinates of 
the current calculation point of the temperature field, 
cm; a = Z/cy is the thermal diffusivity, J/m2; cy is 
the bulk heat content, J/(m3-K); q = 0.24pUaIw is 
the effective heat power, J/m; Ua, Iw are the average

Matrix of computational experiment and calculation results

# •A A2 As Ua, V Iw, A ^w> 
cm/s Lg, cm Le, cm

1 0 0 0 19.0 160 0.75 1.08 0.59

2 -1 -1 -1 17.8 151 0.60 0.95 0.48

3 -1 -1 1 17.8 151 0.90 1.04 0.57

4 -1 1 -1 17.8 169 0.60 1.02 0.47

5 -1 1 1 17.8 169 0.90 1.11 0.68

6 1 -1 -1 20.2 151 0.60 1.04 0.51

7 1 -1 1 20.2 151 0.90 1.13 0.59

8 1 1 -1 20.2 169 0.60 1.13 0.48

9 1 1 1 20.2 169 0.90 1.22 0.68

10 -1.68 0 0 17.0 160 0.75 0.99 0.59

11 0 -1.68 0 19.0 145 0.75 1.01 0.60

12 0 0 -1.68 19.0 160 0.50 0.99 0.50

13 1.68 0 0 21.0 160 0.75 1.16 0.51

14 0 1.68 0 19.0 175 0.75 1.16 0.63

15 0 0 1.68 19.0 160 1.00 1.14 0.65

values of welding voltage and current; t0 = 1/ (4akt) 
is the duration of propagation of a fictitious source, 
s; kt is the coefficient of heat concentration of the arc, 
cm-2; t is the time interval of the action of a continuous 
mobile heat source, s; t'' = t - t', s; t' is the auxiliary 
moment of time, in which the source applied heat in 
the initial section of its motion, s.

Numerical solution was fulfilled with sampling in­
crement of 0.01 cm. Ignoring the processes of mass 
transfer into the weld pool, can be regarded as one of 
the disadvantages of such a solution.

Welding experiments were performed to precise 
the values of the main energy parameters of the ther­
mal model. Reverse polarity welding was performed 
in shielding gas (Ar + 15 % CO2) in the downhand 
position. Carbon steel plates 0.8 mm thick (butt weld­
ing) were welded with Sv-08G2S electrode wire of 
0.12 cm diameter. Rated parameters of welding mode 
were as follows: Iw = 160 A, Ua = 19 V, ow = 7.5 cm/s. 
Figure 2. shows a macrosection of the weld bead used 
to verify the adequacy of the thermal model. Results 
of welding experiments were used to more precisely 
determine the values of thermal model parameters: 
effective efficiency of welding n = 0.75 and coefficient 
of concentration of the arc thermal action kt = 8.3 cm-2. 
Other parameters of the thermal model have the fol­
lowing values: a = 0.0718 J/m2, cy= 0.975 J/(m3-K).

The computational experiment was performed in 
keeping with the full factorial plan of second order 
experiments [6]. The following variables were consid­
ered: Ua = 17-21 V, Iw = 145-175 A and ^w = 0.5­
1.0 cm/s. Calculation of such weld pool parameters, 
as width e of weld pool, maximum penetration depth 
h, weld pool length Lp, distances Le and Lg, was 
performed. The following ranges of parameters vari­
ation were obtained: h = 0.15-0.25 cm, e = 0.70­
0.91 cm, Lp = 0.98-1.22 cm, which corresponds to the 
welding experiment. Results of the computational ex­
periment are given in the Table. Normalized factors 
At, a2 and a3 correspond to factorial variables Ua, Iw 
and uw.

The following regression formulas are obtained:

Lg = -0.69 + 0.041Ua + 0.0048Iw + 0.3uw (cm); (3)

Le = 0.08 + 0.004Ua + 0.0016Iw + 0.4uw (cm). (4)

Mean root square error of approximation for re­
gression model (3), (4) does not exceed 5 %.

According to the proposed procedure, a priori in­
formation about value LTV and ranges of variation of 
welding variables Iw, Ua and ow is used to calculate 
the ranges of variation of distances Le and Lg, and 
then formula (1) is used to calculate minimum and 
maximum evaluations of transportation lagsTe and i^.

Let us consider as an example a practical case with 
Ltv = 7.5 cm. Comparing maximum changes of trans­
portation lags for a constant and varying welding 
speed at variation of welding mode in the following 
range: Ua = 17-21 V and Iw = 145-175 A. In the first 
case, for ow = 0.75 cm/s calculation yields the range
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of variation of Te = 9.0-9.1 s (relative change is equal 
to 1 %) and t? = 8.4-8.8 s(5%). In the second case 
for the range of variation vw = 0.5-1.0 cm/s changes 
of transportation lags are as follows: Te = 6.7-13.8 s 
(relative change of 78 %) and Tg = 6.2-13.3 s (83 %). 
Thus, in the second case, the model of control object 
is a non-stationary dynamic system which requires 
more sophisticated control algorithms.

The proposed procedure of calculation of transpor­
tation lags in weld reinforcement formation ACS with 
feedback allows correct selection of time parameters 
and type of automatic regulator.

1. Zhang, H., Pan, J., Lao, B. (1999) The real-time measure­
ment of welding temperature field and closed-loop control of 
isotherm width. Sci. in China Press, 21(2), 129-135.

2. Doumanidis, C., Kwak, Y.-M. (2002) Multivariable adap­
tive control of the bead profile geometry in gas metal arc 
welding with thermal scanning. Intern. J. Pressure Vessels 
and Piping, 79, 251-262.

3. Kiselevsky, F.N., Shapovalov, E.V., Kolyada, V.A. (2006) 
System of laser following of weld reinforcement bead. The 
Paton WeldingJ., 1, 42-44.

4. Erokhin, A.A. (1973) Fundamentals of fusion welding. 
Physico-chemical principles. Moscow: Mashinostroenie.

5. Rykalin, N.N., Uglov, A.A. (1951) Calculations of thermal 
processes in welding. Moscow: Mashgiz.

6. Johnson, I., Lion, F. (1981) Statistics and experiment plan­
ning in engineering and science: methods of experiment 
planning. Moscow: Mir.

THESIS FOR A SCIENTIFIC DEGREE
E.O. Paton Electric Welding In­
stitute of the NAS of Ukraine

On December 10, 2009, A.V. 
Yarovitsyn (PWI) defended his 
Candidate of Sciences Thesis on sub­
ject «Microplasma Powder Cladding 
of Heat-Resistant Nickel Alloy with 
45-65 % Y’-phase Content».

The thesis is dedicated to investigation of the en­
ergy, thermal and technological peculiarities of mi­
croplasma powder cladding with the aim of develop­
ment of a commercial technology for repair of blades 
from heat-resistant nickel alloys.

The thesis substantiates requirements to a welding 
heat source for microplasma powder cladding. It shows 
that a combination of low specific heat inputs of 100­
650 W, low heat power density in an equivalent heat 
spot equal to 150-1500 W/cm2 and low speed of the 
microplasma arc provides slow cooling of the base 
metal in the brittle temperature intervals at a rate of 
3-10 °C/s. In this case the strain growth rate does 
not exceed the critical values, and initiation of hot 
cracks is hardly possible in the most dangerous zone 
of the base metal. The microplasma arc stability at a 
current of 2-35 A with portioned feed of a powder to 
the arc column, depending on the level of constriction 
of the arc by plasma nozzles, was investigated. It was 
determined that destabilization of the microplasma 
arc at currents of less than 22-25 A is caused by the 
influence on the arc by the carrier gas dosing pulses 
moving in a flow-through gas-powder system at a 
speed of up to 60 m/s. Proportion of a carrier gas 
dosing pulse speed of 5-15 m/s and specific plasma 
gas flow rate of 2-4 m/s was experimentally found 
to provide the stable arc.

It was established, based on experimental cal­
orimetry data, that at currents of 5-35 A the effective 
methods for control of the heat power density in the

microplasma arc heating spot include the effective 
heat power of the arc equal to 100-600 W, constriction 
of the arc due to changes in diameters of the plasma­
tron nozzle channels and shielding gas types (Ar or a 
mixture of'Ar+ 10 % H2), and concentrated powder 
feed. In microplasma powder cladding the heat power 
density in the equivalent heat spot is 100­
250 W/cm2, which is 3-8 times lower in comparison 
with the arc for the low-current TIG process. Such 
heat characteristics of the microplasma arc provide a 
more uniform metal cooling and, combined with its 
speed of about 1 m/h, efficiently limit the strain rate.

The thesis determines that in microplasma powder 
cladding of heat-resistant nickel alloys the oxygen 
content of the deposited metal varies in a range of 
0.0068-0.0220 %, and the nitrogen content — in a 
range of 0.0026-0.0080 %. It was experimentally 
proved that it is necessary and efficient to limit the 
oxygen content in the deposited metal of heat-resistant 
nickel alloys to 0.006-0.009 % by providing the fol­
lowing process parameters: plasmatron-to-workpiece 
distance of 2.5-5.0 mm, using powders with a low 
oxygen content, and using a mixture of Ar + 10 % H2 
as a shielding gas.

The thesis established the feasibility of micro­
plasma powder cladding at currents of 5-35 A on a 
narrow substrate, and at currents of 17-35 A on a 
wide substrate.

The technology was developed for repair of ends 
of band flanges of blades from heat-resistant nickel 
alloy JS32-VI for aircraft engine D18T. The technol­
ogy is based on application of one-layer cladding at 
currents of 8-20 A using additive powder of JS32 
alloy. The feasibility was proved of repair of poly­
crystalline blades by microplasma powder cladding 
using additives with a composition identical to that 
of the base metal of JS6U-VI alloy, as well as less 
heat-resistant additives with a specified level of prop­
erties for alloys JS6K-VI and ChS70-VI.
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O.V. Makhnenko (PWI) defended 
thesis for a Doctor’s degree on the 
subject «Prediction of Deforma­
tions in Welding and Thermal 
Straightening of Structures Based 
on Methods of Thermal Ductility 
and Functions of Shrinkages.

The thesis is devoted to devel­
opment of general approach to prediction of deforma­
tions in welding (hard-facing, thermal straightening) 
of large-sized structures based on complex application 
of methods of thermal ductility and functions of 
shrinkage, and also development of appropriate cal­
culation algorithms of realization of a combined ap­
proach.

Suggested are the calculation methods of determi­
nation of parameters of shrinkage function for the 
characteristic cases of welding heating based on the 
geometric typification of object.

Designed are the calculation algorithms for girder 
structures and the investigation of kinetics of general 
deformations of welded girders in laser welding at 
multi-supporting fastening is carried out which al­
lowed solution of problem of positioning the laser heat 
source in the process of welding with account for weld­
ing deformations. The distinctive feature of developed 
mathematical model is consideration of static indeter­
minateness connected with the sites of intermediate 
fastening of a girder in the process of welding per­
formance, possibility of prediction of forces for main­
taining of a girder on supports during welding and 
also providing the preliminary bending or mechanical 
straightening after welding.

Designed are the calculation algorithms for pre­
diction of welding deformations of tube plates of heat 
exchangers in the process of welding-in of a big amount 
of heat exchanger tubes and new practical results were 
obtained based on carried out calculated investiga­
tions. The type of welded joint was defined for tube 
plate with the tubes of five considered ones providing 
the least deformation of a tube plate. It was established 
that application of austenite steel for tubes and fillers 
as compared to the variant of ferrite steel allows ob­
taining lower residual general stresses of the tube 
plate. It was defined that for the structures with two 
tube plates and short straight tubes the welding-in in 
a certain sequence of two tube ends simultaneously 
can considerably decrease deformations of tube plates 
especially at limited thicknesses of the latter. The 
estimation of risk of buckling at axial compression of 
tubes welded in the first turn was made.

Designed are the calculation algorithms for pre­
diction of general deformations connected with mul­
tipass surfacing large-sized plates using wear-resistant 
alloy. It was established that the variant of surfacing 
along the long edge of a plate at the minimum heat 
input modes, providing necessary microstructure in 
HAZ metal is most favourable from the point of view 
of decrease of deformations. The significant effect of 
decrease of deformations (nearly by 3 times) was re­

shafts showed a 
method.

vealed in application of fastening in the surfacing area, 
i.e. pressing of this area against the plate with sub­
sequent release after cooling.

Designed are the calculation algorithms for mod­
elling the process of thermal straightening of thin­
walled structures with buckling deformations using 
heating spots of different shape. Basing on the devel­
oped algorithms the study of possibility of increase of 
efficiency of thermal straightening process was carried 
out. It was established that due to optimisation of 
heating parameters it is possible to increase consider­
ably the straightening efficiency that is connected 
with significant economy in power and labour con­
sumption. The fundamental regularities of thermal 
straightening process of thin-walled structures with 
buckling deformations, defined by geometric parame­
ters of buckling and arrangement of heating spots, 
were revealed for the first time. It was established 
that the process of thermal straightening of buckling 
deformations has a complete number of objective fac­
tors limiting the efficiency of this technological op­
eration especially at large thicknesses of lining sheet.

On the basis of developed calculation algorithms 
the controlling software was created to automate the 
process of thermal straightening of thin-walled struc­
tures with buckling deformations, which found its 
application in automated complexes of equipment for 
laboratory tests and tests under conditions of manu­
facture of welded shipbuilding panels.

Designed are the calculation algorithms and meth­
ods of determination of optimal parameters of thermal 
straightening of distortion deformations of axis of cy­
lindrical shell allowing in-process obtaining of solu­
tion on the selection of parameters of thermal effect 
in the real time mode. The experimental approbation 
of thermal straightening general distortion deforma­
tions of a long axis of cylindrical shell and long screw 

high efficiency of the developed

V.Yu. Skulsky (PWI) defended 
thesis for a Doctor’s degree on the 
subject «Weldability of Heat-Re­
sistant Chromium Steels for Boiler 
Units of High Parameters».

The thesis is devoted to inves­
tigation of regularities of formation 
of a structure, properties of welded

joints of chromium heat-resistant steels, nature of for­
mation of cold and tempered cracks in welded joints 
of these steels and development of scientifically- 
grounded approaches towards technology of producing 
quality joints of welded pipe systems of boiler units 
of new generation with supercritical parameters of a 
steam for power units of thermoelectric power sta­
tions.

The concepts of influence of alloyed elements on 
the peculiarities of high-temperature 5 ^ Y transfor­
mation and phase composition of martensite chromium 
steels were expanded. It was shown that exclusion of
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5-ferrite formation and obtaining of one-phase marten­
site structure of complex-alloyed chromium steels (as 
conditions of providing their high technological prop­
erties and durable strength) is achieved at chromium 
content at the level of 8.15-9.75 % which is grounded 
by practicability of application of steels with 9 % Cr 
with alloying system 0.1C-9Cr-MoVNbNiN (type 
10Kh9MFB). The peculiarities of phase transforma­
tions and formation of structure of welded joints of 
9 % Cr steels under the conditions typical of arc weld­
ing are studied. It was established that increase in 
chromium content in heat-resistant steels (from 2.5 
to 12 %) results in increase of stability of austensite 
in overcooling, decrease in temperature of martensite 
transformation (from ~450 up to ~280-230 °C) and 
increase in hardening level. The steels with 9 % Cr 
are prone to the formation of martensite (with hard­
ness of ~450 HV) within wide range of cooling rates, 
which makes them hard-to-weld and prone to cold 
crack formation. The conditions of possible formation 
of 5-ferrite in welding of steels with 9 % Cr are es­
tablished. It was shown that heterophase constitution 
of weld metal and fusion zone can arise in welding 
with increased heat input as a result of development 
of heterogeneous distribution of elements-ferritizers 
(Cr, Mo, V, Nb) and carbon (at liquation and high- 
temperature diffusion). The formation of 5-ferrite is 
caused by decrease in carbon content in welds (for 
example during its burning out in TIG welding), and 
also intensification of carbon diffusion from the base 
metal to a side of a weld with higher chromium con­
tent, that is typical of welding of joints of chromium 
and austenite steels by an austenite chromium-nickel 
weld. The latter phenomenon is excluded in use of 
nickel welding consumables. The principal approach 
to the technology of welding joints of martensite steels 
with 9 % Cr is the application of conditions with a 
decreased heat input. The regularities of formation of 
stress-strain state and formation of cold cracks in 
welded joints of hardening steels are studied. It was 
experimentally shown that main factor predetermin­
ing the tendency of martensite metal to cold crack 
formation is the degree of strengthening in hardening. 
Welding (shrinkage) stresses together with stresses 
from external loading is an additional factor initiating 
the fracture process. Using developed method the ther- 
mokinetic peculiarities of delayed fracture of welded 
joints were investigated. It was established that ten­
dency to cold crack formation of welded joints of 
martensite steels is manifested at the temperature be­
low ~140 °C; at 80-100 °C the joints have a minimal 
crack resistance that is determined by maximum rate 
of fracture process. Basing on dilatometric investiga­
tions of specimens of hardened steels 
(10/40Kh9MFB, 25Kh2NMFA, 38KhN3MFA) and 
determination of activation energy of development of 
deformations in the period of tests of crack resistance

it is shown that revealed differences in resistance to 
cold cracks formation at different temperatures can 
be connected with different kinetics of development 
of low-temperature decay (tempering) of martensite. 
The appeared microstructural heterogeneity deter­
mines the nature of distribution of elastic-plastic de­
formations in volume of metal hardened in welding 
and probability of formation of microareas with high 
local stresses, density of dislocations and hydrogen 
concentration where fracture initiates and develops. 
At the high rate of decay (within the range of 80­
100 °C) the conditions for local deformations in the 
zone of grain boundaries and rapid fracture are created. 
It is proved experimentally and theoretically that the 
high rate of martensite decay propagation in the vol­
ume of metal at increased temperatures and also evo­
lution of diffusive hydrogen from a welded joint are 
the conditions of increase of resistance to a delayed 
fracture. It was shown that the presence of micro­
structural components (5-ferrite), more tended to de­
formation, in initial hard martensite structure leads 
to decrease in crack resistance. The concepts of mecha­
nism of tempering brittleness become more profound 
and factors are established defining the possibility of 
formation of cracks under conditions of high-tempera­
ture relaxation of stresses in welded joints of 9 % Cr 
steels. The effect of dispersion hardening within the 
range of ~400-550 °C is revealed, the reason of which 
can be the precipitation of chromium carbide M7C3. 
It was established that at the presence of 5-ferrite in 
the structure at tempering within the range of hard­
ening the cracks can form. The condition of high re­
sistance against cracks formation in tempering is the 
providing of homogeneous martensite structure. Bas­
ing on the study of kinetics of stress relaxation in the 
process of high-temperature tests it was established 
that to relieve inner stresses more completely the tem­
pering of welded joints should be carried out at tem­
peratures ~750-760 °C. The level of weld metal alloy­
ing by C, Mn, Ni was defined to provide its single­
phase martensite structure and obtaining of required 
mechanical properties after tempering of welded 
joints. The recommendations to the conditions of sub­
merged manual and automatic welding are experimen­
tally and theoretically grounded. The conditions of 
achievement of high resistance of welded joints against 
delayed fracture using thermal influence on structural 
and hydrogen factors are determined (limit of cooling 
rate of HAZ metal of ®6/5 < 8-10 °C/c, thermal 
relaxation at temperatures 160-200 °C) and providing 
of their required mechanical properties at heat treat­
ment (high tempering at T ~ 750-760 °C during not 
less than 2 h). New welding electrodes ANL-8 are 
developed, the technical documentation on main tech­
nologies of welding of typical pipe joints is worked 
out. The pilot-industrial verification of welding tech­
nology was performed.
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TECHNOLOGICAL SEMINAR OF DELORO STELLITE 
IN ZAPOROZHIE

Technological Seminar «Peculiarities of Application 
of Deloro Stellite Equipment and Materials in Aero­
space Engineering and Turbine Construction» took 
place in Zaporozhie, Ukraine. It was organized by 
specialists of Deloro Stellite (Germany) and OJSC 
Motor Sich (Ukraine). Specialists of Deloro Stellite 
and Motor Sich, as well as 46 specialists representing 
aircraft repair and machine building enterprises of 
Ukraine, Russia and Belarus took part in the Seminar.

The Seminar was opened at the conference-hall of 
the «Dion» hotel on November 23 with presentation 
of a group of the Deloro Stellite companies made by 
E.M. Dubunina, manager of Deloro Stellite in CIS. 
It was noted that Deloro Stellite is a leading company 
having world name, centennial history and wide ex­
perience in the field of manufacture of parts from 
cobalt, nickel and iron based alloys: filler materials 
for cladding and spraying in the form of rods, elec­
trodes, flux-cored wires and powders, cast parts and 
parts produced by powder metallurgy using customers’ 
drawings, as well as equipment for plasma-powder 
cladding (PTA) and supersonic spraying (Jet Kote). 
The group of Deloro Stellite companies consists of 14 
plants in Germany, Italy, France, England, India, 
USA, China, Canada and Russia, the headquarters 
being located in Koblenz (Germany).

Activities of Deloro Stellite are oriented to pro­
tection of surfaces of super heavy-duty metallic parts 
from complex wear. Alloys of the Company work well

under severe conditions of the influence by several 
wear factors at a time, for example, high temperature 
and impact loads, corrosion, abrasive wear, cavitations 
and etc.

Repair and strengthening technologies of Deloro 
Stellite took firm positions in different industries from 
airspace engineering, power generation, automotive 
industry, nuclear power engineering, oil and gas pro­
duction and chemical engineering to medicine, etc.

Aviation, cosmonautics and turbine construction 
are special industries, where, as a rule, the latest 
achievements in materials science, application of high 
technologies and modern equipment are concentrated. 
Being a world leader in the field of the improvement 
of wear resistance, Deloro Stellite gives special con­
sideration to the industries where wear protection, 
service life and operational reliability of equipment 
are tightly interrelated.

Deloro Stellite offers a wide range of wear-, heat- 
and corrosion-resistant alloys. The Company has in 
its arsenal more than 500 alloys developed to address 
specific technical tasks. Properties of such alloys are 
determined by the hard phase of carbides, intermet- 
allics, borides and other materials contained in a tough 
metal matrix.

The most widespread and extensively used are co­
balt-based alloys of the Stellite® series, belonging to 
the Co-Cr-W-C group. These alloys retain their very 
high abrasive and corrosion resistance at elevated tem-

Robotic microplasma cladding of blades at «Motor Sich» Robotic microplasma cladding of labyrinth disk at «Motor Sich»
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peratures and have excellent cavitation and erosion 
resistance, as well as high score resistance.

Deloro® series nickel-based alloys of the Ni-Cr- 
B-Si type provide good corrosion and abrasive wear 
resistance, and retain hardness at high temperatures, 
which in some cases allows using them instead of the 
Stellite® ones. These alloys are widely used for sur­
facing of industrial valves and elements of stop valves.

Tribaloy®, Stellite®, Deloro®, Nistelle®, Stelcar®, 
Jet Kote® and Delchrome® are covered by patents, and 
are the registered trade marks of Deloro Stellite. The 
Tribaloy® series cobalt-based alloys of intermetallic 
type contain the hard Laves phase distributed in a 
softer matrix of the eutectoid or solid solution type. 
These alloys are widely used in cases where dry metal 
to metal friction is combined with high temperature, 
corrosion and abrasive wear. The area of application 
is continually widening (automotive, aerospace, ship­
building, etc.).

Nistelle® are nickel-based alloys developed for pro­
tection of surfaces from aggressive chemical environ­
ments. They also have high resistance to thermal and 
mechanical impacts.

Stelcar® type alloys are a mixture of carbide par­
ticles and self-fluxing nickel or cobalt powder. Be­
cause of their specific compositions, these materials 
are produced only in the form of composite powders 
for cladding and spraying.

Jet Kote® powders are applied for supersonic ther­
mal spraying and produced in different combinations 
of mixtures of agglomerated and spheroidized pow­

ders, e.g. WC-Co, CrgC2-NiCr, or of Stellite® and 
Deloro® alloys.

Delchrome® alloys are iron-based alloys. They are 
developed for cladding of parts working under abra­
sive wear conditions at low temperatures. Their cor­
rosion resistance is relatively low, compared to cobalt 
and nickel alloys.

The Table gives generalized data for selection of 
one or other Deloro Stellite material, depending on 
the service conditions.

The experience accumulated by Deloro Stellite al­
lows solving the problems of clients by selecting the 
required alloy or developing the new one for specific 
service conditions at a customer’s request. For this 
the Company can offer manufacture of parts by the 
precision casting method, or it can offer a welding 
consumable (electrode, wire, rod, powder), necessary 
equipment and repair technology.

Deloro Stellite materials are used in repair and 
strengthening technologies by using the following 
methods:

• argon-arc/acetylene-oxygen cladding with rods;
• manual arc covered-electrode cladding;
• mechanized shielded-gas flux-cored wire arc clad­

ding (MIG/MAG), submerged-arc cladding;
• plasma-powder cladding;
• laser cladding;
• flame spraying with further fusion;
• flame powder cladding;
• plasma spraying;
• supersonic flame spraying (HVOF, Jet Kote).

Selection of alloy Alloy
Wear

Mechanical Corrosion High temperature

Low resistance + Stellite +++ +++ ++++

Deloro +++ + +

Satisfactory resistance ++ Tribaloy +++ +++ ++++

Good resistance +++ Nistelle + ++++ +

Delchrome +++ + +
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The most efficient repair and strengthening tech­
nologies are based on utilization of plasma-powder 
cladding, i.e. PTA process, and supersonic spraying 
(Jet Kote).

The equipment for cladding and spraying, devel­
oped by Deloro Stellite, has a modular structure, 
which allows the required layout to be performed to 
address various practical tasks and meet requirements 
of a customer. For example, the robotic PTA unit for 
Motor Sich has the following technical capabilities 
and specifications:

• weld bead width — 1.2—5.0 mm;
• minimum thickness of a part — 0.8 mm;
• consistent weld bead size;
• automatic positioning of plasmatron;
• program control of all cladding parameters;
• two working positions for cladding;
• mains voltage — 3 x 400 V;
• welding current — 3—190 A;
• pilot arc current — 3—30 A;
• carrier gas flow rate — 0.5—5.0 l/min;
• shielding gas flow rate — 1.5—15.0 l/min;
• plasma gas flow rate — 0.2—5.0 l/min.
Units for supersonic spraying (Jet Kote) provide 

the process with minimum heating of a workpiece 
(cold hardening).

Utilization of agglomerated and spheroidized De­
loro Stellite powders with a small amount of stellites 
allows achieving a high density of the surface with 
only 1—2 % porosity, the process characteristics being 
as follows:

• gas plasma jet velocity — 1500—2000 m/s;
• plasma temperature — 2700—3000 °C;
• powder particles flying velocity — 900— 

1200 m/s;
• spraying rate — 2—6 kg/h;
• flow rates of gases: natural gas — 100— 

150 l/min; oxygen — 220—330 l/min; nitrogen, ar­
gon — 25—40 l/min.

The latest supersonic spraying (HVOF) unit is 
operated at the venture company of Deloro Stellite 
and Russian partners — DS URAL Perm. The unit 
is robotized, having a capability of spraying of parts 
upto 10 m long and upto4t in weight.

Deloro Stellite continuously improves its products. 
New grades of alloys are developed, widening the tech­
nological capabilities of reconditioning of parts. This 
fact was told about at the Seminar by Prof. A. Pav­
lenko, manager of export to Europe and South-East 
Asia countries.

The Company offered a new process — high-tem­
perature isostatic pressing, including heating of a cast 
part from the Deloro Stellite material up to a melting 
temperature and holding it under a super high pressure 
in a neutral medium. This treatment removes casting 
microdefects and consolidates the material, imparting 
it new characteristics.

700 series of Stellite alloy, doped with molybde­
num instead of tungsten, was developed. It results in 
a higher wear resistance and corrosion resistance with­
out reduction of hot hardness.

The Seminar was continued on November 24 at the 
Motor Sich Zaporozhsky plant, which was founded in 
1907 and is today one of the world-biggest plants 
manufacturing aircraft engines. Motor Sich engines 
are operated in more than 100 countries of the world; 
every tenth aircraft and every fourth helicopter in the 
world is equipped with the Motor Sich engines. Prod­
ucts of the plant are certified by Bureau Veritas ISO 
9001—2000.

Units with specific characteristics to address the 
problems of repair and strengthening of super thin 
and small parts in aerospace engineering and power 
generation were developed in 2007 after four years of 
scientific-and-technical cooperation of the specialists 
of Motor Sich and Deloro Stellite. In the same year, 
the units were supplied to a customer, and a section

Jet Kote unit for supersonic spraying
^JP^fn^L
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Gun for supersonic spraying

for repair of blades and disks of gas turbine engines 
was arranged at the plant.

Earlier, the blades were repaired at the plant by 
manual argon arc cladding using rods. According to 
I.A. Petrik, Chief Welder of Motor Sich, it took a 
week to clad one disk by the manual argon arc method 
at a rather low quality, up to 20 % of clad products 
were rejected (cracks, etc.). A change of the repair 
technology from manual argon-arc to plasma-powder 
allowed improving the quality and efficiency of repair. 
The units were repaid for two years. At present, do­
mestic powders JS-32 and JS-6 produced by UkrNII- 
SpetsStal (Zaporozhie), as well as powders V3K and 
Stellite® produced by Deloro Stellite are used for 
plasma-powder cladding. The experience of utilization 
of the above powders showed their high quality. I.A. 
Petrik indicated the following advantages of the 
plasma-powder cladding process: low base metal with 
cladding alloy dilution, low temperature distortions 
of workpieces, decrease in the amount of machining 
after cladding, reduction of losses of filler powder, 
high repeatability of the cladding process, and easy 
automation. Some disadvantages were also noted: dif­
ficulties in using some types of powder in one work 
shift, as it is necessary to refill the powder feeder, 
which increases downtime of the equipment; cladding 
can be well performed on edges and worse — on plane

surfaces; it is better to perform cladding in a vertical 
position.

Answering questions asked by the Seminar partici­
pants, E.M. Dubunina informed, in particular, that 
the Deloro Stellite PTA units can be equipped with 
the two feeders for different powders, which can sig­
nificantly speed up changing of the powders; the angle 
of inclination of the plasmatron from a vertical line 
can be changed up to 45° and more; and cladding, if 
necessary, can be performed in the overhead position.

A storehouse of Deloro Stellite for direct sales to 
clients in the CIS countries was opened in Moscow 
in October 2009. GRIK Ltd. (Kiev), being a repre­
sentative of Deloro Stellite in Ukraine for 10 years 
now, sells the Deloro Stellite goods in Ukraine.

In conclusion, participants of the Seminar pointed 
out that advanced technologies of Deloro Stellite can 
well address the problems of manufacture and repair 
of parts for aircraft engineering and turbine building, 
providing good technical and technological charac­
teristics, and proved expediency of application of the 
Deloro Stellite equipment at enterprises of the aircraft 
and power generation complexes of Ukraine, Russia 
and Belarus.

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

1/2010 W^ffiXfMlfRniAL 49



NEWS

4th INTERNATIONAL SEMINAR «NEW DIRECTIONS 
OF RESEARCH IN THE FIELD OF HIGH-FREQUENCY 

ELECTRIC WELDING OF SOFT LIVE TISSUES»
On November 23, 2009 the 4th International Seminar 
on «New Directions of Research in the Field of High- 
Frequency Electric Welding of Soft Live Tissues» was 
held in Kiev at the E.O. Paton Electric Welding In­
stitute of NASU. More than 60 persons (doctors of 
surgical profile, veterinary surgeons, and specialists 
on medical equipment) from Ukraine, Russia, Belarus 
and the USA participated in it. The Seminar organizers 
were PWI and International Association «Welding» 
(IAW).

Opening the Seminar, Prof. B.E. Paton noted that 
its objective is exchange of general information on the 
achieved results in the field of high-frequency welding 
of soft live tissues and jointly overcoming the bottle­
necks in application of this technology. The near-term 
goals are development of higher quality certified 
equipment and tools, organizing surgeon training, con­
tinuation of research and application of the technology 
in new areas of surgery.

During almost nine years of application of the tech­
nology of high-frequency electric welding of soft live 
tissues in practical surgery in Ukraine more than 
50,000 operations have been performed in 80 clinics, 
and about 100 new surgical procedures have been de­
veloped.

Technology of high-frequency electric welding of 
soft live tissues is protected by patents of Ukraine, 
Russia, USA, Australia, European Union, Canada, 
China and Japan. Permissions were obtained for clini­
cal application in Ukraine, Russia, USA and countries 
of the European Union. Our dream and near-term goal 
is fitting every surgical ward in Ukraine with equip­
ment for welding live soft tissues; considering that 
there are 9,000 surgeons and about 27,000 beds in the 
surgical wards in Ukraine, it is necessary to annually 
manufacture up to 1000 EK-300M1 units with differ-

Seminar session in progress

ent sets of bipolar welding tools. This means that a 
transition from small-batch to large-batch manufac­
turing of equipment and tools is required.

Let us note some of the speeches. In his presenta­
tion Prof. G.S. Marinsky (PWI) gave a retrospective 
analysis of the equipment and bipolar welding tools 
for welding soft live tissues, manufactured by PWI 
and IAW. Presentation of Dr. O.N. Ivanova (IAW) 
and D.D. Kunkin (PWI) was devoted to development 
of devices for recording the electric parameters in 
welding live tissues in order to analyze their influence 
on welded joint quality and selection of control algo­
rithm of this process. In the presentation of Prof. S.E. 
Podpryatov (pWI/KCCH #1, Kiev) it was noted, 
in particular, that strength of the joint in electric 
welding is achieved due to welding of muscle tissues 
to each other and creation of new joints of collagen 
fibres. Performance of electric welding of various soft 
live tissues requires a certain combination of the value 
(and shape) of electric current, degree of tissue heating 
and pressure on the tissues. Presentation of M.P. Za- 
kharash, Corresp. Member of AMSU (O.O. Bogo­
molets National Medical University, Kiev) dealt with 
the issues of application of electric welding technology 
in surgeries on patients with mechanical jaundice. 
Presentation of E.Yu. Aktan (Taras Shevchenko Na­
tional University, Kiev) highlighted the issues of ap­
plication of biophysical effects in electric welding of 
soft live tissues and prospects for their application in 
surgical practices and provided a classification of 
structural changes in biological tissues depending on 
temperature (40-45 °C — cell loss, 60-80 °C — pro­
tein denaturation, except for collagens, 80-100 °C — 
collagen denaturation, above 100 °C — dehydration 
and coagulation of the tissue). It is shown that inves­
tigation of structural changes in the collagen compo­
nent during welding enables assessment of the effec­
tiveness of the electric welding method compared to 
laser welding. A.F. Vozianov, academician of AMS 
(Institute of Urology of AMS of Ukraine, Kiev) spoke 
about the prospects for application of electric welding 
technology in urology. G.V. Bondar, academician of 
AMS (Donetsk Regional Antitumour Center) noted 
that it is very difficult to change technology in medi­
cine, but the technology of electric welding of soft 
live tissues provides a significant shortening of surgery 
duration, reduction of blood loss, absence of either 
sutures or post-operation complications, high degree 
of tissue regeneration, etc., which, in its turn, stimu­
lates the surgeon to quickly master the technology.
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Donetsk Regional Antitumour Center has 25 op­
erating rooms and EK-300M1 units are installed in 12 
of them, and the technology is used in almost all the 
operations, except for lung surgery. Among the dis­
advantages of the technology, G.V. Bondar noted an 
absence of a wide range of bipolar welding tools, both 
as to their purpose and typesize. Yu.A. Zozulya, aca­
demician of AMS (Institute of Neurosurgery of AMS 
of Ukraine, Kiev) spoke about the prospects for ap­
plication of electric welding technology in neurosur­
gery: for stopping parechymatous bleeding from brain 
tissue, for sealing brain system after tumour removal, 
for sealing the meninges.

Two presentations by V.A. Naumenko (V.P. Fila­
tov Institute of Eye Diseases and Tissue Therapy of 
AMS, Odessa) were devoted to application of high- 
frequency electric welding technology in treatment of 
eye diseases, in particular, in retinopexy (retinal de­
tachment) and eye enucleation. It is proven that ap­
plication of high-frequency electric welding in eye 
enucleation allows preventing blood loss when cross­
ing muscles and neurovascular bundle and achieving 
the necessary fastening of the muscles to Tenon’s cap­
sule and reliable joining of the conjunctiva edges to 
each other without suture application. In eight cases 
of retinopexy the chorioretinal commissure made by 
electric welding method, prevented development of 
retinal detachment beyond the experimental area. In 
one case separation of the retina on the boundary of 
chorioretinal site was noted (chorioretinal commissure

Discussion during the Seminar: standing from left to right 
Profs. M.E. Nechitajlo (A.A. Shalimov National Institute of Sur­
gery and Transplantology) and G.V. Bondar (Donetsk Regional 
Anitutmour Center)

made by laser coagulation, turned out to be untenable 
on all the eyes).

In conclusion Prof. B.E. Paton noted that many 
problems of the technology of electric welding of live 
tissues have already been solved, and this technology 
is already quite well-established in surgery, but there 
are still many tasks ahead of us. These are setting up 
large-scale production, manufacturing of competitive 
power sources and tools, certification of European 
level production, provision of guarantee and after-sale 
service, organizing surgeon training, etc.

Dr. A.T. Zelnichenko, PWI

COMPUTER SYSTEM TO DESIGN TECHNOLOGIES FOR REPAIR 
AND HARDENING OF METALLURGICAL EQUIPMENT PARTS

Purpose. The system is intended to design 
technologies for repair and hardening of 
metallurgical equipment parts by the electric arc 
surfacing methods. The computer system is based on 
the experience accumulated by 16 metallurgical 
plants in the field of surfacing. It allows design of a 
surfacing technology for 350 different parts 
(selection of surfacing consumables, methods, 
conditions, equipment, etc.) at a level of a highly 
skilled specialist. The system operation result has the 
form of a process sheet.

Application. The system can be used at 
metallurgical enterprises. It is intended for welding 
technologists working at a plant engineering 
department.

PRODUCTION

.\v, .|.>. ton
Blast-furnace workshop 
Drop hammer workshop 
Composition preparation 
Open-hearth workshop 
BluumiMit
Rolling workshop 
Skelp workshop

Other workshop1

I M T. MACHINE

Straightening machine
Plate shears
Reeler
Planing machine
Rui I table
Hydraulic drice
Disk shears
"Duo" stand

Contacts: Prof. Makhnenko V.I. 
E-mai I: d34@paton .kiev.ua
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FORUM-SEMINAR OF LIMITED LIABILITY COMPANY 
«BINZEL UKRAINE»

«Binzel Ukraine GmbH», which is 
part of the ABICOR BINZEL- 
group (Germany), hosted the Fo­
rum-Seminar of the Company’s 
partners in Kiev on the 17th of De­
cember. The Seminar was arranged 
by Yu.A. Didus, Director General 
of the Company, and managers. It 
was attended by over 20 specialists 
representing trade subsidiaries of 
«Binzel Ukraine», as well as exclu­
sive partners (distributors) from a 
number of cities and regions of 
Ukraine.

Agenda of the Seminar included 
discussion of the cooperation re­
sults in the current year, analysis 
of quarterly sales in 2009, their pro­
gress trends for 2010 and different 
factors affecting the progress, as 
well as presentation of new prod­
ucts of the ABICOR BINZEL 
brand, which were demonstrated in 
September at the «Schweissen und 
Schneiden 2009» Fair in Essen 
(Germany).

The volume of sales of the ABI­
COR BINZEL™ products in 
Ukraine was continuously grow­
ing, and at high rates, up to 2007. 
Actually, it doubled from year to 
year. This trend got broken during 
the economic crisis. A marked re­
cession in sales occurred in 2008. 
However, positive changes in the 
economy of Ukraine in the second 
half of 2008 and active efforts of 
the Company allowed it to achieve 
the sales of a level of 2007 by the 
end of 2009. This was favoured to 
a considerable degree by the aggres­
sive activity of external services of 
«Binzel Ukraine» and high invest­
ments in them.

Expectations of «Binzel 
Ukraine» concerning sales in 2010

are rather optimistic. They are based 
in many respects on appearance of new 
innovative products of the ABICOR 
BINZEL trademark on the Ukrainian 
market as early as in the first quarter 
of 2010. Among them are the follow­
ing products: in the MIG/MAG seg­
ment — a new generation of torches 
ABIMIG® GRIP and ABIMIG® GRIP 
A in a set with a new generation of 
hose pack Low-Weight Bikox®, in the 
TIG segment — a new generation of 
torches ABITIG® GRIP and ABITIG® 
GRIP Little, in the line of welding 
post components — new product BFR 
(tester for forced cooling units and 
welding torches with liquid cooling), 
in the plasma cutting segment — a 
new generation of plasma torches 
ABICUT, and in the automation seg­
ment — robotic welding torches ABI- 
ROB® W.

The Seminar also comprised pres­
entation of German Company 
«JAECKLE Schneid- und Schweis- 
stechnik», which is specialising in 
production of a wide range of welding 
equipment, as well as air-plasma cut­
ting devices. The latter are equipped 
with the ABICOR BINZEL™ plasma 
cutters.

Demonstration of the air-plasma 
cutting devices in operation was ar­
ranged at the end of the Seminar, and 
attendees were given the possibility 
to try them out and learn about pecu­
liarities of their application.

The Seminar participants ex­
pressed their gratitude to the organ­
isers for excellent conditions and ef­
fective program of the event.

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