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SCIENTIFIC AND TECHNICAL 

EFFECT OF HEAT OF ALUMINIUM ALLOY MELTING 
ON SHAPE AND SIZES OF WELD POOL 

V.A. KA~KHIN\ A.S. ILIIN1, V.V. PLOSHIKHIN2 and A.A. PRIKHODOVSKY2 

St.-Petersburf State Polytechnik University, St.-Petersburg, Russia 
New Materials Bairout GmbH, Germany 

An algorit~m is developed for solving the quasi-stationary temperature problem taking into account the heat of melting 
and sohdlf1catwn, based on the method of sources (Green function). The case of welding thin aluminium plate is used 
to demonstrate that the meltmg heat has a significant influence on the shape and dimensions of the weld pool and 
sohd-!Jquidus zone. It IS noted that the thermal efficiency of the process of melting 11 of a plate by a linear source can 
be much higher than 0.4839 with allowance for the melting heat. Known simplified m~thods with allowance for melting 
heat may lead to sigmficant errors 111 11, determination. A comparison of calculated and experimental shape of the weld 
pool IS given. 

Keywords: fusion welding, equation of heat conductivity, 
meltzng heat, weld pool, calculation, method of sources 

When the thermal processes are analyzed, the known 
analytical solutions of the temperature problem, 
which do not take into account the effect of heat of 
phase transitions, are usually used [1-3]. The advan­
tage of these solutions is the generalization and sim­
plicity of realization, while the drawback is the sig­
nificant error in results of calculation in the high­
temperature region. If the heat of phase transitions 
in solid state is relatively low and it can be neglected, 
then the share of a melting heat in total heat of molten 
metal can reach 40 % and more (for example, in case 
of aluminium alloys). Numerical methods can make 
allowance for heat of melting and solidification (crys­
tallization) [ 4-6]. However, the published results of 
investigations have, as a rule, a particular nature, 
therefore, it is difficult to reveal the general laws and 
to answer the question: when is it possible not to 
make an allowance for melting heat and what error 
of calculation is here? 

The aim of the present investigation was to analyze 
the effect of heat of melting and solidification on 
temperature fields in butt welding of thin aluminium 
plates and to evaluate the error of calculation of sizes 

"li. 

Figure 1. Scheme of weld pool and heat source (dash lines separale 
the zone of heating from zone of cooling; see designations in text) 
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and shape of weld pool at indirect allowance and 
non-allowance for melting heat. 

Solution of temperature problem with allowance 
for melting heat. Let us formulate the temperature 
problem at the following assumptions: a body repre­
sents a homogeneous unlimited plate without tem­
perature drop across its thickness h (temperature field 
is two-dimensional); properties of the material (heat 
conductivity A., specific heat capacity c, density p and 
coefficient of surface heat transfer a) do not depend 
on temperature T; temperature interval of the phase 
transition is known, heat of solidification is equal to 
melting heat, and the heat of transformations in solid 
phase is not taken into account; heat source is moved 
straightline along axis x at constant rate v (Figure 
1); in movable system of coordinates x, y connected 
with a heat source, the temperature field is not 
changed (field is quasi-stationary); there are no con­
vective flows in a molten pool; heat exchange with 
environment is occurred by Newton law; temperature 
of medium is constant and equal to initial temperature 
To. Then the equation of energy balance in the mov­
able system of coordinates has a form 

2 aH 2a q2 
A.'V T +up a;- h (T- T0) + h = 0, (1) 

where V2 = o2 jox2 + o2 j oy2 is the Laplace operator; 
q2 is the density of effective power of surface source; 
H is the enthalpy. 

By distinguishing melting heatH from enthalpy 
f:.Jf (Figure 2): 

H(T) = c(T- T 0 ) + t:,H(T), 0 ~ t:,H(T)::; L, (2) 

where L is the total heat of melting. 
Substituting equation (2) to ( 1), we shall obtain 

2 aT 2a q2 aw 
A.'V T + upc ax- h (T- T0) + h +up~= 0. (3) 

This differential equation is non-linear (due to last 
term, which depends on temperature non-linearly) 
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and can be converted by using method of sources 
(Green function) into an integral equation which is 
solved with a preset accuracy by the method of itera­
tions: 

(4) 

where 

1 [ v(x- ~) l. 
f(x, y, ~. '11) = 2n'Ah exp - 2a fox 

x (~ u;/(x - ~)2 
+ (y - '11)

2 J; ~ = .V 1 + Baa . 
2a cphv2 

Here, Dhs is the area of heat source action (q2 * 
* 0); Dmz is the area of solid-liquid phase (aMI ; ax* 
* 0) (see Figure 1); i is the number of iteration; f is 
the Green function (temperature in point x, y from 
movable linear source of a unit power, acting in point 
~. 11); a is the temperature conductivity; Ko is the 
McDonald function; ~is the criterion of effect of heat 
dissipation on movable temperature field. Function 
K 0 is infinite in point x = ~. y = 11, therefore, the 
integration near this singular point is recommended 
to be calculated numerically using the Gauss method 
in a polar system of coordinates [7]. 

Let us construct the iteration process by taking 
the algorithm from [8] as a base: 

1) on i-th iteration w<il is determined by distri­
bution of aw<il ; ax successively and temperature T<;> 
is calculated by equation (4); 

2) on next (i + 1 )-th iteration, w(i+ 1 >is calculated 
with allowance for limitations: 

M!u + 1 l = M!w + we[ Tw - T(tlHUl)]; 

I'lH(i+tl = max[O, I'lH(i+ll]; 

tlH(i +I)= min[L, tlHu + 1\ 

(5) 

where CD is the iteration parameter, CD > 0; T(Ml) is 
the inverse function (T is the melting heat function 
Ml). The fulfillment of condition of phase transfor­
mation T = T(Ml) follows from similarity of iteration 
process (Ml(i + 1) = w<il). 

It should be noted that heat of solidification can 
differ from heat of melting, for example, when weld 
pool is alloyed with a filler material. It can be taken 
into account in equations (4) and (5). It is not dif­
ficult to take into account the effect of plate limitation 
in width using a method of reflection [2] . 

Example. Let us consider the temperature field in 
laser welding of aluminium alloy containing 0.5 % 
Si. Its properties and conditions of the laser welding 
are given below. 
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II , c.\ II, ,.---,.....---------,--,...-------, 
k.J kg 

1200 

800 
/1(1 = 293 K 

400 

Figure 2. Temperature relationships of enthalpy H and melting 
heat Mf for aluminium alloy AI-O.SSi (dot-dash lines - simplified 
relationships) 

Properties of aluminium alloy Al-1>.5Si 
and laser welding condition 

Heat conductivit~ A., W (m·K) .................. .. .. 215 
Density p, kg / m' .......................... ...................... 2710 
Specific heat capacity c, J / (kg·K) ......................... 1085 
Solidus temperature T5 , K .............................. ... 853 
Liquidus temperature TL, K ......... .............. 930.7 
Heat of melting L, kJ / kg ....................................... 460 
Coefficient of heat transfer a, W / (m

2
K) .. .. .. .. .. .. ....... 50 

Thickness of plate h, mm .................................... 1.5 
Effective power q""'' W ........................ ...... ....... 1450 
Diameter of heat spot d, mm .................................... 0.5 
Welding speed v, mm / s ....................................... 46.67 
Initial temperature T0 , K ................ ......................... 293 

Heat conductivity was determined by a laser 
method. Using the program Thermo-Calc [9] and da­
tabase [ 10] the temperature of solidus Ts and liquidus 
T L, and also c and Ml ( T) were calculated. In this 
case, the Gulliver-Scheil model was used [ 11], and 
also the complete chemical homogeneity of liquid 
phase and absence of diffusion in solid phase were 
assumed . Dimensionless melting heat 

A= L 
c(TL-To) 

was 0.6648, that corresponded to 40 % of melting 
heat in total heat of metal at T L· Effective power was 
determined by the solution of an appropriate inverse 
problem of heat conductivity [12, 13]. Low value of 
Prandtl criterion (Pr < 0.01) indicates that heat in 
the liquid phase is spread mainly due to the heat 
conductivity. 

At high speed of welding the aluminium alloy the 
weld pool is elongated (Figure 3, a). Length of the 
pool (isotherms of liquidus) and especially the width 
of solid-liquid zone in a tail part of the pool are sen­
sitive to the type of temperature relationship of melt­
ing heat M!(T). At non-linear relationship MI(T) 
the temperature gradient ahead of front of solidifica­
tion is low (Figure 3, b), the pool has a more elongated 
shape, and the width of a solid-liquid zone is more 
narrow than that at simplified linear relationship 
MI(T) (Figure 3, a). 

It is seen in comparison of calculated isotherms of 
liquidus with experimental data, presented in Fi­
gure 4, that the non-linear relationship of melting 
heat corresponds better to a sharp shape of a tail part 
of the weld pool (visible «flakes1> on weld surface). 
Similar calculated drop-like shape of the weld pool 
is obtained in laser welding of aluminium alloy Al-
0.4Mg-1.2Si at 117 mm/s speed, if the non-linear 

3 
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Figure 3. Effect of melting heat of weld pool shape (a) and dis­
tribution of temperature (b) in welding of aluminium alloy (solid 
curves- non-linear relationship 6.H(T); dot-dash curves - linear 
6.H(T); dash curves - melting heat is not taken into account, 
6.H(T) = 0) 

dependence of a share of liquid phase on temperature 
is taken into account [S]. 

It should be noted that the type of relationship 
D.H(T) can be very complicated (it depends on dis­
tribution of liquation elements and type of equilib­
rium phase diagram, jump is possible at temperature 
of eutectic formation). Any relationship D.H(T) can 
be taken into account in (4) by formula 

atlli; ax = (otlli; oT) (oT ; ox). 

Variation of the iteration parameter w in (S) 
showed that the highest rate of convergence (tens of 
iterations when at the last iteration the temperature 
in any point is changed not more than by 0.01 K), is 
provided at w = 0.6-1.2 (the higher non-linearity 
D.H(T), the lower w). 

Effect of melting heat on weld width. Melting 
heat leads to a significant decrease in the weld pool 
width. This does not almost depend on the type of 

Figure 4. Appearance of weld in laser welding of aluminium alloy 
at 46.67 mm l s speed. Isotherms of liquidus calculated with allow­
ance for linear (right isotherm) and non-linear (left isotherm) 
temperature relationship of melting heat are shown on the weld 

4 

function D.H(T) (see Figure 3, a): weld width is 3 mm 
at linear relationship D.H(T) and 3.04 mm at non-lin­
ear relationship. Weld width W does not also depend 
on diameter of uniformly distributed sourced, if W > 
> 2d. For example, the change of d from O.S to 0 
leads to the decrease in Wby 2%. By the same reason, 
the concentrated linear source (d = 0) and linear 
relationship D.H(T) are taken furtheron. 

In welding, the random deviations of weld sizes 
from preset values are inevitable. For the systems of 
welding process control, it is necessary to obtain the 
dependences of weld sizes on parameters of control 
(power of source and welding speed). Allowance for 
a latent heat of melting makes difficult and delays 
the obtaining of these dependencies. Question arises: 
in what cases is possible to neglect the latent heat? 
It is seen in FigureS that the change of power values 
in the ranges of 20 % leads to directly proportional 
change in weld width, moreover, the sensitivity factor 
a( WI W0) I aqnct (angle of straight line inclination) 
depends on melting heat negligibly (here Wo - weld 
width at mean power). For example, melting heat of 
aluminium alloy decreases the sensitivity factor by 
2 %. At the same time, the sensitivity factor as regards 
to speed a( WI W0) I av is not constant and also little 
depends on the melting heat (see Figure S). Hence, 
it follows that the melting heat can be neglected in 
calcu lation of sensitivity factors. This conclusion is 
also valid for the three-dimensional case [ 6]. 

Effect of melting heat on thermal efficiency fac­
tor. The main characteristic of effective use of input 
energy is the thermal efficiency factor (thermal effec-

t.w I Wo,% 

\ 
20 \ 

\ 
\ 

'b 
\ 

' 10 '0 

-10 

-20 

-10 0 10 t.qnet l qnet• t.vl v, % 
Figure 5. Dependence of relative change of weld width 6. W I W 0 

on relative change in effective power 6.qnet l q"'' ( 1) and speed 6.v I v 
(2) in welding of aluminium alloy (solid curves - melting heat 
is taken into account; dash curves - it is not taken into account; 
middle points correspond to width W 0 and welding conditions 
given above) 
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tiveness) of the penetration process, Ylt · This value 
expresses the relation of heat, consumed for metal 

, heating up to Tr, to effective (supplied) power 
qnet [2): 

where AL is the area of cross-section of zone heated 
up to T L· For case of welding the plate and accepted 
relationship H(T) (see Figure 2) we have 

Ylt= 
vWhp[c(TL- T0) + L] 

(6) 

Let us analyze the effect of melting heat on ther­
mal efficiency factor in welding of heat-insulated 
plates (~ = 1). All curves in Figure 6 were obtained 
in varying the power qnet (the rest conditions are 
above-given). 

Curve 2 was plotted as a result of solution of 
non-linear problem (3) using the above-mentioned 
method (equations (4) and (5)). It is seen that the 
value Y!t can much exceed (rce / 2)-t 2 = 0.4839. Ad­
ditional varying of speed within the wide range ( 10-
50 mm / s at E1 = 5-30) does not almost change the 
value of thermal efficiency factor. 

Solution (3) is associated with definite difficulties 
due to the last non-linear term oM! / ox, which takes 
into account the melting heat. Question arises: is it 
possible to omit this term (to take oM! / ox= 0), and 
to take into account the melting heat in the remained 
linear equation approximately using one of the vari­
ants - by changing the coefficients in the equation 
(properties of material) or by changing the supplied 
energy q2? Let us eva] uate the error of these two 
approximate methods with allowance for melting 
heat. 

Let us change the heat capacity in the first variant 
in (3) from c by c = c + L / (TL - To) and heat 
conductivity A by X= A+ apL / (TL- To) so, that 
temperature conductivity a and, consequently, Peclet 
criterion Pe were not changed (a= A/ (cp) = X(cp) 
and Pe = vx I a = const). It should be noted that this 
change is similar to taking into account the melting 
heat in total heat of metal at Tr. In other words, 
c(Tr- To)= H(TL), where H(TL) is the preset en­
thalpy at TL (see Figure 2). Then (3) will have the 
form 

X 2 - oT 2a q2 
"il T + vpc ox- h (T- T0) + h = 0. (7) 

If the source is linear concentrated (d = 0) and 
located at the beginning of coordinates, then the fol­
lowing expression is the solution of equation (7): 

T(x, y)- To= (/netf(x, y, 0). (8) 

This solution allows plotting of function ll t from 
argument 
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Figure 6. Effect of melting heat on thermal efficiency factor of 
process of penetration in welding of heat-insulating plates of alu­
minium alloy using a linear source: 1, 3 - solution of linear 
problem at the condition of changing, respectively, effective power 
and properties; 2 - so lution of non-linear problem by (4) 

(/nel/ h qnetlh 
E = X(TL- T0) = A(TL- To+ L j c)' 

Curve 3 in Figure 6 does not depend on speed and 
is single for all the materials with different values of 
melting heat. This approach is used in [2]. 

In the second variant let us supply the energy, 
used for melting metal and distributed over the front 
of melting to the center of source, i.e. let us change 
power qnct by q 11ct - v WhpL and use equation (8). 
Furtheron, we shall determine the weld width using 
the iteration method and thermal efficiency factor by 
(6) (Figure 6, curve 1). 

Value of asymptote at such approach can be found 
analytically, using a scheme of a rapidly moving linear 
source. Weld width at the absence of heat dissipation 
is determined by formula 

qnct/(vh) w = -==:::-'-"=-'---'-----
"1te / 2 cp(T L - T0) + pL 

Substituting this expression into (6) we shall ob­
tain 

1+A 
Yl t = . 

,Jne/ 2 +A 

It follows from this formula that the values of 
thermal efficiency factor increase with increase in A 
(for example, due to preheating temperature To). 
Value of asymptote for aluminium alloy is 0.6095. 

It is seen from Figure 6 that curves 1-3 are not 
coincided. Accuracy of the second approach (curve 1) 

5 



SCIENTIFIC AND TECHNICAL 

80 

60 

40 

20 

0 L----L--~~~~~----L-~~~~-LW 
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E1 = A.(T L- To) 

Figure 7. Effect of melting heat on angle of solidification front in 
welding of heat-insulating plates from aluminium alloy using a 
I inear source 

is much higher. The first approach gives clearly the 
lowered results (curve 3). It should be outlined that 
additional increase in thermal efficiency factor can be 
realized by distributed-thermal source in a transverse 
direction. 

Effect of melting heat on the shape of solidifi­
cation front. Grained structure of weld metal is de­
fined by a shape of crystallization front having an 
angle y [14] (see Figure 1): 

YB y = 2 arctg ---. 
Xa- XA 

(9) 

From the condition T(xB, YB) = TL and CJT / CJx(xB, 
y8 ) = 0 it is possible to find the coordinate of point 
B, and from T(xA, 0) = TL - the coordinate of point 
A and, consequently, angle A by (9). 

Angle of crystallization fronty is lower, the higher 
is the source power (Figure 7). Melting heat has a 
significant influence on decrease in values y (ratio of 
pool width to the length of the pool tail part). 

It should be noted that the method developed can 
make allowance for heat of any phase transitions (for 
example, aHy transformations in steel). Similar cal­
culated method can be developed for analysis of three­
dimensional temperature field with allowance for 
melting heat. The principal differences will be in the 
form of differential equation (3) and solution (4) 
(differed by Green functions f). 

CONCLUSIONS 

1. The offered algorithm of solution of quasi-station­
ary equation of heat conductivity using analytical 
method of sources can take into account the effect of 
heat of melting and solidification on the temperature 
fields in welding. 

6 

2. Melting heat decreases the weld width. Relative 
change in weld width by varying the supplied energy 
of welding speed within 20 % depends on melting 
heat negligibly. Here, the dependence on energy has 
a linear nature, while that on speed is non-linear. 

3. The type of temperature relationship of melting 
heat has a great influence on width of solid-liquid 
zone and shape of front of solidification of liquid 
metal. Thus, in laser welding of aluminium alloy Al­
O.SSi at 47 mm/s speed the weld pool has a drop-like 
shape. 

4. With allowance for melting heat the value of 
thermal efficiency factor of the process of plate pene­
tration by a linear source can exceed significantly 
0.4839. Known simplified methods of allowance for 
melting heat can lead to significant errors. Among 
them, the more precise is the method, associated with 
decrease in effective (supplied) power for a value used 
for metal melting. 

5. With increase in heat of solidification the angle 
of solidification front is decreased. 

6. Correlation between the calculated and experi­
mental shape of the weld pool is satisfactory. 
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CONSUMABLE-ELECTRODE PULSED-ARC WELDING 
WITH AUTOMATIC STABILIZATION 

OF MODE PARAMETERS 

P.P. SHEJKO, A.M. ZHERNOSEKOV and Yu.O. SHIMANOVSKY 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

The paper gives the results of studying the developed two-loop system for automatic stabilization of average va lues of 
arc voltage and welding current in consumable-electrode pulsed-arc welding by regulation of the parameters of the 
power source pulses and electrode wire feed rate, respectively. Separate and combined influence of the disturbing 
production factors (change of electrode extension, lowering of mains voltage) on the process of consumable-electrode 
pulsed-arc welding of low-alloyed steels and quality of weld metal has been studied. 

Keywords: consumable-electrode pulsed-arc welding, dis­
turbing factors, carbon structural steels, process stabilization, 
average values of arc voltage, average values of welding cur­
rent, feedbacks, mode parameters, weld quality 

Consumable-electrode pulsed-arc welding in Ar-based 
gas mixtures is effectively applied in many manufac­
turing sectors of industrialized countries. This process 
allows reducing electrode metal spatter, as well as 
performing welding in any positions in space, welding 
of sheet metal and multipass welding. High mechani­
cal properties of weld metal should be noted in welds 
produced by consumable-electrode pulsed-arc weld­
ing, which is due to structure refinement with forma­
tion of acicular ferrite in it [1-7] . 

Under the production conditions the consumable­
electrode pulsed-arc welding process is exposed to 
various disturbing factors [8, 9], which change the 
main energy parameters of welding, namely average 
values of welding current Iav.w and arc voltage Uav.a. 
this leading to instability of geometrical dimensions 
of welds and appearance of defects in them. 

PWI developed a new variant of construction of 
the system of stabilization of consumable-electrode 

Uav.a 1 V 

20 ~--------~----------~----------~ 
10 15 20 25 

(/ 

pulsed-arc process [9]. The paper gives the results of 
investigations of the influence of the developed two­
loop system for automatic stabilization of average val­
ues of arc voltage and welding current with regulation 
of the parameters of current pulses of the power source 
and rate of electrode wire feed, respectively, on the 
stability of quality parameters of the consumable-elec­
trode pulsed-arc process, both at the impact of indi­
vidual disturbing factors (variation of electrode ex­
tension, mains voltage, edge misalignment), and at 
their simultaneous integrated impact. A pulsed power 
source of I-169 type with a smooth adjustment of 
pulse parameters developed at PWI was used. Weld­
ing head of SGU-7 type with BARS-2V control system 
was applied in this case. Beads were deposited on 
plates of steel St3 10 and 20 mm thick in a mixture 
of Ar + 18 % C02 with Sv-08G2S wire of 1.2 mm 
diameter, welding speed being 21 m/ h. 

Conducted experimental studies yielded depend­
encies between the main energy parameters of con­
sumable-electrode pulsed-arc process (Uava. Iav.w) 
and the disturbing factor the most often active under 
the production conditions, namely variation of elec-

lav.w, A .------------------------------. 

240 

200 

160 

120 

Figure 1. Dependence of average values of arc voltage U""" (a) and welding current / "'·w (b) (modes 1-4) on electrode extension L = 
= 10-25 mm in consumable-electrode pulsed-arc welding of steel St3 in gas mixture of Ar + 18 % C02 with Sv-08G2S wire of 1.2 mm 
diameter without the stabilization system <e> and with voltage and current stabilization (A) 

© P.P. SIIEJKO, A.~1. ZIIERNOSEKOV and Yu.O. SIII IVIANOVSKY , 2004 
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(/ 

L'av.a 

Figure 2. Oscillograms of average va lues of welding current /., .• and arc voltage Uav.a at variation of electrode wire extension in the 
range of 10-25 mm without the stabilization system (a) and with stabilization of voltage and current (b) 

trode wire extension L. A family of these curves, 
obtained at different values of Uav.a• Iav.w. L in con­
sumable-electrode pulsed-arc welding without the sta­
bilization system and with it, is shown in Figure 1. 
In the Figure curves 1 (e) show the nature and limits 
of variation of Uav.a. Iav.w values without application 
of a stabilization system (initial values are Uav.a = 

= 27 V; I av w = 250 A). In this case the welding current 
is reduced to 195 A. As is seen from Figure 1, Uav.a 
variation was 4 V, and Iav.w = 55 A at maximum 
electrode wire extension of 25 mm. Curves 1 (.A.) 
illustrate the same dependencies under the same initial 
conditions, but with use of the system of automatic 
stabilization. Uav.a values practically did not change, 
and Iav.w values changed by not more than 35 A at 
L = 25 mm. 

The same dependencies Uav.a = f(L), Iav.w = f(L) 
were also obtained for other initial values of Uav.a 
and Iav.w (see Figure 1). Nature of the dependencies 
is similar to the case of Uav.a = 27 V, Iav.w = 250 A. 
At operation in lower modes, the accuracy of stabili­
zation in increased. 

Figure 2 gives oscillograms of Iav.w and Uav.a of 
the consumable-electrode pulsed-arc process at variation 
of electrode wire extension Lin the ra~§e of 1~-25 m~ . 
Duration of current pulses was 3.4·10 s, the1r repeti­
tion rate being 68 Hz. As is seen from Figure 2, a, 
increase of electrode wire extension leads to increase 
of arc voltage and lowering of welding current. Vari-

Direct ion of welding 

Figure 3. Appearance of welds in bead deposition by consumable­
electrode pulsed-arc welding at variation of electrode extension in 
the range of 10-25 mm (a, b - sec Figure 2) 
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ation of arc voltage increases noticeably by the end 
of the process, because of a significant voltage drop 
across the electrode wire extension, which is charac­
teristic for steel wires [ 10]. Use of feedbacks allows 
reducing the influence of electrode wire extension, 
stabilizing the set values of Uav.a and reducing the 
drop of Iav.w values (Figure 2, b). 

Appearance of welds made by the above mode is 
given in Figure 3. The weld in Figure 3, a formed 
non-uniformly along its length, and has a region of 
pores coming to the surface, located at the weld end. 
This is due to increase of arc voltage, which is indica­
tive of arc elongation at increase of electrode wire 
extension. The weld in Figure 3, b, made using the 
stabilization system, features absence of pores and 
other defects, stable width and uniform formation 
along the entire length. 

b 

lljllllllllljlllljllllllllljllllllllljllllll 
140 150 160 170 18 

Dirl'cl ion of '' elding 

Figure 4. Variation of penetration depth in welds made by con­
sumable-electrode pulsed-arc welding process at increase of elec­
trode wire extension (a, b - sec Figure 2) 
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Figure 5. Microstructure of the section in the center of weld metal (closer to deposit end) made by the consumable-electrode pulsed-arc 
welding (a, b - see Figure 2) (x200) 

Dirl'rtion ol \\eldiug 

Figure 6. Oscillograms of current values (a, b) of arc voltage u(t) and appearance of welds (c, d) made by the process of consumable­
electrode pulsed-arc welding at a smooth drop of voltage from 380 to 350 V without a stabilization system (a, c) and with voltage and 
current stabilization (b, d) 

Figure 4 shows longitudinal sections of welds, 
given in Figure 3. From Figure 4, a it is seen that the 
penetration depth is unstable, and its variation de­
pends on electrode wire extension. In this case, lacks­
of-penetration or burns-through are found, as well as 
defects of the type of internal pores. A particularly 
important result of this work for welding under pro­
duction conditions is the fact that application of the 
developed system of automatic stabilization allows 
stabilizing the penetration depth along the entire weld 
length and eliminating weld defects at the change of 
electrode wire extension (Figure 4, b). 

Metallographic and X-ray studies have been con­
ducted, which suggested that at increase of electrode 
extension by more than SO % of the rated value, the 
probability of appearance of defects of the type of 
cracks, lacks-of-penetration, unstable weld width and 
penetration depth increases significantly. In addition, 
the amount of martensite component in the weld metal 
is also increased (Figure S, a) and the grain point in 
the HAZ drops to S (according to GOST 5639-82), 
this leading to higher hardness of weld metal and its 
lower viscosity. At increase of electrode wire ex ten-

Variation of process mode parameters at lowering of mains volt­
age 

Main' voltage, 
v 

380 

350 

i\rc voltage, V 

26.0 

23.5 

Welding 
current, A 

220 

230 

Note. Duration of current pulses was 3.2·10 -:! s. 
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Pulse repetition 
frequency, Hz 

92 

68 

sion by 80% and more, the probability of development 
of coarse defects of the type of pores becomes higher 
(see Figure 3, a). 

At operation of the stabilization system uniform 
ripple and smooth transition to the base metal are 
noted even at extension variation by more than 80 % 
(see Figure 3, b). Microstructural components in this 
case are fine and uniform along the entire weld length, 
and consist of upper and lower bainite with ferrite 
regions (see FigureS, b). Grain point in the HAZ is 
equal to 8 (GOST 5639-82). 

The influence of variation of mains voltage on the 
process of consumable-electrode pulsed-arc welding 
was studied, using a potential regulator, which per­
forms smooth adjustment of output voltage, which 
was used as input voltage of the pulsed power source 

Figure 7. Schematic of bead deposition at simultaneous action of 
several disturbing factors 
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b Direction of ll<·lding 

Figure 8. Oscillograms of I.,,W and u.v.a in bead deposition by the 
schematic in Figure 7 (a, b - see Figure 2) 

I-169. The Table shows changes of deposition modes 
at lowering of the mains voltage. Figure 6 a and b 
gives oscillograms of current values of arc voltage 
u(t) at smooth lowering of mains voltage from 380 
to 350 V. As is seen from Figure 6, a, lowering of the 
mains voltage leads to lowering of arc voltage and 
development of short-circuits, i.e. violation of the 
transfer process by the principle of <1 1 pulse-1 drop>> . 
Appearance of welds, deposited at lowering of mains 
voltage, is shown in Figure 6, c and d. The bead in 
Figure 6, c forms a coarse-ripple surface with consid­
erable variation of weld width and increased level of 
spatter. Application of the system of stabilization 
eliminates the short-circuits, related to a drop of mains 
voltage (Figure 6, b), which allows producing fine­
ripple beads uniform over the entire length with a 
smooth transition to the base metal and without metal 
drop sticking (Figure 6, d). 

Simultaneous action of several disturbing factors 
was studied, namely of variation of electrode wire 
extension in the range of 10-25 mm, decrease of mains 
voltage to 350 V, edge misalignment of up to 3 mm 
in consumable-electrode pulsed-arc welding according 
to a schematic in Figure 7. Initial welding conditions 
were as follows: mains voltage of 350 V; arc voltage 
of 26 V; welding current of 220 A; duration of current 
pulses of 3.2·10-3 s, pulse repetition rate of 87 Hz ; 
welding speed of 21 m/ h. 

Figure 8 shows oscillograms of average values of 
arc voltage and welding current in consumable-elec­
trode pulsed-arc welding by the schematic given in 
Figure 7. As is seen from Figure 8, a, at integrated 
action of the above disturbing factors without the 
stabilization system, variation of Iav.w and Uav.a values 
increases significantly. This results in considerable 
spatter and sticking of metal drops, non-uniform weld 
width and its poor formation, formation of rolls and 
non-uniform transition from the weld to the base met­
al (Figure 9, a). 

10 

Figure 9. Appearance of welds in bead deposition by the schematic in 
Figure 7 at simultaneous action of several disturbing factors (a, b -
sec Figure 2) 

At automatic stabilization of average values of arc 
voltage and welding current, using the developed two­
loop system, it is possible to produce welds with good 
formation even at simultaneous impact of a number 
of disturbing factors (Figure 9, b). 

CONCLUSIONS 

1. Application of the developed system of automatic 
stabilization of Uav.a and Iav.w for consumable-elec­
trode pulsed-arc welding process at variation of elec­
trode wire extension allows avoiding defects of the 
type of pores, lacks-of-fusion, non-uniform formation 
of welds, and provides stability of penetration depth. 

2. Stabilization system allows compensating for 
drop of arc voltage, caused by lowering of mains volt­
age, eliminating short-circuits and resulting distur­
bance of drop transfer of metal and reducing spatter 
and metal drop sticking, as well as improving the 
quality of weld formation . 

3. At simultaneous integrated action of several 
disturbing factors the developed two-loop system al­
lows producing welds with stable geometry and with­
out spattering or defects. 
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INVESTIGATION OF PECULIARITIES OF TRANSPORT 
OF HYDROGEN IN UNDERWATER FUSION WELDING 

OF STRUCTURAL STEELS 

V.I. MAKHNENKO, S.Yu. MAKSIMOV and T.V. KOROLYOVA 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Peculiarities of transport of hydrogen in wet underwater arc welding of a root pass of the butt joint in low-carbon and 
low-alloy steels are considered using the calculation-experimental method. Effect of the depth of welding and type of 
a filler metal on the concentration of hydrogen in the weld and HAZ metal is shown. 

Keywords: underwater fusion welding, mathematical 
modelling, transport of hydrogen, hydrogen concentration, cold 
cracks 

Introduction. In wet underwater welding the electric 
arc burns in a vapour-gas bubble that consists of 85-
92 % of hydrogen [ 1 etc.] . As the depth of welding 
increases, the pressure in the bubble grows, this lead­
ing to increase in the partial pressure of hydrogen 
over the weld pool. In turn, this leads to increase in 
the saturation of molten metal of the drops and weld 
pool with hydrogen [2 etc.]. The latter may result in 
an intensive pore formation in the fusion zone (FZ), 
saturation of the heat-affected zone (HAZ) with hy­
drogen and, therefore, an increased risk of formation 
of hydrogen-induced (cold) cracks . 

At present porosity is controlled by applying ap­
propriate metallurgical effects on molten metal of the 
weld pool [3]. However, the possibilities of such an 
effect on the HAZ are more limited. Therefore, the 
problem of hydrogen-induced cracks is very topical 
for thi.s zone. 

Experimental evaluation of the kinetics of satura­
tion of the HAZ metal with diffusible hydrogen [ 4, 
5] involves difficulties. That is why it is necessary to 
use the calculation methods for this purpose. Known 
are some studies [ 6-8 etc.] which consider welding 
performed under conventional atmospheric condi­
tions. The use of such approaches to wet underwater 
welding requires certain adaptation. So, this article 
is dedicated particularly to the above issue . 

Statement of the problem and experimental stud­
ies of model samples. Considered is the specific prob­
lem of wet underwater welding of butt joints in steels 
St3 and 17G1S. Chemical compositions of these steels 

Table 1. Chemical composition of steels St3 and 17G1 S 

Steel 
grade 

Conteut of elements, wt. % 

c 

St3 0.18 

17G1S 0.16 

Si 

0.21 

0.45 

Mn 

0.55 0.215 

1.50 0.250 

H{,, H~,. 
cm3j 100 g cm'l/ 100 g 

32 10 

12 4 

© V.I. MAKHNENKO, S.Yu. MAKSJMOV and T.V. KOROLYOVA, 2004 ' 
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are given in Table 1. Mechanised arc welding of plates 
14 mm thick on a permanent metal backing using a 
flux-cored wire (Figure 1) is performed in layers. 
Welding of a root pass is of the highest concern in 
terms of cold cracking of the HAZ metal. Therefore, 
further on the consideration will be given only to this 
layer. The following conditions were used in the case 
under consideration: lw = 160-180 A, Uw = 30-32 V, 
Vw = 6 m/ h, <Xd = 9 g / (A·h), and T mcd = 20 °C. 

Table 1 gives the value of carbon equivalent Pcm 

for the indicated chemical composition calculated us­
ing the following formula: 

Mn + Cu + Cr 
Pcm = C + 20 + 

Si Mo V Ni 
+ 30 + 15 + TO + SB + 60. 

(1) 

This Table also gives critical concentrations of dif­
fusible hydrogen Hero at which there is a risk of cold 
(hydrogen-induced) cracking of a sample 14 mm thick 
under free, H~r• and restrained, H~ro condit ions { 4]: 

(2) 

where P~ is the sensitivity index. Normally P~ is 
equal to 4.1 and 43.6 for welding in a free and re­
strained condition, respectively. 

As seen, critical values of Her for the HAZ metal 
even in welding of low-carbon steel St3 in a restrained 
condition (which is characteristic of underwater re­
pair operations) are rather low, i.e. equal to about 

y 

X 

Figure 1. Schematic of a welded joint with the root weld 
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Table 2. Results of experimental studies of model samples 

Welding Chemical composition of FZ Hr~;r, H Tl'l ' 

depth, m metal cm3j 100 g cm3j 100 g 

0.1 0.034C; 0.04Si; 0.07Mn 14.3 7.8 

50 0.053C; 0.04Si; 0.04Mn 15.2 23.4 

100 0.046C; 0.04Si; 0.05Mn 19.9 

Note. Composition of vapour-gas bubble, %: 0 2 < 0.52; 1·12 = 

= 85-92; CO + C02 = 8-15. 

10 cm3 / 100 g, while for low-alloy steel 17G1S they 
are equal to 4 cm3 I 100 g. This shows that the risk 
of formation of hydrogen-induced cracks is very high 
in this case. 

Samples (1Sx10x2S mm in size, GOST 23338-91) 
for evaluation of diffusible hydrogen by the chroma­
tographic method [9] were used as model samples to 
perform the experimental part of the study. Welding 
was carried out under the above conditions in a hy­
draulic test chamber by simulating depths from 0.1 
to 100 m. In addition to Hdif• also the content of 
residual hydrogen Hrcs and chemical composition of 
deposited metal were determined on these samples. 
The results obtained for different depths are given in 
Table 2. 

Experimental results show that the FZ metal ox­
idises very intensively. This leads to a low content of 
carbon, silicon and manganese. The base metal of a 
sample has an insignificant effect . The content of dif­
fusible and residual hydrogen in deposited metal in­
creases with increase in the depth of welding. Natu­
rally, the content of hydrogen in the HAZ metal also 
grows, but it is very difficult to measure it by a stand­
ard method (given that the HAZ is small in size). 
The use of the local analysis procedure [S] would 
allow only the qualitative estimation, as the condi­
tions of cooling of a welded joint (see Figure 1) and 
a model sample (Figure 2) markedly differ from each 
other, and it is difficult to conduct measurements on 
a full-scale sample having a large cross section. 

The data on heating of a model sample and the 
results of measurement of the hydrogen content of 
the deposited metal make it possible to identify to a 
certain extent the boundary conditions for mathemati­
cal modelling. 

Modelling of a temperature field. The software 
for 2D conditions developed by the E.O. Paton Elec-

/ ~ 0. 

0 -

15 

Figure 2. Schematic of a mode l sample 
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tric Welding Institute was used to describe distribu­
tion of temperatures in section z = const (see Fi­
gure 1). The distribution of temperature T(x, y, t) 
is determ ined by a solution of the following boundary 
problem: 

a~('-~~)+ a~('- ~~J+ W(x, y, z) = cy ~~· (3) 

at t = 0 T = T0(x, y, 0) = 

= {T~~~~t""' 1700 °C inside the FZ, 
20 °C outside the FZ, 

aT 
at y = 0 ox= 0. 

(4) 

(5) 

At the rest of the boundary the heat exchange, 
according to the Newton's law, has the following 
form: 

(6) 

at a= aout - outside the vapour-gas bubble, and a = 
= av-g - inside the vapour-gas bubble. 

Conditions of existence of the vapour-gas bubble 
are determined by surface temperature Tsurf and weld­
ing depth L: 

Tsurf > 100 'Cat L = 0 m; 

Tsurf > 120 'Cat L = 10m; 
Tsurf > 160 'Cat L =SO m; 

Tsurf > 185 ' Cat L = 100m. 

(7) 

In formula (3), "A and cy are the thermal-physical 
properties of a material. In the temperature range of 
solidification of the FZ metal, the values of cy allow 
for the latent heat of solidification of a material, qlat• 
and effective thermal conductivity coefficient "Ac = 
= S"A(Ts); GYc = cy(Ts) + %ti (TL- Ts), where Ts 
and T L are the solidus and liquidus temperatures in 
the FZ, respectively . 

The distributed source W within the FZ is calcu­
lated using the following formula: 

W [qsurf (Tfiller T) ] 1 
= FFz -cy mean- 0 -qlal to' 

fwUw . . 
where qsurf = - - l]5 , FFz IS the cross sectiOn area 

Vw 

of the FZ; Yls is the net efficiency of the heat source; 
and t 0 is the time of heat input. 

Values of l]5 , aaut and av-g were determined ex­
perimentally on model samples. A good agreement 
with an experiment was achieved at To= 20 'C, aout = 
= av-g"' 0.208 W / (cm2-'C), Yls = 0.50, 0.45 and 0.40 , 
and L = 0-10, SO and 100m, respectively. 

Mathematical model of hydrogen transport. The 
software suggested by the authors of [6] was used. 
Basic principles of the calculation algorithm are as 
follows. 

Transport of diffusible hydrogen in metal of a 
welded joint is studied on the basis of a diffusion 
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model [6-8] for heterogeneous medium, the trans­
porting properties of which are characterised by dif-

, fusion coefficient D and solubility coefficient K (or 
by penetrability coefficient KD). The driving force 
for transport is the potential concentration gradient 
II (according to the Sieverts law II = #, where P 
is the partial pressure of a certain concentration of 
hydrogen in unit volume at a temperature of 20 'C 
[6]). The initial condition at t = 0 is characterised by 
assigned mean values of the concentration of diffusible 
hydrogen in the base and FZ metals, based on the 
model experiment. Physics of a short-time process of 
ingress of hydrogen into the FZ metal was ignored in 
this case. 

For the region under consideration, potential of 
the concentration, Il(x, y, t), of diffusible hydrogen 
H(x, y, t) is determined by solving the following 
boundary problem: 

a~ ( KD ~~J +a~ ( KD ~ZJ- Q(x, y, t) = ;t (Kn), (8) 

H(x, y, 0) ( ) 
att=O n(x,y,O)= K(x,y,O); 9 

an 
atx=O -=0 (10) ax ' 

where Q is the variation in the hydrogen content of 
the traps (reversible and irreversible) calculated at 
20 'C and atmospheric pressure using the following 
formula: 

- ~ ( ~ ___[£_ 293 J 
Q - J..l at ~ Ym 1 atm (273 + T) ' 

( 11) 

where ~ is the relative volume of the traps in unit 
volume, and Ym is the metal density. 

Coefficient J.! is determined as follows: 

J..l = 0 at T < Tr and 

a~ 2~ an ar 1 (12) 
at- Ji at- ~at T + 273 < O, 

J..l = 1 in all the rest of the cases; ( 13) 

Tr is the temperature below which a trap becomes 
irreversible. 

) ' , ('(Jl 

1.7 ....-----------.----, 

1.3 

.I 

0.5 

0 0.7 1.3 () 0.7 
a 

SCIENTIFIC AND TECHNICAL 
Table 3. Calculation results and experimental data on measure-
ment of mean concentrations of H,lir and Hres for a model sample 
depending upon the welding depth 

FZ HAZ 

L, m t, s T max• oc 
H,hf• Hres• H,hf• 

cm3/ f00 g cm3/ f00 g cm3; too g 

0.1 10 258 16.5 5.5 8.5 

20 78 13.5 7.9 6.8 

28 38 13.0 (14.3) 8.2 (7 .8) 6.6 

100 10 21.3 3.7 10.0 

20 19.03 5.6 8.5 

28 18.6 (19.9) 5.9 8.2 

Note. Experimental data are given in brackets. 

Il(x, JLJ) = 0 at the boundary with water. Il(x, 
y, t) = I/ PH, where PH is the partial pressure of hy­
drogen in the vapour-gas bubble, at the boundary in 
the vapour-gas bubble. Potential of the concentration 
of diffusible hydrogen H(x, y, 0) = H 0 in the FZ, 
and in the rest of materialH(x, y, 0) = 0.5 cm3 I 100 g. 

It is suggested in [6] that the values of K(x, y, 
t), D(x, y, t) and ~(x, y, t) should be estimated 
depending upon the microstructure at a given point 
of the FZ or HAZ metal in the following form: 

J(x, y, t) = L lj(T)Vj(x, y, t), (14) 

where]= K, D, ~; j =a, f, p, b, m, respectively, for 
austenite, ferrite, pearlite, bainite and martensite; 
V1(x, y, t) is the mass fraction of the j-th microstruc­
ture at point (x, y) at time moment t. The values of 
Ki(T), Di(T) and ~;(T) were estimated using depend­
encies suggested in [6]. 

Ho and ~1• which were not determined in the given 
model, were estimated on model samples. Table 3 gives 
results of the calculations made by using the described 
algorithm for a model sample at H 0 = 25 cm3 /100 g; 
13a = 0; ~fp = 0.005 and 13m = 0.05, compared with the 
experimental data for the FZ metal. 

1.3 () 
(' 

0.7 t.:J X, em 

0 FZ 

• llt\Z 
DZ 

Figure 3. FZ, HAZ and diffusion zone (DZ) at a depth of 0.1 (a), SO (b) and 100 (c) m (A, B, C, D - characteristic points) 
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Figure 4. Kinetics of time variations in temperatures, microstructural components V1 (j - austenite, bainite, ferrite , martensite), 
diffusible hydrogen H, and hydrogen in traps, H 2, for a welded joint in steel St3 at characteristic points A (a), 8 (b), C (c) and 0 
(d) at a depth of 0.1 m 

Selected parameters Ho and ~j provide a satisfac­
tory agreement of experiment with calculations. In 
the HAZ metal of a model sample the content of 
diffusible hydrogen is very close to the critical one 
according to Table 1. 

Results of numerical studies. Figure 3 shows the 
data of calculation of sizes of the FZ and HAZ for a 
joint under consideration made under the following 
welding conditions: fw = 180 A, Uw = 32 V and Vw = 

0.17 cm / s (thermal-physical properties of steels St3 

14 

and 17G1 S are approximately the same, which deter­
mines the insignificant difference in size of the FZ 
and HAZ of these steels in welding at different 
depths). As seen, the FZ and HAZ decrease with 
increase in depth L, which is natural for constant 
conditions, as Tis decreases, and energy expenditures 
for formation of a vapour-gas bubble around the arc 
increase. 

Figures 4-7 show the calculated data on the ki­
netics of variations in temperatures, microstructures 
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Figure 5. Kinetics of time variations in temperatures, microstructural components V1, diffusible hydrogen H, and hydrogen in traps, 
H2, for a welded joint in steel St3 at characteristic points A (a), B (b), C (c) and D (d) at a depth of 100m 

(procedure of study [6] was used), diffusible hydro­
gen H and hydrogen in traps, H2, in welding at a 
depth of 0.1 to 100 m for characteristic points A, B, 
C in the FZ and Din the HAZ. The data in Figures 4 
and 5 relate to steel St3, while those in Figures 6 and 
7 - to steel 17G1 S. Analysis of the data shows that 
variations in a microstructure (low content of carbon 
and alloying elements) with increase in depth L are 
insignificant for the fusion zone (points A-C). Ac-

1/2004 

cordingly, little changes are seen in the kinetics of 
variations in H and H2 at points A -C for the steels 
considered. Point D in the HAZ is a bit different. 
For steel St3 this difference shows up as increase in 
H and H2 within 10 %, as L increases from 0.1 to 
100m (Figures 4 and 5). For steel 17G1 S this differ­
ence is more pronounced and shows up as increase in 
H2 at point D from 7 to 9.5 cm3 / 100 g (Figures 6 
and 7) at approximately constant H equal to 

15 
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Figure 6. Kinetics of time variations in temperatures, microstructural components V
1

, diffusible hydrogen H, and hydrogen in traps, 
H2, for a welded joint in steel 17G1S at characteristic points A (a), 8 (b), C (c) and D (d) at a depth of 0.1 m 

7 cm3 I 100 g, which is attributable to a higher content 
of martensite (about 30 % compared with steel St3, 
where Vm"" 0.07 = 7 %). 

Mean values of the concentration of l-I.iif = H and 
Hrcs = H2 in the FZ and HAZ metal for steels under 
consideration at different moments of the cooling time 
in welding at different depths are given in Table 4. 
It can also be seen from these data that an increase 
in depth leads to growth of the mean values of H and 
H2 in the FZ and HAZ metals in cooling of a welded 

16 

joint. However, for the welding conditions under con­
sideration it is not in excess of 10 %. 

As in the scheme considered the increase in ingress 
of hydrogen is determined by the partial pressure of 
the latter in the vapour-gas bubble and time of exist­
ence of this bubble in a particular region of a welded 
joint, consideration was given to a variant of welding 
of the root pass in the joint shown in Figure 1 at a 
double heat input. As shown by the calculations, con­
siderable differences in the concentration of hydrogen 
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Figure 7. Kinetics of time variations in temperatures, microstructural components Vi, diffusible hydrogen H, and hydrogen in traps, 
H2, for a welded joint in steel 17G1S at characteristic points A (a), B (b), C (c) and D (d) at a depth of 100m 

are seen only in a thin surface layer at the time moments 
of an active mass exchange with the vapour-gas bubble 
(Figures 8 and 9). The total hydrogen content is seen 
to increase as a result of growth of the FZ, the mean 
concentration of hydrogen in which changes but insig­
nificantly, this being associated with a short time of an 
active mass exchange with the vapour-gas bubble. 

It can be seen from the data of Table 4 that the 
mean content of diffusible hydrogen H in the HAZ 

1/2004 

metal on steel 17G1 S is quite enough for formation 
of cold cracks. In this connection, the use was made 
of a well-known approach associated with the appli­
cation of an austenitic filler metal to reduce the con­
centration of diffusible hydrogen in the HAZ metal. 
The data on chemical composition of the FZ metal 
required for the calculations were generated experi­
mentally on a model sample. They are given in Ta­
ble 5. 
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, diffusible hydrogen H, and hydrogen in traps, 
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Table 4. Mean va lues of the concentration of H and H2 in the FZ and HAZ metals depending upon the welding depth L at different 
moments of cooling time t 

H, cm3/ 100 g H2, Cln
3/ f00 g 

L, m t, s 
StJ 17GIS StJ 17GIS 

FZ H!\Z FZ H!\Z FZ H!\Z FZ H!\Z 

0.1 10 14.5 4. 1 14.5 4.6 0.9 0.07 0.9 0.05 

20 9.6 3.9 9.5 3.5 3.5 0.8 3.5 1.9 

30 8.8 3.7 8.7 3.2 4.3 1.0 4.3 2.3 

50 10 16.4 6.0 16.3 6.9 1.5 0.14 1.5 0.1 

20 11.4 5.1 11.2 4.4 4.6 1.3 4.5 3.0 

30 10.8 5.0 10.7 4.2 5.2 1.5 5.1 3.3 

100 10 15.2 5.9 15.0 6.4 2.2 0.43 2.1 0.8 

20 11.4 5.2 11.3 4.3 4.9 1.48 4.8 3.2 

30 10.9 5.0 10.9 4.1 5.5 1.63 5.4 5.3 

Table 5. Chemical composition of the FZ metal for a variant with austen itic filler metal 

Content of elements, wt.% 
Region in FZ Cr"q Ni'q 

c Ni /1/n Cr Mo Si 

Major mass of the FZ metal 0.066 14 .70 5.00 14.20 2.80 0.50 17.7 19.2 

Layer near the base metal interface 0.066 8.74 3.85 7.32 1.86 0.45 9.7 12.8 
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The FZ metal contains a small layer 0.1-0.2 mm 
thick, located near the interface with the base metal. 
Chemical composition of this layer is substantially 
different from the mean one for the FZ metal. 

Table 5 gives values of Crcq and Nicq of the com­
positions for the Schaeffler diagram, allowing estima­
tion of a microstructure after complete cooling (the 
major mass of the FZ metal has an austenitic micro­
structure, while the layer near the interface has a 
martensitic-austenitic microstructure). In this case 
the martensitic transformation begins at a temperature 
of +115 ·c and ends at a temperature of -15 ·c. At 
the end of the transformation the martensite content 
is== 70 %, i.e. Vm = 0.1. Figure 10 shows the calculated 
data on the kinetics of variations in temperature, mi­
crostructure and concentration of hydrogen H and H2 
at characteristic points: C - layer with the final 
martensitic-austenitic structure and D - point of the 
HAZ metal (see Figure 3). By comparing data in 
Figures 8 and 9 with the corresponding ones in Fi­
gure 6, we can see that the concentration of hydrogen 
in the HAZ metal at point D decreased from 7.0 to 
1.0 cm3 /100 g, which is attributable to its accumu­
lation in the austenitic weld metal, i.e. in wet under­
water welding the use of an austenitic filler metal is 
an efficient method to decrease the content of hydro­
gen in the HAZ metal of carbon and low-alloy steels. 

CONCLUSIONS 

1. Increase in depth of wet underwater welding of low­
carbon and low-alloy steels from 0.1 to 100m leads to 
increase in the content of diffusible hydrogen in the FZ 
metal. However, its mean content is not high (within 
a range of 10 %). 

2. Increase in the welding heat input leads to an 
increase in the total content of hydrogen in a welded 
joint mostly due to growth of the FZ size. The mass 
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exchange processes occurring in the vapour-gas bubble 
affect the concentration of hydrogen only in a thin 
surface layer. 

3. The content of Hdif in the HAZ metal of steel 
St3 is insufficient for formation of cold cracks even 
in welding under the restrained conditions. 

4. The content of diffusible hydrogen in the HAZ 
metal of steel 17G1 S is sufficient for formation of 
cold cracks in a joint welded under the restrained 
conditions. 

5. The use of the austenitic filler metal is an effi­
cient method for decreasing the concentration of dif­
fusible hydrogen in the HAZ metal of low-alloy steels 
in wet underwater welding. 
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MATHEMATICAL MODELLING OF THE PROCESS 
·• 

OF PLASMA SPRAYING OF COMPOSITE POWDERS 
ALLOWING FOR THE EXOTHERMIC REACTION 

OF SYNTHESIS OF COATING MATERIAL 

Yu.S. BORISOV, A.S. ZATSERKOVNY and LV. KRIVTSUN 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Mathematical model has been deve loped for calculation of dynamics of heating of composite powder particles in a plasma 
jet, allowing for the heat re leased as a result of chemical reaction between the initial components of powder materials. 
Software has been developed to implement the model on a computer. Numerical analysis has been conducted for 
pecu liarities of heating and movement of composite particles Ni-AI in the plasma jet, allowing for the heat released in 
the bulk of the particles through the exothermic reaction of formation of an intermetallic compound. 

Keywords: plasma spraying, composite powder, heating of 
particles, exothermic reaction, intermetallic, mathematical 
model, software 

Proper selection of a set of process parameters deter­
mining spraying conditions is very important for pro­
duction of sound coatings. A detailed theoretical study 
of some physical-chemical phenomena occurring in 
plasma spraying of coatings, and development of ap­
propriate mathematical models on the base of the 
above study all ow prediction of the effect of different 
factors on the course of the process as a whole and 
avoidance, in many cases, of excessive financia l costs 
for conducting direct experiments . 

To find optimal conditions for heating and move­
ment of spray particles, it is necessary to predict dy­
namics of interaction of a particle with the plasma 
jet, as well as processes occurring inside the particle . 
An important technological peculiarity of spraying 
with a possibility of the exothermic reaction to occur 
between fi llers of composite powders consists in util­
isation of internal energy resources of the powder 
particles resulting from the reaction of synthesis of 
the coating material. In this case development of a 
mathematical model for plasma heating of a composite 
powder particle allowing for thermal-chemical trans­
formations inside it and their effect on the plasma 
spraying process can provide the possibility of pre­
diction and control of resulting characteristics of the 
coatings. The fundamental difference of such a model 
from that developed earlier lies in the fact that it should 
describe heating of a particle under the effect of two 
heat sources, i.e. external (in the form of a heat flow 
from the plasma jet) and internal (in the form of the 
synthesis reaction heat). Moreover, composition and 
structure of the particle and, therefore, its thermal­
physical characteristics may substantially change during 
heating, as the chemical reaction occurs. 

Consider the model of heating of a spherical par­
ticle that consists of the exothermally reacting com­
posite material moving in the plasma jet with known 
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(preliminarily calculated) distributions of plasma 
temperature and velocity. To calculate t he path and 
ve locity of the particle in t he jet, we will use the 
earlier deve loped model [ 1] based on solution of the 
equation of movement of a particle in the plasma flow 
under the aerodynamic drag effect. To find tempera­
ture field in the bulk of the particle, we will use a 
non-stationary heat conduction equation with a vol­
ume heat source [2, 3]: 

- ar 1 a ( ar) 
pC at= r2 or ?x ar + p Wc<f>(T, Y] ). 

( 1) 

Here p(T) is the mass density of the particle; C (T) 
is its effective specific heat; T(r, t) is the time-space 
distribution of temperature in the particle (where r 
is the co-ordinate and t is the time); x(T) is t he 
coefficient of thermal conductivity of the composite 
material; W, is the specific heat of the exothermic 
reaction of synthesis of the coating material, and <l>(T, 
Yl) is the rate of heat release as a result of occurrence 
of the above reaction . To find it, we can use, for 
example, the law which is valid for homogeneous 
reactions [2]: 

( E J " <P(T, 11) = K 0 exp - R T (1 - 11) , (2) 

dYj 
at= <ll(T, 11), (3) 

where 11 is the degree of transformation of the initial 
components into an end product; Ko is the pre-expo­
nential factor; E is the activation energy; R is the 
universal gas constant; and n is the reaction order. 

Equation (3) is solved at an initial condition that 
11 It= tb = 0 , where tb is the time of beginning of the 

chemical reaction determined as the time to reaching 
the temperature of beginning of the reaction, T,, by 
the particle material (allowing for the retardation 
time [4]). 
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Equation ( 1) is solved at the following initial con­
dition: 

T(r) it=O =To (4) 

(here To is the initial temperature of the particle), 
and at the following boundary conditions: 

~: I r = 0 = 0; (X ~:]I r = a = q' (5) 

where q(t) is the density of the heat flow introduced 
by plasma through the particle surface [ 1], and a(t) 
is its current radius. At an initial radius of a0 = d 0 / 2, 
where do is the initial diameter of the particle, which 
may change with time as a result of chemical trans­
formation of a porous composite material into a dense 
end reaction product, as well as its melting or evapo­
ration. 

Assume that the initial particle of a composite 
powder is a mixture of finer particles of two different 
materials and has initial porosity vo. Then the follow­
ing expression can be used to determine density of 
such a composite material: 

1 - v0 
p= ' 

m1/ P1 + m21'P2 
(6) 

where Pt and P2 are the densities of the initial com­
ponents of the composite powder, and m 1 and m2 are 
their mass fractions. 

Effective specific heat of the composite material 
calculated with allowance for the extent of its trans­
formation can be written down as follows: 

C(T) = (1 - rl)C,/T) + YJC,(T). (7) 

Effective specific heat of the reacted, C,(T), and 

non-reacted, ~,(T), parts of the particle material can 
be calculated from the following formulae: 

C,(T) = c,(T) + W~'o(T - T~') + m 1 Wfo(T - It> + 
(8) 

+ m2 n1o(T- T~). 

where c,(T) is the specific heat of the reacted material; 
w;n is its latent melting heat; w? and W~ are the 

latent boiling heats of each of the components; T~' is 

Thermal-physical properties of components 
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the melting temperature of the reacted material; and 
r? and T~ are the boiling temperatures of each of the 
mixture components; 

C0 (T) = [c1(T) + W';'o(T- T'!')]m 1 + (9) 

+ [c2(T) + W'2'o(T- T2')]m2, 

where c1 (T) and c2(T) are the specific heats of the 
mixture components; W'{' and W':i' are their latent 

melting heats; and T\12 and T':i' are the respective melt­
ing temperatures. In all the cases ()(x) stands for the 
8-function. 

The above mathematical model was used to calcu­
late the path, velocity and temperature field of the 
composite particles Ni-Al with the following weight 
content of the initial components: m1 = 0.69 (Ni) and 
m2 = 0.31 (AI), having an initial porosity of v0 = 

= 0.3 and initial diameter of 40-70 j..lm. The calcula­
tions were made for the conditions of spraying in a 
plasma jet of the Ar + 20 % H2 mixture generated by 
the plasmatron. Diameter of the anode nozzle of the 
plasmatron was d = 6 mm, arc current was I = 450 A, 
plasma gas mixture flow rate was G = 55 1 I min (the 
arc voltage being Ua = 64.2 V, electric power of the 
plasmatron - P = 28.9 kW and efficiency - 62 %), 
and the spraying distance was 10 em. Calculations of 
spatial distributions of temperature and velocity of 
the plasma in the jet considered were made using 
software CASPSP [ 1]. The method of Crank-Nicolson 
[5] involving time splitting of a step to allow for the 
latent heat of melting and evaporation of the material 
was used to find numerical solution to the heat con­
duction equation ( 1). 

Values of the coefficients of drag and heat ex­
change between the particle and plasma required to 
so lve the movement and heat conduction equations 
were calculated using the known criteria! depend­
encies derived for the case of a flow around a spherical 
particle [6]. Values of thermal-physical parameters 
of aluminium and nickel used for the calculations are 
given in the Table. 

Thermal conductivity X of a porous composite ma­
terial Ni-Al was assumed to be equal to XNi(0.8 - v0) 

[7], specific heat of the reaction of formation of in­
termetallic AlNi was W, = 1.66·106 

] / kg, order of 
the reaction was n = 1, activation energy was E = 

Composite ma­
terial compo­

nerzts 
Specific heat c, 1 (kg ·K) 

Density 
p. kg 1/lJ 

Thermal conductivity x., 
W / (m-K) 

Latent heat, 1 / kg Temperature, K 

melting evaporatiorz melting boiling 

Aluminium: 

solid 

liquid 

Nickel: 

solid 

liquid 
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766 + 0.459T 

1178 

506.2 + 0. 71 T -'1.59-107 / T2 

662.6 

2620 

2080 

8900 

7910 

254 .7- 0.0412T 

106.4 

67.3 - 0.033T + 8.8-10-6T2 

69 

W'"· to-6 ~if'. to-7 T"' 7" 

0.397 1.089 934 2720 

0.302 0.638 1726 3073 
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Figure 1. Paths of movement of the Ni-Al composite powder par­
ticles having different diameters in the plasma jet: 1 - d0 = 40; 
2 - 55; 3 - 70 Jlm 

= 76·1 03 J I mol, and factor Ko determining the rate 
of heat release during the reaction process varied from 
0 to 1·106 s-1 [2]. Density of the formed intermetallic 
AlNi was selected to be equal to 5945 kg / m3, its 
thermal conductivity was 90 W / (m-K), and specific 
heat of the reacted material was cr(T) = 526.67 + 
+ 113.32·1 o-3T - 13.19·1 05T 2 J / (kg·K) [2]. 

Conditions of introduction of particles into the jet 
were as follows: distance of the introduction point 
from the plasmatron axis was xo = 5 mm, and that 
from its exit section was zo = 0.5 em, angle of intro­
duction counted from the horizontal line was <p = 0°, 
diameter ofthe transportation channel was de= 2 mm, 
transporting gas flow rate was 9c = 2.2 l/min, and 
consumption of the powder was Mp = 1-10 kg / h. 

Figure 1 shows calculated paths of the Ni-Al com­
posite powder particles having different diameters. 
They are indicative of a substantial effect of the initial 
diameter (mass) of a particle on its path. Conditions 
of introduction of particles into the jet were selected 
so that the deviation of a fina l position of a particle 
along the spraying distance from the jet axis was 
minimum (Figure 1, curve 2) at a mean diameter of 
this particle (do = 55 J.!m). Because of an increased 
inertia, particles with diameter d 0 = 70 J.!m get into 
hotter regions of the plasma jet, this ensuring their 
better heating. And vice versa, particles with a smaller 
diameter (d0 = 40 J.!m) experience heat exchange with 
regions that are less hot, which allows overheating 
and loss of mass for evaporation to be avoided. 

Calculations of the temperature field in a particle 
for different values of pre-exponential factor Ko char­
acterising the rate of release of the thermal energy 
due to occurrence of a chemical reaction were made 
at a fixed diameter of the particle (do = 55 J.!m). It 

T, K·.-----~------------~----------
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Figure 2. Effect of the rate of release of the reaction heat in the 
Ni-Al composite powder particle (d0 =55 Jlm) on dynamics of ils 
heating in the plasma jet: 1 - K0 = 1·1 06

; 2 - 1·1 05
; 3 - 1·1 04 s-1

; 

4 - with no allowance for release of the reaction heat 
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Figure 3. Effect of the initial diameter of the Ni-Al composite 
powder particles on dynamics of their heating in the p lasma jet 
(K0 = 1-105 s-1

): 1 - d0 = 40; 2- 70; 3- 55 Jlm 

follows from Figure 2 that atK0 = 1·1 06 s - 1 the internal 
heat source makes a substantial contribution to the dy­
namics of heating of the particle as early as in the initial 
region of its movement (Figures 2-4 show the calculated 
curves for temperature at the centre and on the surface 
of particles along the spraying distance). Under the 
above conditions , the combined action of two thermal 
energy sources leads to an excessive overheating of a 
particle up to its boiling, i.e. to the inefficient utilisation 
of heat of the synthesis reaction. 

Decrease in the Ko values to 1·105 s- 1 shifts reach­
ing the overheating zone to a point of 6.5 em along 
the particle path, which means increase in the useful 
part of heat introduced by the internal source. At 
K 0 = 1·1 04 s - 1 development of the process of exother­
mic synthesis is retarded to such an extent that the 
temperature curve for such a particle hardly differs 
from that for the Ni-Al particle , the release of heat 
due to the synthesis reaction being neglected. These 
resu lts allow a conclusion that variations in the in­
tensity of development of the process of exothermic 
synthesis in composite particles under the p lasma 
spraying conditions may have a substantial effect on 
the dynamics of heating of a spray material. 

Figure 3 show results of evaluation of the effect 
exerted by size of the composite powder particles on 
the dynamics of their heating. Although in this case 
the difference between the heating curves for particles 
with a diameter of 40, 55 and 70 J.!m is not as large 
as in the case of variations in Ko, it should be noted 
that increase in size of the particles leads to some 
retardation of development of the synthesis process. 
Under certain conditions this may lead to the fact 
that at the moment of reaching the surface of the 
substrate the particles of a different diameter will 
have not only a different temperature , but also a dif­
ferent degree of completion of the synthesis process. 

The similar effect occurs with increase in consump­
tion of a spray material powder (Figure 4) . Increase 
in the powder consumption is accompanied by a de­
layed development of the synthesis process . As this 
causes the effect of cooling of the plasma jet, the 
similar result is likely to take place also in the case 
of decrease in the useful power of the plasmatron. 

Therefore, the results of numerical experiments 
are indicative of a considerable effect exerted by heat 
of the chemical reaction of synthesis of a coating rna-
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Figure 4. Dynamics of heating of the Ni-Al composite powder 
particles in the plasma jet at di~fe~rnt loading of the jet with the 
powder (d0 = 55 ~m, K 0 = 1·1 0 s ) : 1 - MP = 1; 2 - 3; 3 -
5; 4 - 10 kg/ h 

terial on the dynamics of plasma heating of the par­
ticles during the process of spraying of a composite 
powder. The mathematical model suggested in this 
study makes it possible to allow for the contribution 
by the thermal-chemical interaction of the powder 
particle components and predict the dynamics of heat­
ing, velocity and path of movement of the spray par­
ticles depending upon the different input parameters. 

SCIENTIFIC AND TECHNICAL 

The software used to realise this model allows a com­
puter-aided implementation of numerical experiments 
on plasma spraying of exothermally reacting compos­
ite powders, and can be used as a tool to solve engi­
neering problems associated with selection of optimal 
parameters to provide coatings of this type of mate­
rials. 

1. Borisov, Yu.S., Krivtsun, I.V., Muzhichenko, A.F. et al. 
(2000) Computer modelling of the plasma spraying process. 
The Paton Welding]., 12, 40-50. 

2. !tin, V.I., Najborodenko, Yu.S. (1989) High-temperature 
synthesis of intermetallic compounds. Tomsk: TGU. 

3. Shaw, K.G., McCoy, K.P., Trogolo, J.A. (1994) Fabrica­
tion of c.omposite spray powders using reaction synthesis. 
In: Proc. of 7th Int. Thermal Spray Con(., June 20-24, 
1994. Boston. 

4. Shorshorov, M.Kh (1981) Physical-chemical interaction of 
components in composite materials. In: Composite materi­
als. Moscow : Nauka. 

5. Anderson, D., Tannehill,]., Pletcher, R. (1990) Computa­
tion hydromechanics and heat exchange. Vol. 1. Moscow: 
Mir. 

6. Tsvetkov, Yu.V., Panfilov, S.A. (1980) Low-temperature 
plasma in reduction processes. Moscow: Nauka. 

7. Dulnev, G.N., Zarichnyak, Yu.P. (1974) Thermal conduc­
tivity of mixtures and composite materials. Leningrad: En­
ergiya. 

EFFECT OF THE PROCESS FIXTURE MATERIAL 
ON STRENGTH CHARACTERISTICS OF TITANIUM 

AND ITS DIFFUSION BONDS 
I 2 2 2 L.S. KIREEV, V.V. SHURUPOV, V.V. PESHKOV and G.P. BESPLOKHOTNY 

1E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 
2Voronezh State Technical University, Voronezh, Russian Federation 

Effect of material of a fixture used for diffusion bonding of thin-walled layered structures of titanium on its performance 
has been established. Fractography data and mechanical test results show that performance of the bonds in titanium is 
higher in the case of using the fixture of steel 20, compared with steel 12Kh18N10T. 

Keywords: diffusion bonding, process fixture, titanium 
structures, adhesion, embrittled layer, mechanical tests 

As established before [ 1, 2], diffusion bonding results 
in contact and interaction of titanium billets with the 
process fixture. This leads to considerable changes in 
physical-chemical condition of the mating surfaces 
caused by development of the adhesion processes be­
tween titanium and steel, as well as diffusion satura­
tion of the surface layers of titanium with the fixture 
material. Separation of the fixture from a part (steel 
from titanium) leads to fracture of the adhesion cen­
tres and formation of tears on the mating surfaces. 
Formation of the diffusion layers on titanium is ac­
companied by a change in their chemical composition, 
resulting in embrittlement. 

In titanium structures with a honeycomb core, the 
load-carrying skins, which are in contact with the 

steel fixture during bonding, have a small thickness 
(up to 0.8 mm) and are not subjected to additional 
machining after diffusion bonding. This makes it nec­
essary to quantitatively estimate the effect of the con­
dition of the surface of titanium and its subsurface 
layers on performance of the titanium structures, i.e. 
mechanical properties and corrosion resistance . 

Prior to mechanical tests, the plate samples of 
titanium alloy VT6 were annealed at a temperature 
of 900-950 oc in vacuum not worse than 1-10-2 Pa to 
produce diffusion layers on their surfaces in contact 
with rectangular plate samples (fixtures) 2 mm thick 
with a size of 120x14S mm (or 180x60 mm) made 
from steel 20 or steel 12Kh 18N 1 OT. They were assem­
bled into stacks, S plates in a stack, so that each 
titanium sample was placed between the steel samples. 
Development of the process of adhesion of titanium 
to steel during annealing led to a substantial defor-
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Figure 1. Schematics of specimens for the tests to eye! ic fatigue 
by bending (a) and to repeated-static tension (b) 

mation of the samples in their separation from the 
fixture. Therefore, the applied compressive pressure 
was decreased to 0.1 MPa. 

Fractography of the surface of the titanium sam­
ples after annealing in contact with the steel samples 
revealed that the slightly developed adhesion regions 
were formed only after interaction of titanium with 
steel 12Kh18N10T. In this case almost no tears were 
found on the surface of titanium. 

Thickness of the diffusion layers on titanium was 
quantitatively characterised by the depth of the embrit­
tled zone, which was determined by the procedure de­
scribed in [3]. Thickness of the embrittled layers on the 
surface of titanium was not in excess of 15-17 Jlm. 

Testing the samples to uniaxial tension revealed 
no effect of the embrittled layers present on the surface 
of titanium on its performance. In all the cases the 
level of their properties remained not lower than the 
permissible one for alloy VT6. 

Cyclic fatigue tests were conducted in compliance 
with the Drozdovsky's procedure by bending a flat speci­
men with a cantilever securing. Titanium specimens with 
a notch were used for the tests (Figure 1, a). 

1iltre¥mre<di ~ u'fi rre spec1mens to tile moment 
of initiation of crack up to 3 mm long was measured 
during the tests. Machine equipped with a vibration 
device and special clamps was manufactured to test 
the plate specimens to cyclic fatigue (Figure 2). One 
end of a specimen tested was secured in fixed clamp 
1, and the other end of the specimen was secured in 
mobile clamp 2 with eccentric 3 (disk with weights) 
located inside it. The eccentric was set to rotation 
through flexible shaft 4 from electric motor 5. Dis-

Figure 2. Schematic of machine to induce cracks in plate samples 
(see designations in the text) 
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tance from the notch point of the specimen to the axis 
of rotation of the eccentric was kept unchanged in all 
the experiments. 

Initiation of crack occurred as a result of constant 
vibration of the mobile clamp hanging freely on the 
specimen, the vibration frequency being 47 cycle / s. 
The moment of initiation of crack was fixed from a 
sudden growth of the amplitude of vibration of the 
mobile clamp. The machine was automatically 
switched off using a limit switch located at a preset 
distance from the axis of the vibration device. Know­
ing the time of operation of the specimen to initiation 
of crack and vibration frequency, it is possible to 
determine the number of cycles of loading of the speci­
men, Nc, to initiation of crack. 

Results of the fatigue tests to cyclic bending 
showed that the presence on the VT6 specimens of 
the embrittled layers with thickness bcmb = 0.1-
0.5 Jlm, formed in contact with steel 20, led to an 
insignificant decrease in their cyclic fatigue life, com­
pared with the material in the as-received condition. 

Increase in thickness of an embrittled layer leads 
to decrease in the number of the loading cycles, Nc, 
to initiation of crack . The values of fatigue life of the 
specimens are in this case in a low-cycle region 
(Nc < 50,000) and decrease with increase in thickness 
of the embrittled layer (Figure 3). 

As fatigue cracks are formed in surface layers of 
the specimens, their condition is very important. 
Therefore, providing high fatigue characteristics of 
titanium specimens at thickness of an embrittled layer 
equal to 0.5 Jlm is associated with the fact that its 
thickness is comparable with or smaller than the criti­
cal size of the formed crack. At the same time, it can 
be supposed that formation of the embrittled layer of 

Nc ·10-4 , cycle 
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Figure 3. Dependence of the number of loading cycles, N,, to 
initiation of crack upon the thickness of an embrittled layer, Ocm h• 

in cyclic bend tests of specimens of alloy VT6 after annealing in 
contact with steel 20 (a) and steel 12Kh18N10T (b) 
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Figure 4. Dependence of the number of loading cycles, N,, to 
initiation of crack upon the thickness of an embrittled layer in 
repeated-static tension tests of specimens of alloy VT6 after an­
nealing in contact with steel 12Kh18N10T 

a small thickness on the surface of titanium favours 
its hardening and formation of additional compressive 
stresses inhibiting the propagation of fatigue cracks. 

In addition to the fatigue bend tests, the above 
specimens were subjected also to the repeated-static 
tension tests performed by the standard procedure 
(Figure 1, b). The tests were conducted using the 
UMM-10 machine (at frequency f = 0.7-0.8 Hz and 
cycle asymmetry coefficient R = +0. 1). 

The results of testing the specimens to repeated­
static tension (Figure 4) are indicative of a similar 
character of the dependence of the fatigue life of ti­
tanium specimens upon the thickness of an embrittled 
layer to that established above. 

It should be noted that under conditions of diffu­
sion bonding of titanium structures with a honeycomb 
core, a compressive specific pressure in the zone of 
contact of the load-carrying skins with the process 
fixture is higher by a factor of 20 than that used in 
annealing of the mechanical test specimens. There­
fore, the process of adhesion of titanium to the fixture 
occurs more intensively under actual condition than 
in experiments. Separation of the fixture from a part 
bonded may result in formation of defects of the type 
of tears on the surface of titanium. Under cyclic loads, 
they will act as stress raisers and centres of initiation 
of fatigue cracks. 

Based on the above-said, part of the specimens for 
the repeated-static tension tests (see Figure 1, b) was 
made directly from the load-carrying skins (0.8 mm 
thick) of the panels with a honeycomb core, 
20x150x500 mm in size. Bonding of these panels was 
performed in low vacuum. During the subsequent 
bend tests the fracture occurred in the zone of a dif­
fusion bond between the skin and the honeycomb core, 
the skin in this case separated from the core. 

The external surface of the load-carrying skins, 
which were in contact with the steel fixture during bond­
ing, exhibited very clear traces of a direct interaction of 
the fixture with the part, i.e. contact regions. Fractogra­
phy of these regions revealed a substantial effect exerted 
by the process fixture material on their topography on 
the surface of the titanium load-carrying skins. 

In the case of using the fixture from steel 
12Kh18N10T, the traces of tears and brittle fracture, 
which occurred not only in titanium but also in steel, 
were seen in the contact regions. Films (probably 
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Figure 5. Dependence of the number of loading cycles, N" to 
initiation of crack upon the thickness of an embrittled layer in 
repeated-static tension tests of specimens of alloy VT6 after bonding 
at 950 OC in contact with steel 12Kh18N10T (a) and steel 20 (b) 

containing titanium carbides) with slight traces of 
interaction of the fixture with a part were revealed 
in process plates of steel 20 in the regions which were 
in contact with titanium. 

It should be noted that in the case of a repeated 
use of the process plates of both steel 12Kh18N10T 
and steel 20 for diffusion bonding, the number and 
size of defects in the contact regions increased. This 
also led to increase in the force required to separate 
the fixture from the part. 

In the case of the fixture of steel 12Kh 18N1 OT, 
this is attributable to saturation of its surface with 
titanium, and in the case of the fixture of steel 20 -
to its depletion in carbon and suppression of the re­
action of formation of titanium carbides. 

The results of the repeated-static tension tests of 
the specimens are shown in Figure 5. It follows from 
them that, firstly, the earlier established dependence 
Nc = f(8cmb) holds and remains valid: at bcmb ~ 0.5 11m 
the number of loading cycles, Nc, varies but insigni­
ficantly, and further increase in bemb is accompanied 
by a substantial decrease in Nc. Secondly, the fatigue 
life of the specimens made from the load-carrying skins 
of the honeycomb panels subjected to a thermal-defor­
mation cycle of bonding is much lower than that of the 
specimens of a plate material subjected to annealing (in 
fact, without deformation) in contact with steels: after 
interaction of titanium with steel 20 the values of Nc 
decrease approximately 2 times, and with steel 
12Kh18N10T - by a factor of 7-9. This decrease in 
the Nc values is caused by microgeometry of the surface 
(formation of tears, undercuts etc.). 
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PROSPECTS IN PRODUCTION 
OF WELDED THICK-WALLED BIMETAL BODIES 

OF HIGH-PRESSURE VESSELS 
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Main stages in creation of technology of manufacturing thick-walled bimetal high-pressure vessels are described and 
prospects in development of production of bimetal vessels at the present stage are outlined. 

Keywords: bimetal bodies, high-pressure vessels, stamped­
welded vessels, bimetal billets, bimetal plates, reactors for recy­
cling the petroleum products, expanded multilayer shells, drums 
of steam boilers, electroslag welding, cladding in stamping, ex­
plosion cladding 

At the middle of the XX century, the science and 
industry faced the complicated problems, connected 
with the demand for the development of an effective 
technology of manufacture of thick-walled bimetal 
high-pressure vessels, capable to operate under the 
conditions of increased temperatures and pressures, 
periodical heat changes, long-term action of highly­
aggressive medium, radiation, etc., in the process of 
the creation of the new engineering, first of all, nu­
clear power engineering, submarine, aerospace and 
petrochemical industries. 

In most cases there is no need to manufacture a 
thick-walled vessel or high-pressure unit completely 
from the stainless high-alloy steel or alloy. It is enough 
to protect its internal surface from an aggressive effect 
of operating medium by a comparatively thin (3-
8 mm) corrosion-resistant layer from this steel or al­
loy. Only in separate cases, for example, in manufac­
ture of tube plates for heat exchange chemical units, 
it is necessary to deposit a protective layer on the 
internal and external surfaces. Here, the interest to 
the bimetal vessels is stipulated not only by the need 
in saving of highly-deficit materials. Application of 
bimetal with a basic layer from low- or medium-alloy 
steel of the increased or high strength makes it possible 
to decrease greatly the thickness of the vessel wall. 
As a result, the mass of this bimetal body, and also 
the labour-intensity in its manufacture become much 
lower than those of a single-layer body, for example, 
made completely from stainless steel 08Kh 18N1 OT 
(wt.%: 0.08C, 19.5Cr, 11.3Ni, 0.5Ti) . 

Production ofthick-walled bimetal vessels by forg­
ing in a press and subsequent cladding of corrosion­
resistant steel on the inner surface was, at the begin­
ning of the 1960s, the only method of producing, for 
example, bodies of nuclear power reactors. At the 
same time, the used technological process of manu­
facture of all-forged and forged-welded bimetal bodies 
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was characterized by a low coefficient of utilization 
of materials (0.3 on average), high labour-intensity 
and long-time cycle of manufacture, that limited the 
production of the above-mentioned products. 

It should be noted that as far back as 1952, the 
thick-walled drums of steam boilers of heat electric 
stations were manufactured first in the world practice 
from a plate rolled metal using the method of elec­
troslag welding (ESW) at Taganrog Works ~Krasny 
Kotelshchik» (TBW) in a close collaboration with 
the E.O. Paton Electric Welding Institute. Firstly, 
only welding of longitudinal welds was mastered, and 
then also that of circumferential welds. In 1954 the 
manufacture of stamped-welded drums of boilers us­
ing ESW was started at Barnaul Boiler Works 
(BBW). When the new technology of manufacture 
of drum of the boilers was mastering at TBW, the 
shells of 90 mm thick plate steel of 22K grade were 
expanded by rolling, while at BBW they were manu­
factured from two semi-shells (half-cylinders) which 
were stamped in a special press [ 1]. 

To realize the stamped-welded variant of manu­
facture of thick-walled bimetal bodies in industry, 
the large-sized bimetal plates of 80-300 mm thickness, 
up to 2500 mm width and up to 6000 mm length, 
having a guaranteed adhesion strength between the 
cladding and base layers over the entire area of the 
plate, which were not produced by our industry at 
that time, were required. 

As a result of joint experiments, carried out by 
the E.O. Paton Electric Welding Institute , Kuznetsk 
Metallurgical Works and BBW under the experimen­
tal-industrial conditions, a method of producing bi­
metal plates using ESW was suggested [2]. The prin­
ciple of this method is as follows: a cladding plate of 
stainless high-alloy steel or alloy was welded by ESW 
to one or two wide planes of ingot or forging from 
carbon, low- or medium-alloy steel, and then this 
welded billet was heated and rolled in the mill to 
produce two-, three-layer plate of the required sizes 
(Figure 1). 

In 1961 the works om improvement of method of 
producing the two-, three-layer plate rolled metal 
using ESW were continued at Zhdanov Heavy Ma-
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Figure 1. Two-layer billet, prepared for ESW using electrodes (6 pes), by two machines A-535 simultaneously into a common weld 
pool (a), two-layer billet after ESW (b) and macrosection of bimetal 09G2DT + 1Kh18N10T (8 = 100 mm) , rolled from mentioned 
two-layer billet (c) 

chine-Building Works - ZhHMBW (now Mariupol 
Heavy Machine-Building Works - MHMBW), 
Iljich Metallurgical Works and Kommunarsk Metal­
lurgical Works (now Alchevsk Metallurgical 
Works - AMW) in collaboration with PWI. As a 
result, the production of plates from 100-170 mm 
thick bimetal 09G2S + 0Kh18N10T using the ESW 
method was mastered at ZhHMBW and Iljich Met­
allurgical Works in collaboration with PWI. Here , 
the bimetal billets of up to 15 t mass were welded at 
ZhHMBW, and then they were subjected to rolling 
in mill4500 at the Iljich Metallurgical Works [3, 4]. 
The important advantage of the mentioned method is 
that the anti-corrosion and other properties of the 
cladding layer, defined by a chemical composition of 
metal of the cladding plate, can be preset even before 
the manufacture of a bimetal welded billet. In addi­
tion, the ESW application for producing the bimetal 
ensures a reliable adhesion of the layers, not depend­
ing on the degree of reduction during rolling and 
attainable as a result of penetration of edges welded 
in ESW. 

In the former USSR the bimetal thick-walled high­
pressure vessels in a stamped-welded version were 
manufactured in 1962 at ZhHMBW using the tech­
nological process developed in collaboration with 
PWI. These were spherical cylinders [ 5] of 1 00 mm 
wall thickness and 1000 mm diameter made from 
09G2S + 0Kh18N10T bimetal designed for operation 
under 35 MPa pressure and temperature from -70 up 
to 100 ·c (Figure 2). In 1963 at the same plant the 
manufacture of cylindrical vessels [6] (with half­
spherical bottoms) of 170 mm wall thickness and 1500 
mm diameter made from bimetal 09G2S ( wt.%: 0.1C, 
1.5Mn, 0.6Si) + 0Kh18N10T, was mastered for op-
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eration at 32 MPa pressure and temperature from -40 
up to 100 ·c (Figure 3). 

In 1967 at ZhHMBW a stamped-welded body of 
a transport nuclear power reactor OK-350 from bi­
metal rolled metal 18Kh2MA (wt.%: 0.17C, 1.8Cr, 
0.25Mo) + 00Kh18N10T ( wt.%: 0.03C, 18.5Cr, 10.0Ni, 
0.45Ti) (Figure 4) was manufactured for the first time 
in the domestic practice. Many organizations, in parallel 
with PWI, ZhHNBW and Iljich Metallurgical Works, 
were participated in the creation of bimetal stamped­
welded body OK-350, namely NIKIET, I.V. Kurchatov 
IAE, TsNII KM «Prometej~ and others. 

A great contribution to the creation of the new 
method and technology of producing stamped-welded 
version on the basis of welding processes for manu-

Figure 2. Stamped-welded spherical cylinder (Pop= 35 MPa; Top= 
= -70-100 "C; d0 = 1000 mm) from bimetal 09G2S + 0Kh18N10T 
(8 = 100 mm) 
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Figure 3. Stamped-welded cylindrical vessel (Pop= 32 MPa; Top = 
= -40-100 ·c; do = 1500 mm) from bimetal 09G2S + 0Kh1810T 
(8 = 170 mm) 

facture of thick-walled bimetal high-pressure vessels 
was made by Prof. B.I. Medovar, who supervised 
directly these works over many years . 

The method of producing thick-plate bimetal using 
ESW was recognized both in our country and also 
abroad. Several special-purpose high-pressure vessels 
were manufactured from bimetal produced by this 
method. At the same time the wide application of the 
ESW method in production of bimetal at ZhHMBW 
was limited by a comparatively high labour intensity 

Figure 4. Stamped-welded body of transport nuclear power reactor 
of bimeta l rolled metal 18Kh2MA + 00Kh18N10T in stand after 
final mechani cal t reatment 
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and complexity of the technology used at that time 
for ESW of bimetal billets of 800-1000 mm thickness 
and up to 2500 mm height. To provide a uniform and 
minimum penetration of edges being welded, the ESW 
was made by six electrodes of 3 mm diameter using 
two welding machines A-535. Here, all six electrodes 
were fed simultaneously through the nozzles into a 
common pool (by three from each side of the welding 
gap) (see Figure 1, a). During welding the reciprocal 
displacement of nozzles along the welding gap in butt 
thickness, i.e. from a lateral edge to the middle and 
back for each machine A-535, was realized. 

At the end of the 1960s the production of thick­
plate bimetal by the method of ESW for high-pressure 
vessels was interrupted because of the development 
and implementation at the above-mentioned plants of 
a new technology of bimetal producing using the 
method of autovacuum pressure welding (APW) by 
rolling of non-symmetrical packets. The new technol­
ogy, as compared with the previous one on the basis 
of ESW, was characterized by higher technical-eco­
nomical characteristics [ 7-9]. 

The application of thick-walled bimetal high-pres­
sure vessels in petrochemical industry was very effec­
tive. The manufacture of stamped-welded reactors for 
hydrorefining and reforming from bimetal, produced 
by APW, with 08Kh18N10T steel corrosion-resistant 
layer and base layer from heat-resistant steel of 
12KhM, 20Kh2M and other grades, was mastered 
since 1965 at PO «Zhdanovtyazhmash~ [10], that 
could reduce the terms of their manufacture, assembly 
and putting into service, and increase also the reli­
ability and safety in operation . It should be noted 
that bimetal reactors for products of petroleum refin­
ing do not require the obligatory periodic interrup­
tions in the process of service for repair and lining 
replacement, as compared with single-layer reactors 
with a air-placed concrete inner lining. 

Reactors for reforming and hydrorefining repre­
sent vertical cylindrical stamped-welded high-pres­
sure vessels with half-spherical or elliptic bottoms. 
Bimetal bodies are freely mounted on conical supports 
fastened by anchor bolts to the concrete pedestals. 
Their sizes in diameter reach up to 4000 mm , length ­
up to 16m, mass - up to 160 t, wall thickness -
up to 150 mm. 

Reactors for reforming (Figure 5) are designed for 
making reactions of reforming of petroleum products 
in the medium of hydrogen-containing gas in a catalyst 
layer. Operating pressure during reaction is 2.3-
4.9 MPa depending on the design of reactor and cata­
lyst, and the temperature is 480-540 °C. Reactors for 
hydrorefining (Figure 6) are designed for conductance 
of the process of hydrorefining of diesel fuels during 
interaction of hydrogen with olefines, which are trans­
formed in the layer of an alumino-platinum catalyst 
into saturated hydrocarbons. Operating pressure dur­
ing reaction is 2.6-6.0 MPa depending on the design 
of reactor, and temperature is 350-500 °C. In regen­
eration these parameters are equal, respectively, to 
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0.3-3.0 MPa and 480-550 'C. Working out of the 
designing technical documentation for manufacture 
of reactors for petroleum refining products was carried 
out in collaboration with VNIIINeftemash, 
Lengiproneftemash and others. 

In the process of development of the stamped­
welded variant of manufacture of thick-walled bi­
metal bodies at ZhHMBW the solution of some tech­
nical problems was required on stamping, welding, 
heat and mechanical treatment of separate compo­
nents (shells, bottoms, branch pipes, etc.), made from 
bimetal, and on as-assembled bimetal vessels. Many 
technological problems had to be solved for the first 
time in the domestic practice. Let us dwell on one of 
them as an example. 

The largest difficulties in manufacture of thick­
walled semi-spherical bottoms (not only bimetal) are 
encountered in that case if they cannot be manufac­
tured all-stamped due to limitation of a stamping 
space of presses or a limited capacity of the press. 
Usual ly, these bottoms are welded from pre-stamped 
Jobes of length 1 / 3nR (where R is the sphere radius) 
and a spherical disc. An essential drawback of the 
above method consists in the difficulty to manufacture 
bottoms of a preset geometric shape due to non-uni­
form shrinkage after stamping and also non-uniform 
deformation in welding. However, it is difficult to 
calcu late these factors and they cannot be almost 
taken into account in the process of manufacture of 
thick-walled bottoms, in particular, bottoms made 
from thick-plate bimetal whose thermal shrinkage 
reaches large sizes due to difference in coefficients of 
expansion of the layers. 

To facilitate the producing of a preset spherical 
shape, a method of manufacture of welded large-sized 
thick-walled semi-spherical lobe-type bottoms [ 11] 
has been developed, which consists of assembly of a 
symmetrical spherical girth, composed of lobes, in 
length of not less than 2/ 3nR. Then the welding of 
lobes of the spherical girth is performed, for example, 
by ESW. Then two spherical discs are welded to the 
spherical girth and the sphere is subjected to heat 
treatment. The sphere manufactured is cut into two 
equal semi-spherical bottoms in equatorial plane, nor­
mal to the axis of symmetry passing through the cen­
ters of the spherical discs. An important advantage 
of this method is the feasibility of stamping the lobes 
and spherical disc in a single die. There is no need 
here to use a special sizing die. The mentioned method 
[ 11] was used successfully at ZhHMBW in manufac­
ture of large-sized bottoms of bimetal bodies of reac­
tors for products of petroleum refining . 

Simultaneously with the development of the tech­
nology of manufacture of stamped-welded bottoms 
and shells from thick-plate bimetal, the problems of 
welding of vessels were solved. Application of ESW 
for welding thick-walled bimetal bodies is most ra­
tional. 

The drawback of this method is the obligatory 
normalizing of the product after welding. In heat 
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Figure 5. Schematic diagram of stamped-welded reactor for re­
forming (Pop= 4.7 MPa ; Top= 525 ' C; d,, = 3000 mm) from bimetal 
12KhM + 08Kh18N10T (8 = 170 mm). Mass of unit in a working 
condition is 83 .7 t 

treatment of large-sized vessels this high-temperature 
heating can lead to the deterioration of the product 
shape. By this reason, the normalization of small ves­
sels or separate units (of up to 4 m length) is per­
formed, if possible, in a vertical position. Then sepa­
rate as-welded normalized components are welded by 
the automatic multilayer submerged arc welding with 
a subsequent tempering of the ready product. 

It should be noted that the high-temperature heat­
ing with excessive internal pressure was used at BBW 
for stamped-welded pressurized vessels after ESW. 
For this, the vessel was fi lled with a wood before 
heating for normalization, and then the vessel was 

Figure 6. Stamped-welded reactor for hydrorefining (Pop = 
= 6.0 MPa; T

0
, = 425-500 'C; d,, = 3560 mm) from bimeta l 

12KhM + 08Kh18N10T (l)body = 135 mm; Ooottom = 80 mm) . Mass 
of unit in a working condition is 138.7 t 
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Figure 7. Macrostructure of long itudinal weld of stamped-welded 
vessel of bimetal 09G2S + 0Kh18N10T (8 = 170 mm) with a com­
plete removal of cladding laye r in the zone of welding (a) and 
wilh a combined edge grooving , providing a preliminary welding 
of a base layer (b). Mass of uni t in a working condition is 138 t 

pressurized. As a result of a dry distillation of wood 
during heating a pressure is created inside the vessel, 
which is sufficient to prevent its buckling and distor­
tion [ 1]. 

Grooving (Figure 7, a) with a complete removal 
of a cladding layer by gouging (20-40 mm per each 
edge) is recommended for ESW of longitudinal and 
circumferential welds of the bimetal body. In addi-

Figure 8. Macrostructure of circumferential diametric weld of 
spherical cy linder from bimeta l 20Kh2MA + 0Kh18N10T (8 = 
= 120 mm) made by t he au tomatic welding at a sing le-sided access 
to edges being welded (only outside) from the side of the base 
meta l 
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tion, a combined grooving (Figure 7, b) with a pre­
liminary welding of a base layer inside the vessel was 
tested for longitudinal welds, which can easily pro­
vide the required geometric shape of shells and de­
creases significantly the volume of cladding works 
inside the body . This technology was implemented in 
welding of a cylindrical vessel of 170 mm wall thick­
ness, made from two-layer steel 09G2S + 0Kh18N10T. 

However, this type of grooving relative to welding 
of bodies from bimetal 18Kh2MA + 0Kh18N10T was 
not acceptable, because preheating and also the sub­
sequent tempering are required for arc prewelding of 
the base layer, thus .complicating the technological 
process . 

The shape of edge preparation with a complete 
removal of a cladding layer in the zone of welding 
(Figure 7, a) is most adaptable as it produces a welded 
joint of equal strength without prefusion of austenitic 
cladding with non-alloyed welds that prevents the 
formation of brittle quenched structures in the zone 
of fusion of dissimilar steels. Welding of the base 
layer is performed according to conventional ESW 
technology accepted for the parent metal, and then 
hardfacing of a corrosion-resistant layer is made in 
places of removal of a cladding layer (in grooves) by 
two or more passes, for example , by a strip electrode 
using an automatic submerged arc welding. 

The variant of a single-sided welding of a diametric 
weld was also developed and implemented in 1963 at 
ZhHMBW for manufacture of spherical bimetal cyl­
inders from 120 mm thick steels 09G2S + 0Kh1 8N1 0T 
and 20Kh2MA + 0Kh18N10T (Figure 8). Its devel­
opment was due to the fact that access inside the 
spherical cylinder was impossible because of a small 
hole in a neck . In this case a root weld, located in 
austenitic cladding layer, is made by a mechanized 
C02 welding with wire of Kh20N9S2BTYu type, pro­
viding a high weld meta l resistance against the crys­
talline corrosion . W elding of the root weld is per­
formed in a vertical position with a through penetra­
tion and reverse weld formation without backings 
owing to the surface tension forces. Then that part, 
which was made in a cladding layer, is fi lled with 
austenitic electrodes, and then the surface of the 
austenitic deposited metal is deposited by a separating 
layer (two passes) using the armco-iron electrode 
wire . The multipass submerged arc welding is per­
formed by a conventional technology over the sepa­
rating layer. Ferritic separating layer provides the 
minimum reduction in ducti le properties of the de­
posited metal alloyed with chromium and nickel as a 
result of inevitable penetration of the austenitic metal , 
and prevents also the formation of cracks in metal of 
the weld transition zone (Figure 8). 

As a result of a large complex of investigations on 
full-scale and experimental samples at ZhHMBW, an 
optimum process was developed for manufacture of 
bimetal bodies in a stamped-welded version and the 
technologies of bending, stamping, welding and heat 
treatment were mastered, providing the required ge-
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ometry of the body (maximum misalignment of body 
shells and bottoms being assembled is not more than 

· 2.5 mm). 
As is known, it is more rational from the technical 

and economical point of view to use low- and me­
dium-alloy steels of increased and high strength for 
manufacture of a wide group of high-pressure welded 
vessels. Actually, the application of steels with a high 
strength, ductility and toughness can not only de­
crease significantly the dimensions of welded prod­
ucts, but also promotes the creation of new design 
and technological solutions, whose realization with­
out use of these steels could be impossible. Integrated 
experimental-research works carried out with our par­
ticipation in the middle of the 1960s to increase the 
quality of the base layer metal of bimetal bodies of 
high-pressure vessels showed that the thick-plate 
rolled metal of steels 09G2S, 16GNM (wt.%: 0.15C, 
0.6Ni, 1.1Mn), 18Kh2M (8 = 80-115 mm) after elec­
troslag remelting (ESR) is characterized by improved 
(as compared with initial open-hearth metal) proper­
ties: it contains a much lower amount of sulphur, 
non-metallic inclusions, gases, there is no anisotropy 
of ductile properties, the impact strength of transverse 
samples is increased by 40-80 %, and across the plate 
thickness (in axis Z) - by 300-400 % as compared 
with the initial metal. Cold shortness threshold of 
samples of ESR metal, cut in axis Z, is shifted by 30° 
towards the negative temperatures for a normalized 
metal and by 50° - for the quenched metal. Welded 
joints of steel 09G2S after ESW can be subjected only 
to high tempering, which provides the required impact 
strength in HAZ metal [ 12]. 

As the investigations showed [ 13], the application 
of electron beam welding (EBW), for the realization 
of which the normalization is not obligatory, can occur 
to be rather promising in manufacture of bimetal bod­
ies of high-pressure vessels from thick-plate low- and 
medium-alloy ESR steel. Thus, in EBW of 80 mm 
thick steel 18Kh3MASh the only tempering after 
welding is enough to produce almost equal-strength 
joint with a high level of impact strength of weld and 
HAZ metal at -70 °C. Besides, the width of a path 
of the cladding layer, removed before welding, does 
not exceed 5 mm per a side in EBW of bimetal bodies, 
that gives an opportunity to decrease the volume of 
hardfacing works inside the vessel after EBW of the 
base layer. 

During mastering the industrial manufacture of 
bimetal stamped-welded vessels at ZhHMBW, the 
search works were also conducted simultaneously for 
the development of radically new less expensive and 
effective methods of their manufacture, not requiring 
bimetal rolled metal for their realization. We shall 
dwell on some of these developments, which were not 
completed until their industrial implementation by 
different reasons, but are still important now after 
many years. 

In the method offered [ 14] the process of cladding 
of billet (product) surface is combined in one tech-
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Figure 9. Appearance (a) of bimetal semi-shell (d., = 1800 mm; 
o = 120 mm) produced in the process of hot stamping using a 
Ni-Mn interlayer , and microstructure of zone of layers joining in 
bimetal 18Kh2MA + 08Kh18N10T after stamping (b) (x100) 

nological operation with a process of its hot stamping, 
i.e. two operations, namely formation of a strong ad­
hesion between layers and manufacture of the required 
billet or product from bimetal are combined into a 
single operation. Figure 9, a shows an appearance of 
a bimetal (18Kh2MA + 08Kh18N10T) semi-shell of 
120 mm thickness, 1800 mm diameter, manufactured 
under the industrial conditions of ZhHMBW directly 
in the process of hot stamping using a method of a 
press braze welding (PBW) developed at the E.O. Pa­
ton Electric Welding Institute [9]. At stamping pre­
heating (Tst = 1150-1170 oc), the powder of 60Mn-
40Ni alloy with Tmelt = = 1018 °C, placed in a gap 
between base and cladding layers of a two-layer billet, 
sealed around the perimeter by welding, is melted, 
thus dissolving the surface oxide film and providing 
a reliable contact between planes being welded. Dur­
ing stamping, the interlayer is extruded to the pe­
riphery into special receivers and its thickness in a 
ready bimetal billet does not exceed 0.25 mm that 
provides a guaranteed adhesion between layers (crsh > 
300 MPa). Macro- and microinvestigations of the fusion 
zone in bimetal showed its high quality over the entire 
surface of cladding (Figure 9, b). 

At the beginning of the 1980s a radically new 
technology of producing cylindrical billets was sug­
gested at PWI for the high-pressure vessels made from 
expanded multilayer billets [ 1 5]. The principle of this 
technological diagram consists in that the multilayer 
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Figure 10. Appearance of ring-type QLMM shells (thinner and 
larger-diameter) produced by the method of hot expansion by roll­
ing in a ring rolling mill, multilayer billets (thicker and lower-di­
ameter) manufactured by a canonical winding of a coiled strip of 
steel 09G2SF (a), macrostructure of metal of QLMM shells with 
a corrosion-resistant layer (b) 

billet, produced by a canonical winding at straight 
angle of a 3-6 mm thick coiled strip, is heated in a 
furnace, and then this multilayer billet is expanded 
by rolling in a ring-rolling mill until adhesion between 
layers using APW. As the diameter of multilayer billet 
is increased in the process of hot deformation, so the 

Figure 11. Nature of fracture of Charpy samples made from steel 
09G2SF QLMM (a) and 09G2SF (b) at impact bending 
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billets are taken for rolling with a smaller diameter 
than the required final diameter of the cylindrical 
shell, and with a larger total thickness. 

The use of the coiled steel not requiring a special 
preparation of the surface before winding of multi­
layer billet, and also the combination of processes of 
joining layers and formation of the shell of preset 
sizes make it possible to produce comparatively inex­
pensive seamless ring billets. Experimental-industrial 
trials [16, 17] showed that a special design of multi­
layer billet and optimum technology of its expansion 
by rolling guarantee a reliable adhesion between lay­
ers and producing of a monolithic metallic material 
with a special macrostructure, named a quasi-laminar 
metallic material (QLMM) (Figure 10). The specifics 
of QLMM consists in an organized laminar internal 
structure. This material is characterized by properties 
of multilayer metallic materials at dynamic loads and 
low temperatures, and also conventional monolithic 
metallic materials at static load. At impact bend tests, 
if the notch is made on the QLMM surface, the sample 
metal cannot be fractured (Figure 11). Material re­
sistance to crack propagation is provided by splitting 
of the QLMM metal into number of layers at its apex. 
The advantage of the technology of hot expansion by 
rolling of QLMM shells is the feasibility of producing 
the quasi-laminar structure with a corrosion-resistant 
cladding layer (internal or external or simultaneously 
with both). 

Metal QLMM can be subjected to all types and 
methods of welding, the same as a conventional mono­
lithic metal. On the basis of hot rolling of multilayer 
billets it is possible to produce different ring billets 
of high-pressure vessels, pipes for power plants, in­
cluding bimetal pipes with a corrosion-resistant in­
ternal layer, and also for other critical products, 
whose material should possess the high resistance 
against brittle fractures, at n.egative temperature in 
particular. However, to organize the industrial pro­
duction of these shells, the creation of mills for rolling 
billets of 2000 mm height and more will be required, 
as the existing mills can expand the shells by rolling 
up to the height of 750 mm [18]. 

In this connection, the work [ 19] deserves atten­
tion, as it suggests technology of rolling ring billets 
for manufacture of NPS equipment. Using the ring­
rolling mill (radial or vertical type), the large-sized 
bi !lets of high-precision reactors (with minimum tol­
erances) of up to 8 m diameter and up to 4 m height 
are manufactured, that can decrease abruptly (almost 
by 30 %) the metal consumption. Alongside, the la­
bour-intensity of forging is decreased by 20-25% and 
that of mechanical treatment - by 1.5-2 times, the 
consumption of cutting tools is reduced, the cycle of 
manufacture of large-sized ring products is decreased, 
production capacities of steel melting, forge-pressing 
and machining are partially released. Simultaneously, 
as was shown in [ 17], the problem of producing bi­
metal shells is solved in the process of hot rolling of 
ring billets in the ring-rolling mill. 
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The results obtained give grounds for the conduc­
tance of a complex of works for the creation of the 
equipment for expansion by rolling and industrial 
technology of production of different ring billets of 
high-pressure vesse ls, bodies of nuclear reactors, bi­
metal pipes for power plants and other special-purpose 
products whose material should have improved char­
acteristics of toughness and brittle fracture resistance 
under conditions of operation at low temperatures, 
aggressive medium and neutron radiation. 

The problem of cladding of internal surface of 
thick-walled vessels, including those manufactured 
from expanded shells, can be also solved by using the 
explosion welding . According to the method, devel­
oped at ZhHMBW in collaboration with PWI [20], 
a cladding material, for example, corrosion-resistant 
steel of 12Kh18N10T grade in the form of a strip of 
0.5-1.5 mm thickness, preliminary coiled into a coil, 
is placed inside the vessel and fastened in a yoke 
(Figure 12). Vessel is mounted on a roller stand to 
set the rotation. The coil is gradually uncoiled and 
placed in a flat position on the internal surface of the 
vessel and fastened by clamps in two places over the 
entire length of the vessel. Between clamps a linear 
charge of explosive(£), which is initiated, is located 
over the entire length of the vessel. Thus, a local 
explosion welding takes place. Then the clamps are 
removed and the roller stand is rotated per one pitch 
equal to 50-200 mm . The coil is gradually uncoiled 
now and the above operations are repeated. Peri­
odically, at the moment of rotation interruption, a 
local explosion welding of the first cladding layer 
with a vessel surface, and also all subsequent layers 
in a chessboard order are made. The number of layers, 
and also the total thickness of the cladding layer is 
determined by the conditions of the vessel operation. 

At closing each cladding layer, equal to the length 
of an appropriate circumference, a sealing weld is 
deposited over the entire length of the vessel genera­
trix, which prevents the possibility of aggressive me­
dium penetration into a gap between the cladding 
layers in case of damage of one of the upper layers. 
The cladding layer can be produced both by a spiral 
layout of turns, and also concentric turns of the me­
tallic strip. 

Owing to the multilayer design of the cladding 
layer and application of a local explosion welding of 
the lining strip with a body and separate layers with 
each other, the conditions are provided for compen­
sation of temperature stresses in the zone of joining 
of dissimilar materials, occurring usually due to a 
difference in coefficients of a linear expansion of metal 
of base and cladding layers of the bimetal body. At 
the same time, when realizing the above-mentioned 
method of cladding in production of bimetal vessels, 
it is necessary to develop a reliable system of control , 
which could signal the violation in sealing of the 
interlayer spacing (both at the stage of product manu­
facture and also in the process of its service) because 
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Figure 12. Schematic diagram of cladding of inner surface of cy­
lindrical vessels using explosion welding: 1 - coil of cladding 
metal; 2 - vessel body; J - cladding metal; 4 - clamps; 5 -
roller stand 

of a possible damage of sealing welded joints or one 
of the cladding layers. 

At the middle of the 1990s numerous publications 
appeared [21-24] devoted to different aspects of ap­
plication and producing thick-p late bimetal using 
methods based on using the electroslag cladding 
(ESC) of a layer from corrosion-resistant steel on the 
base made from a structural steel. It is noted in these 
works that in production of corrosion-resistant bi­
metal billets by ESC method the highest strength of 
joint of cladding and base layers is provided as com­
pared with other methods of bimetal producing 
(packet method or exp losion welding). Thus, the 
shear resistance, determined in place of contact of 
layers, is 400-450 MPa, that is comparable with a 
yield strength of the base layer [23]. There is infor­
mation about the development of the technology of 
vertical ESC of bimetal billets of rectangular and 
square section in operating ESR furnaces, which, from 
the data of [24), are used for this purpose almost 
without modification of main elements and units . It 
is also noted here that the production of bimetal billets 
of mass up to 15 t in specially-designed installations 
of an inclined type for ESC occurred to be rather 
labour- and power-consuming due to the presence of 
three consumable electrodes and a movable mould, 
which require special slags and sensors of movement. 

In addition, in the opinion of authors [24), the 
non-para llel mutual arrangement of consumable elec­
trodes and a slab of the base layer does not ensure a 
similar depth of penetration in the zone under and 
between the electrodes, as a spray metal transfer in 
slag influences the heat distribution. 

It should be outlined that the specifics of a sin­
gle-pass ESC both at inclined and vertical arrange­
ment of the billet being clad is the use of a common 
heat source for two different technological processes 
(melting of electrode metal and penetration of base 
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metal), i.e. there is a rigid relation between them. It 
creates definite difficulties in providing minimum and 
uniform penetration of the base layer in ESC, that is 
necessary for producing the deposited layer of a stable 
chemical composition over the entire area . 

The new opportunities for production of bimetal 
billets for welded high-pressure bodies are opened up 
owing to the application of the ESC using a liquid 
filler metal (ESC LFM) [25-27]. The investigations 
showed that the application of the ESC LFM as com­
pared with a canonical ESC process makes it possible 
to deposit the cladding layer with a minimum depth 
of penetration of the base layer both in section and 
also in billet height. When necessary, the cladding 
can be performed also by the diagram of braze weld­
ing, i.e. almost without penetration of the base layer 
[25, 26]. As a result, it is managed to provide the higher 
quality in this bimetal as compared with bimetal prcr 
duced by other methods. It is also important that ESC 
LFM does not require the use of a consumable electrode, 
whose manufacture, in particular from high-alloy steels 
and alloys, composes a significant estimate of expenses 
for industrial realization of the ESC. 

Unfortunately, over the recent years the 
MHMBW does not produce the bimetal stamped high­
pressure vessels due to lack of orders for them. 

At the same time, in spite of objective difficulties 
the MHMBW could preserve the basic equipment, 
personnel and production-technical potential. All this 
inspires confidence that at certain capital investments 
and the presence of orders for the production of thick­
walled high-pressure vessels can be not only recovered 
to the previous volumes but also widened taking into 
account the new achievements appeared during recent 
years in the world in the field of metallurgy, pressure 
treatment and welding. Moreover, the production­
technical base of MHMBW allows mastering in short 
periods of time the production of single-layer high­
pressure bodies, such as thick-walled drums of steam 
boilers in a set with other equipment, which were not 
serially manufactured in Ukraine until now. 
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TENDENCIES IN DEVELOPMENT 
OF POWER SOURCES AND CONTROL SYSTEMS 

(based on materials of US patents) 

V.K. LEBEDEV 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

The paper presents US patent information over the last two years outlining modern trends in the field of development 
of power units and control systems for arc and resistance welding processes . 

Keywords: arc welding, resistance welding, power 
sources, control systems, drop transfer, gas mixtures, US pa­
tents 

US Patent Office has an extensive fund of more than 
6.5 min registered patents. Their authors are citizens 
of not only the USA, but also many other countries . 
Patent fund is being continuously increased through 
Internet and is accessible to a wide circle of specialists. 
Studying US patents can provide information on the 
avenues of developments of a particular engineering 
field. 

This work presents a brief review of patents on 
power sources and control systems for the most widely 
accepted processes of arc and resistance welding . The 
review only covers patents published over the last 
two years and characterizing the state-of-the-art of 
the engineering field of interest to us. 

Illustrations are shown in the form, in which they 
are given in the original descriptions. Numbers of all 
the positions are unchanged. And even though these 
numbers are almost not used in the review, they may 
be useful for the reader in case of a more detailed 
study of the contents of the patents proper. 

The second half of the previous century was char­
acterized by tremendous achievements in the field of 
semi-conductor devices that promoted development 
of many fields of engineering, including welding 
equipment. It can be definitely stated that the most 
significant progress in welding is related to the intro­
duction of new semi-conductors. Initially these were 
power diodes, which ousted electromechanical con­
verters. Later on thyristors were introduced, which 
are partially controlled semi-conductor devices, which 
began to be used as power devices, as well as in the 
control system circuits. Still another area should be 
mentioned, where the focus is on improvement of 
welding process stability through power sources and 
control systems. 

The next stage of development of welding engi­
neering associated with transistors has partly been 
covered, however, the possibilities of their application 
in welding are far from having been exhausted. The 
method of pulsed-arc welding [ 1] developed even be­
fore the introduction of powerful controlled devices 
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into the market, can be included into this category. 
These devices enabled pulsed-arc welding going be­
yond the laboratory testing stage and becoming a 
widely accepted manufacturing process. Experiments 
on short-circuiting welding were conducted in paral­
lel. One of the main goals of these experiments was 
reducing liquid metal spatter, arising at metal transfer 
with short-circuiting of the arc gap. In this area, stud­
ies of the following PWI scientists are known: I.I. 
Zaruba, A.G. Potapievsky, N.M. Voropaj and many 
others, as well as of staff members of various educa­
tional establishments and research organizations, such 
as G.M. Kasprazhak, N.M. Dyurgerov, A.F. 
Knyazkov, Yu.N. Saraev, etc. Lateronpositiveresults 
were obtained on the use of an improved method of 
controlling metal transfer at short-circuiting of the 
arc gap [2]. However, further development of this 
process and batch-production of new equipment 
turned out to be not very promising in connection 
with introduction of a comparatively inexpensive 
shielding gas such as argon in the market. Therefore, 
investigations were interrupted, although they are 
still being pursued abroad now, as will be shown 
further on. The cause for that are the known advan­
tages of <<short>> arc welding. Application of transis­
tors permitted reducing the mass and dimensions of 
the power sources, increasing their efficiency and 
power, and giving the power source the properties of 
easily controllable and low-inertia devices. 

Further improvement of arc welding equipment 
will, probably, be related to a considerable extent, 
to use of transistors and microprocessor control sys­
tems and primarily aimed at improvement of adapt­
ability of arc welding to fabrication. 

A similar tendency will be observed also in the 
field of resistance welding, particularly, in micro­
welding. To get an idea of the avenues of development 
in the welding engineering field, which is of interest 
to us, it is worthwhile to study the appropriate patent 
sources, recently published in the USA. 

Patent 6476354 «Method for Controlling a Weld­
ing Apparatus and Corresponding Control Device>> 
(Fronius Schweismaschinen) [3] gives a description 
of a method to control the welding process, charac­
teristic for modern welding equipment (Figure 1). 
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Control is performed, using a microprocessor device, 
into which the data on the material being welded, 
electrode diameter, its feed rate, shielding gas, weld­
ing process, etc. are entered before the start of weld­
ing. Connections diagram is shown in Figure 2. In 
addition to inverter-type power source, the unit fur­
ther incorporates high-frequency generator 35, con­
nected in series into the arc power circuit, and closed­
loop water cooling system (not shown in the Figure). 
Microprocessor 23 receives information on arc current 
and voltage from the sensors and performs control in 
keeping with the data entered into memory 29. Mi­
croprocessor is connected to inverter 31 through a 
fiber-optic cable. Schematic of the unit panel is shown 
in Figure 3. 

A welding control system of similar design was 
patented by CRC for We1dlng Structures Company 
[ 4]. Block diagram of the power source with the con­
trol system has a standard structure (Figure 4). Con­
trol is performed by a microprocessor, operating at 
the frequency above 200 MHz. It supports voltage 
feedback (also current feedback, if required), and also 
controls electrode wire feed. It may be assumed that 
the control system is chiefly designed for welding 
with short-circuiting of the arc gap at transfer of 
molten metal drops. The control system ensures a 
small amount of liquid metal spatter during welding 
(Figure 5). A high speed of the system reaction allows 
quickly varying the current, for instance reducing it 
to 10-20 A, so that closing of the arc gap proceeded 
without the drop bouncing off the weld pool under 
the impact of electrodynamic forces. This prevents 
the growth of the drop and its spontaneous motion, 
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which otherwise leads to spatter. After that the cur­
rent is slightly increased, which kind of «facilitates>> 
the drop transfer into the pool without causing any 
noticeable spatter. A «soft>> transfer of the drop into 
the pool occurs (which is characteristic for the above 
invention). Then a pulse is applied, which completes 
the drop transfer into the pool, and this cycle is re­
peated many times. Value of current pulse is set, de­
pending on electrode diameter, and carbon dioxide 
gas content in the gas mixture. The range of values 
of the current pulses is between 200 and 400 A with 
process duration from 0.5 to 3.0 ms, electrode wire 
diameter being from 1.2 to 2.5 mm (Figure 6). Short­
circuiting time is equal to 2.0 to 4.8 ms. Current mode 
and welding time can be adjusted separately in stages, 
if values of these parameters exceed the above limits. 

The system can operate in three modes. Maximum 
and minimum current values are assigned in the nor­
mal mode, and are maintained during welding. In the 
correction mode, if current value goes beyond the 
established limits, welding time changes, and current 
limitations are eliminated. During operation in the 
third mode, called adaptive, the system independently 
selects minimum values of current and time intervals. 
Howe~et, the search algorithm is not quite clear from 
the description, given in the patent. 

Lincofn Gfobaf, Inc. took Patent 6498321 carTed 
«System and Method for Controlling an Electric Arc 
Welding» [5). From the viewpoint of the power com­
ponent design this control system is a welding inverter 
(Figure 7). It incorporates several power feedbacks . 
Control system is based on computer C. Arc detector 
device has two outputs. Output 72 identifies a short-
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circuit, and 102a identifies arcing. Device 50 assigns 
the shape of the power curve. The latter is calculated 
by multiplying current by voltage (device 100); cal­
culation result in the digital form is compared with 
the current set power value. The device incorporates 
short-circuit indicator 102. Curves of time variation 
of current and power are shown in Figure 8. Electrode 
wire feed motor also is an actuator, providing welding 
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arc power feedback (Figure 9). Values of highest cur­
rent and current of metal transfer into the weld pool 
are set in the first mode. The second mode is used in 
the case, if the short-circuit time exceeds the set limit. 
In this case the highest current values are determined. 
When the third mode is used, the minimum current 
value can be lowered to the admissible limit in the 
case of increasing the pulse energy in the earlier es­
tablished range. In C02 welding the arcing time is 
up to 20 ms, and current before the short-circuit is 
from 10 up to 20 A. 

French inventors were granted Patent 6518545 
«Welding Arc Penetrating Power Realtime Detection 
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System>> [6], which offers a system for control of pipe 
welding. The arc is powered from inverter 14. Wel~­
ing program is loaded into PC36 and stored 1_n 
EEPROM 35 for use with microprocessor 70 (FI­
gure 10). At normal penetration the voltage and cu:­
rent vary as shown in Figure 11 . Current _val~~ 1s 
lowered to the minimum one before short-Clrcllltmg 
of the arc gap , in order to reduce spattering. Imme­
diately after the drop transfer from the electrode to 
the weld pool, the current rises up to the earlier es­
tablished maximum value. Then a new drop forms, 
and the cycle is repeated . Impedance Z of the circuit 
including the arc and cycle timeT are used to control 
the process. Positions A, C and B (Figure 12) are 
characteristic for various situations, arising in weld­
ing with short-circuiting of the arc gap . With through 
penetration of the pipe walls the arc is elongated, 
which affects the current and voltage . The patent 
defines the conditions, under which the process runs 
with through penetration or without it, depending on 
the nature of impedance variation. These conditions 
were the basis for controlling the welding process . 
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Computer is also used for controlling the feed mecha­
nism and device for applying transverse oscillations 
to the electrode. 

An automatic control system was developed ear­
lier, where radiation from the reverse side of the weld 
was used in the circuit of welding current feedback. 
Additional equipment with the temperature sensor 
was to be introduced inside the pipe, which is not 
always possible. On the other hand, the system and 
traditional power source did not have the operation 
speed, required in this case. The system described in 
the patent did not have this drawback. 

Patent 6335514 <1Control Method and Apparatus 
for an Arc Welding System>> [7] gives a description 
of a system for consumable-electrode pulsed-arc weld­
ing (Figure 13), which has a closed-loop feedback 
system for voltage stabilization. This circuit has a 
link, converting voltage deviation into a signal, con­
trolling the power source, taking into account the set 
shape and frequency of the current pulse. The system 
also has another feedback, acting slower. The actuator 
is motor 119, which moves the welding head along 
the vertical and provides frequency stabilization. In 
addition to the power source, the system also controls 
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two motors: one of them feeds the electrode wire, and 
the second is the actuator ensuring the electrode po­
sition relative to the joint line of the parts being 
welded. 

Patent 6531684 «Method and Apparatus for Weld­
ing and Control~ deals with arc welding and mainly 
differs from the traditional patents in this field in 
that it incorporates data on provision of the system 
stability by variation of feedback parameters. This 
operation is performed by the system without operator 
participation. 

Original engineering solution in terms of control 
is suggested in Patent 6376802 «Method of Control­
ling the AC Pulsed-Arc Welding and Welding Power 
Supply Apparatus Therefor>> [8]. Power source circuit 
(Figure 14) includes blocks, consisting of four high­
frequency power valves and two power transistors, 
as well as a reactor. Control is performed using a 
computer. Essentially, one of the possible variants of 
series connection of two inverters operating at differ­
ent frequencies is proposed. The first of them is de­
signed for high (ultrasonic) frequency, and the second 
for a much lower one. Transfer of metal drops from 
the electrode into the weld pool proceeds at a pulse 
of straight polarity current. Current frequency is se­
lected so that one drop corresponds to each period of 
current. First the data on current and duration of 
welding at straight and reverse polarity current and 
electrode wire feed are entered into the computer. 
The computer corrects the mode so that the process 
runs steadily. As an illustration, Figure 15 shows a 
system without disturbances, and Figure 16 - a sys­
tem at arc elongation. For setting up, the welder uses 
a screen, which displays information on task perform­
ance. 

The system described in Patent 2003 I 0071 026 
<<Electric Arc Welder and Controller to Duplicate a 
Known Waveform Therefor~ is designed for setting 
up the power source [9] (Figure 17). The system may 
be used for manual setting up or transferring the 
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power mode preset in some other power source into 
another computer. 

Patent 2003 / 0006222 %Electric Arc Welding Sys­
tem~ [ 1 0] describes a system, consisting of several 
AC current stations (Figure 18). Data on the modes 
and task fulfillment are transferred to both sides of 
the central control station via Internet. 

Patent 2002 / 0070205 <<Power Supply for Electric 
Arc Welding>> gives several designs of a power source 
for AC welding (Figure 19) [ 11]. The source is con­
nected to AC mains via a commercial frequency trans­
former and rectifier. Control system generates pulse 
bursts of different polarity, controlling two groups 
of transistors, alternatively powering the welding arc 
(Figure 20). Pulse number determines the current. 
At different pulse numbers the current will contain 
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a direct component, which is required, for instance, 
in welding aluminium and alloys on its base. Power 
of the AC source can be increased by parallel connec­
tion of lower power sources, combining them into the 
control system. 

The invention of a Japanese expert, described in 
Patent 2003 / 0052107 <<Arc Welding Quality Evalu­
ation Apparatus~ [12] must be one of the first in the 
field of diagnostics of the quality of spot welds di­
rectly during welding. The system is based on acqui­
sition and processing data on each joint separately. 
It is anticipated that this invention will be developed 
further. 

Power sources and systems of control of the proc­
esses of resistance welding are suggested just in several 
patents. One of them attracts particular attention in 
connection with the absence of the traditional welding 
transformer in this power system. The author of Pat­
ent 2001 / 0047982 %Resistance Welding Power Sup­
ply Apparatus>> [13] is a Japanese inventor. Patent 
content is disclosed by Figures 21 and 22. Develop­
ment of such a power system was made possible by 
appearance of power transistors, designed for high 
currents and electrolytic capacitors, acting as pulsed 
devices at the frequency of about 1 kHz. As a example, 
the patent author gives some data, shown in the Table. 

The system is easily controlled during short time 
intervals and can be used in microwelding equipment. 

Figure 22 
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In conclusion the following should be noted. 
• Content of most of the patents is related to 

varying degrees to control of transfer of liquid metal 
drops, both with short-circuiting of the arc gap and 
without it. This area of arc welding equipment is still 
being actively developed. Devices for metal transfer 
with short-circuiting of the arc gap should be noted. 

• Established procedures of control of «short~ arc 
welding consist in lowering the current before the 
short-circuits to a minimum level, which ensures metal 
drop transfer into the weld pool without its bouncing 
off, or uncontrollable growth of drop volume, leading 
to spatter. In this respect, the control procedure has 
been simplified, compared to that known earlier. 

• It is anticipated that metal transfer with short­
circuiting of the arc should also be effective in welding 
in Ar-based mixtures. 

• Penetration stabilization in making welds from 
one side should be noted, which is based on automatic 
analysis of variations of welding mode at transition 
to through penetration and vice versa. 

• New arc welding power sources are developed 
mostly on the basis of computer-controlled power 
transistors. 

• New power sources are based on frequency and 
phase converters, which not only provide certain ad­
vantages in terms of energy, but also ensure fast op­
eration of the control systems. 

• New AC power sources are developed as cascades 
of inverters connected in series. The first inverter is 
connected to a three-phase mains and converts the 
rectified mains voltage into single-phase high-fre­
quency voltage, which is then lowered to the required 
value by the high-frequency transformer. Second in­
verter converts the single-phase high-frequency volt­
age into the low-frequency voltage, the value of which 
is selected automatically and is equal to the frequency 
of drop transfer from the electrode into the weld pool. 

• Resistance welding is also developed due to ad­
vances in semi-conductor engineering, but just one or 
two patents were filed in the considered period. Fa-

1/2004 

Curve number 
in Figure 21 

2 

3 

Welding current, 
A 

4000 

2000 

1000 

INDUSTRIAL ~ 
Capacitor voltage, 

v 

30 

28 

24 

miliarization with one of the above-mentioned patents 
allows anticipating the greatest changes in the field 
of resistance microwelding. 

• It is quite possible that automatic control of the 
welding process will turn out to be an effective means 
of detecting defective areas of welds. 
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, RESISTANCE WELDING OF SILVER-COPPER 
CURRENT-CARRYING BUSBARS 

V.S. KUCHUK-YATSENKO, A.G. SAKHATSKY and A.A. NAKONECHNY 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Technology of resistance welding in air and shielding gas atmosphere has been developed for joining flexible copper 
busbars to silver plates welded to contact pads for manufacturing flexible connections for high-voltage vacuum switches . 
It has been established that the use of a certain thermal-deformation cycle can provide a sound welded joint on the 
copper-silver foil pack. The mechanisms of deformation of the pack and formation of a welded joint have been studied. 
A pilot welding machine and control unit have been manufactured. 

Keywords: resistance welding, autovacuum welding, foil 
pack, silver, copper, high-voltage vacuum switch 

Development of the technology of resistance welding 
of a flexible current-carrying bimetal bus bar was made 
necessary by the need to apply in industry a cost-ef­
fective process of manufacture of copper and silver­
copper flexible connections providing a high quality, 
in particular, for high-voltage vacuum switches. The 
main requirements made of the flexible busbars are 
provision of reliable contact, consistently low tran­
sient resistance during operation and high fatigue 
strength at alternating cyclic loading [ 1]. 

Various methods of joining the ends of flexible 
copper busbars are currently applied, namely me­
chanical clamping of the pack to the current-conduit, 
soldering with Sn-Pb solders and brazing with braze 
alloys of Ag-Cu and Cu-P system, welding copper 
coverplates to the pack by electric-arc or gas welding, 
resistance autovacuum welding, explosion welding, 
and diffusion welding in vacuum [2]. 

Mechanical clamping is usually performed with 
bolts, which become loose during operation, particu­
larly in the units exposed to vibration loads, which 
leads to violation of the contact. 

Brazing of the flexible busbar ends is usually per­
formed by dipping into the weld pool of molten braze 
alloy or induction heating of the pack with inserts of 
braze alloy foil. The thus joined packs lose their flexi­
bility as a result of braze alloy flowing over the joint 
boundary, this leading to foil separation from the 
contact pad during operation. Brazing does not pro­
vide a stable low transient resistance or geometry of 
the monolithic part. In addition, fluxing remnants 
accumulate inside the pack, which leads to oxidation 
and corrosion of flexible connections, inadmissible in 
operation of a flexible busbar in vacuum [3, 4]. 

Foil burn-through occurs, when copper cover­
plates are welded to the pack by arc or gas process, 
and it is not possible to produce a uniform joint over 
the entire section of the pack. 

Explosion welding involves higher labour con­
sumption and cost, and welding a pack of thin foil 
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runs into certain difficulties, because of the upper 
layers burning out. 

High quality of the joint and stability of operating 
parameters can be achieved by applying diffusion 
welding in vacuum. This welding process provides a 
mode , which ensures weldability of the silver-copper 
pack, where the welding temperature is 750 ·c, and 
the compressive force is 3 MPa, while minimum weld­
ing time is approximately 15 min [S]. However, long­
term annealing at a high temperature leads to grain 
coarsening in the transition zone of the flexible part­
monolith material, which lowers the fatigue strength 
of the flexible busbar [6]. Moreover, vacuum welding 
involves high equipment and operating costs, as well 
as a low process efficiency. 

The most cost-effective is the process of resistance 
welding of multi-layer packs of copper foil due to the 
effect of autovacuumizing and simultaneous plastic 
deformation [7]. The process envisages welding of 
flexible busbars of different type, features simplicity 
and availability of the equipment and capability of a 
high level of process automation. The main disadvan­
tages of resistance welding are overheating of the 
layers, adjacent to the monolithic part, and lowering 
of fatigue strength values. 

The main problem in resistance welding of a pack 
of silver and copper foil is contact melting of copper 
and silver with formation of 72 % Ag and 28 % Cu 
eutectic at 780 ·c. However, as was experimentally 
established, welding of copper foil is possible at the 
temperature higher than 830 ·c. Therefore, in resis­
tance welding of a copper pack in the currently used 
modes, the silver plates are melted and the liquid 
phase comes to the pack surface. 

The purpose of this work was to study the features 
of resistance welding of a pack of silver and copper 
foil, investigate the processes of silver-copper and 
copper-copper interaction in various welding modes. 

Optimizing the modes and studying the features 
of welded joint formation were performed on samples 
of 90x40x10 mm size , which were a pack of copper 
foil of M1 grade SO )lm thick, to which 20x40x0.3 mm 
silver coverplates were welded in monolithized re­
gions. Therefore , the area of monolithized regions was 
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1600 mm2. Such a sample is a blank for a flexible 
busbar, used in high-voltage vacuum switches. 

In order to conduct the experiments, resistance 
"Yelding machine K602 was upgraded, taking into ac­
count the following technology features: both ends 
of the flexible connection were welded simultaneously 
to avoid current shunting; for uniform heat evolution 
in each monolithized region uniform pressure appli­
cation to each pair of electrodes and uniform current 
density distribution both between the electrode pairs 
and over the welded area were provided. Test welds 
were made in air and in shielding gases. 

At compression in air, the air remains in the mi­
crovolumes formed by the abutted surfaces, which 
cannot be removed from the butt even in vacuum and 
affects the process of solid-phase welding of the sur­
faces in contact. During heating, processes of surface 
self-cleaning from oxide films and vacuum formation 
proceed in these microvolumes [7]. At heating and 
plastic deformation the pressure of the gas medium 
should reach values, commensurate with the yield 
point of copper at the welding temperature. 

Copper surface consists of grains, covered with a 
layer of copper oxides Cu20 and CuO with gases and 
moisture adsorbed on their surface [ 8]. At heating of 
the contacting surfaces, self-sealing of closed micro­
volumes by the oxide layer occurs. Oxygen in them 
burns out completely with formation of copper oxide 
Cu20, which, forming an eutectic with copper along 
the grain boundaries, penetrates inside the metal [9]. 
Nitrogen, not dissolving in the copper, is removed 
from the microvoids during high-temperature plastic 
deformation. 

It is established that plastic deformation in copper 
at high temperatures runs by the diffusion creep mode. 
In this case, intensive formation of micropores entrap­
ping the nitrogen atoms, proceeds along the grain 
boundaries. Micropores are chaotically located along 
the transverse boundaries. Methods of optical metal­
lography do not allow revealing the zones of micropore 
formation. There is a certain dependence of micropore 
formation on relative orientation of the grains: the 
pores never form on twinning boundaries [10]. 

As follows from [10], copper is characterized by 
an unsteady state of diffusion creep, at which the 
deformation rate is by an order of magnitude higher 
than in the case of a steady-state diffusion creep. 
Research performed by the authors revealed that un­
steady creep state at premelting temperatures is due 
to non-equilibrium condition of the samples. Sample 
annealing before testing led to disappearance of the 
unsteady creep state . 

Therefore, a mandatory condition for producing a 
sound welded joint of a copper foil pack is activation 
of the diffusion creep of copper, in particular, its 
primary unsteady state, where active mass transfer 
occurs in the HAZ. Energy required for process acti­
vation is by an order of magnitude lower for a material 
deformed above the critical degree of deformation [ 11, 
12]. This is in agreement with the conducted experi-
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Figure 1. Microstructure of the zone of copper-copper (a) and 
copper-silver (b) monolith (x250) 

ments, in which activation of the creep process pro­
ceeds at 800-810 oc for cold-rolled foil, while for foil 
after annealing it occurs at 900 °C. 

Such a thermal-deformation cycle of resistance 
welding of a silver-copper foil pack has been devel­
oped, which ensures sound welding of both the copper 
pack and the silver coverplates. The most complex 
part was to develop the welding current cyclogram, 
providing heating in the welding zone above the point 
of eutectic melting, but not longer that the dwell time 
for Cu-Ag eutectic formation. 

Conducted experimental series demonstrated the 
high consistency of the results, absence of lacks-of-
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Figure 2. Microstructure of micropores on grain boundary in copper 
after welding (x400) 
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penetration or partial melting of the silver cover­
plates. Compared to earlier known modes of copper 
pack welding, the welding time was shortened from 
2 min to 14 s, thus preventing overheating of the 
layers adjacent to the monolithic part. Therefore, the 
developed thermal-deformation cycle can be recom­
mended for welding not only the silver-copper flexible 
bus bars, but also purely copper current-carrying ones. 

In order to determine the quality of the welded 
joint, flexible copper connections were subjected to 
metallographic examination and mechanical testing. 

Formation of silver-copper and copper-copper 
welded joints was studied on microsections, using 
optical microscope MIM-7. The copper-silver pair 
forms on the joint boundary a layer of copper solution 
in silver about 20 ~-tm thick. Thickness of diffusion 
zone of silver penetration is 150 ~-tm on average, which 
is indicative of active mass transfer in welding. Meas­
urement of microhardness in the welding zone did not 
indicate formation of any brittle phases. Results of 
studying the joint on the boundary of the copper 
sheets revealed presence of common grains, which is 
indicative of recrystallization proceeding during 
welding. Micropores were detected along the grain 
boundaries, which points to plastic deformation de­
veloping by the diffusion creep mode. 

Strength properties of welded joints were deter­
mined by full-scale testing on a mock-up of a high­
voltage switch. Samples stood 250 ths cycles without 
change of geometry, mechanical or electric properties. 
According to operation standards a flexible connec­
tion in a high-voltage switch should stand 100 ths 
cycles. Flexible connections were subjected to one 
more method of control, namely measurement of elec­
tric resistance, which showed that flexible connection 
resistance is equal to "" 15 ~-tOhm, which is almost 
2-2.5 times smaller than the resistance of brazed flex­
ible connections. 
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CONCLUSIONS 

1. It is established that sound autovacuum resistance 
welding of a copper pack requires initiation of the 
process of diffusion creep, where the activation energy 
depends on the degree of copper foil work-hardening. 

2. Use of cold-rolled copper foil in combination 
with dosed energy input allows significantly improv­
ing the quality of this type of joints, particularly 
fatigue strength values, and making joints with a high 
electric conductivity. The problem of applying silver 
coatings on copper packs is solved simultaneously. 
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APPLICATION OF FLAME BRAZING 
FOR MANUFACTURE OF BEER COOLER UNITS 

V.F. KHORUNOV 1
, S.V. MAKSIMOVA1

, B.V. STEFANIV 1
, G.G. KARACHENTSEV2 and V.Yu. ZADIRAKA2 

1 E.O. Paton Electric Welding Jnstitute, NASU, Kiev, Ukraine 
2Closed Joint-Stock Company «UKsnab• , Krasnoperekopsk, Ukraine 

Defects which may be formed in production of tubular brazed joints in beer cooler units are analysed. Examples of the 
tubular brazed joints in similar (copper-copper) and dissimilar (brass-stainless steel, copper-stainless steel) materials 
are given. 

Keywords: brazing, brazing alloys, fluxes, bear coolers, 
defects, flame heating, oxidation, brass, copper, stainless steel 

Production of beer in Ukraine is a rapidly growing 
industry. New plants are built and the old ones are 
reconstructed. The demand is met mostly due to local 
products. Every year the import of beer decreases and 
export increases. 

No production line for bottling of beer , one of the 
elements of which is a beer cooler, has been manu­
factured or assembled in Ukraine until now. This 
drawback has been eliminated by the<< Ukrainian Beer 
Company~ that arranged the factory for manufacture 
of beer coolers and ceramic beer columns in the town 
of Krasnoperekopsk (Autonomous Republic of Cri­
mea), which is now the Closed Joint-Stock Company 
<< UKsnab~. The factory has the most advanced Eng­
lish, German and Danish equipment for the manufac­
ture of coolers. 4-6 new coolers are developed every 
year, out of them 2-3 models are commercialised. 
Then they are delivered throughout Ukraine, toRus­
sia and Kazakhstan. 

The disadvantage in the activity of the Company 
lay in the absence of a sufficient experience in assem­
bly brazing, which caused failure of the equipment 
after its transportation and during operation. This 

problem was resolved by the joint efforts of the 
<< UKsnab>> and the E.O. Paton Electric Welding In­
stitute. 

The following problems had to be addressed: 
• analysis of the brazing process, revealing of its 

drawbacks and determination of the cause of reject; 
• development of the brazing technology at a level 

of the world standards for different materials used in 
production; 

• training of the Company's brazing operators. 
Beer coolers consist of propulsion and processing 

modules housed in a metal casing (Figure 1). The 
cooling machine located in the propulsion module con­
sists of tubes containing overlap tubular joints from 
6 to 10 mm in diameter, as well as a throttle (a 
capillary tube with an outside diameter of 2 mm, that 
enters into the evaporator with an inside diameter of 
7-9 mm). All the butt joints in tubes of the cooling 
machine are made by brazing. 

It is a well-known fact that brazing is a sophisti­
cated technological process that depends upon many 
inter-related parameters. The latter should be selected 
so that they provide capillary brazing, i.e. spreading 
of a brazing alloy and its flowing into the gap under 
the effect of capillary forces. 

Figure 1. Beer cooler 
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Figure 2. Defects in brazed joints: a - lack of penetration (x25); b - porosity (x100) 

Figure 3. Brazed beer cooler unit 

Figure 4. Brazed joint between a capillary 2 mm in diameter and 
tubes 5.4 and 10 mm in diameter 

Figure 5. Tubular copper brazed joint 
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Technical analysis of the brazing process was con­
ducted by assessing the quality of mass-produced cop­
per brazed joints. This was done by visual examina­
tions and metallography using optical and scanning 
electron microscopes. Visual examinations of overlap 
tubular joints showed an excessive amount ofthe braz­
ing alloy above the overlap region, while metallogra­
phy of the same joints revealed more serious defects 
which might lead to the loss of performance of a joint 
(Figure 2). The presence of such defects is caused by 
violation of the technological process used to produce 
the brazed joints. 

The technology for flame brazing of tubular joints 
in different materials (including preparation of mat­
ing surfaces for brazing) was optimised on the basis 
of the studies conducted by the E.O. Paton Electric 
Welding Institute. 

Flame brazing of the copper tubular joints was 
performed by using silver and phosphorus-copper 
brazing alloys. These alloys provided sound brazed 
joints with good formation of external and internal 
fillets (Figures 3-S). Microstructure of the brazed 
seal comprises copper- and eutectic-base solid solution 
grains (Figure 6). 

Brazing of dissimilar joints between copper and 
stainless steel performed in air presents a more com­
plicated problem, as it has specific features caused by 
formation of oxides on the surfaces being brazed. For 

Figure 6. Microstructure of the brazed seal in a tubular copper 
joint (x1 000) 
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Figure 7. Copper-stainless steel brazed joint 

brazing of stainless steel, it is necessary to use active 
fluxes and brazing alloys with a lower melting point. 

All the fluxes recommended for brazing these ma­
terials rapidly lose their activity in flame of the torch, 
this making the heating technique very important. In 
addition, it is necessary to provide a simultaneous 
wetting of both materials and satisfactory strength of 
the brazed joints. In this case the suitable brazing 
alloys are the silver ones. They have the required 
temperature range and a high fluidity, only negligibly 
dissolve corrosion-resistant steels during brazing, 
have no penetrating (along the grain boundaries) abil­
ity and form no brittle intermetallic interlayers (pro­
vided that the brazing technology is strictly kept to). 
The resulting brazed joints are characterised by dense 
defect-free seals, as well as the presence of the internal 
and external fillets (Figure 7). 
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Figure 8. Schematic of the brazed joint in dissimilar materials: 
1 - fitting (brass); 2 - tube (stainless steel); 3 - brazing filler 
metal 

Dissimilar joints between brass and stainless steel 
(Figure 8) present a special case. On the one hand, 
these materials must not be overheated, as stainless . 
steel rapidly oxidises, and brass is characterised by a 
low melting point because of the presence of a readily 
evaporating element, i.e. zinc. On the other hand, 
production of a sound joint requires slow and complete 
heating through both stainless steel tube and massive 
brass fitting. These peculiarities create extra limita­
tions in selection of a brazing alloy and conditions of 
flame heating. 

Such undesirable phenomena as oxidation of the 
base metal, evaporation of volatile elements in brazing 
of brass to steel were eliminated owing to the use of 
a special brazing technology and proper selection of 
the composition of a brazing alloy. 

All the problems posed were solved and the brazing 
technology was optimised both under laboratory and 
factory conditions by the joint efforts of the Closed 
Joint-Stock Company<< UKsnab>> and the E.O. Paton 
Electric Welding Institute. 
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EBW OF A FLAME TUBE CASE 
OF A STATIONARY GAS TURBINE 

V.I. ZAGORNIKOV 
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine 

Welding .and assemb ly techniques, as well as peculiarities of manufacturing a serviceable unit, i.e. blocks of shells of 
output CircUit of a gas turbine combustion chamber are described. Advantages of electron beam welding used to 
manufacture parts of heat-resistant nickel-base alloy 04KhN60VT over argon-arc and manual welding are shown. 

KeYwords: electron beam welding, nickel alloy, flame 
tube, microstructure, hot cracks 

Welded cases of flame tubes of gas turbines operate 
under the conditions of constant vibration and high 
temperature cycles (300-900 oc)' which makes strin­
gent requirements of the quality of their welded 
joints. 

Producing reliable welded joints of high-tempera­
ture Ni-base alloys involves considerable difficulties . 
They are related primarily to the possibility of crack­
ing in the HAZ during welding, heat treatment and 
high-temperature service [ 1-10]. 

In terms of improvement of the reliability of sta­
tionary gas turbines EBW application for fabrication 
of individual components seems to be promising. 
However, work in this direction still is in the embryo 
stage, so that the rationality of applying this welding 
process cannot be definite ly stated so far. EBW ap­
plication does not always provide sound welded joints 
of high-temperature nickel alloys and requires further 
investigations in this field. However, difficulties aris­
ing in EBW can be overcome at lower cost [2, 3, 5] 
than in arc welding. A favourable thermodeforma­
tional cycle of EBW enables avoiding the traditional 
for arc welding solidification cracks in the HAZ due to 
a low specific heat input and, as a result, lowering of 
the intensity of internal high-temperature deformation. 
In addition, high rates of heating and cooling above 
Ac

3 
point limit grain growth in the weld and HAZ. This 

way the resistance of welded joints to hot cracking 
which is of intergranular nature, is increased [ 1]. 

It is anticipated that under the condition of ob­
serving the rules of design and fabrication of welded 
components, which eliminate design and technologi­
cal stress raisers in an item, EBW will allow avoiding 
performance of postweld heat treatment. Experience 
of EBW of such items in ENERGOMASH plants did 
not yield any positive results, as in most of the cases 
they had hot cracks along the fusion line. 

The first experiments, conducted at PWI on EBW 
application for making welds in shell blocks (Fi­
gure 1) showed that this process can significantly re­
duce residual deformations of the structure after weld­
ing. Technology was deve loped taking into account 
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recommendations of the authors [2, 3, 7, 10], who 
determined the factors influencing crack initiation 
and propagation in EBW of high-temperature nickel 
alloys, and methods to reduce cracking by changing 
the welding modes [2, 3]. 

Technology is considered of EBW of a tube case, 
consisting of a block of complex-profile perforated 
shells of thickness 8 = 1.5 mm, made of 04KhN60VT 
alloy. The alloy composition was as follows, wt.%: 
0.04-0.05 C; 0.23-0.34 Mn; 0.22-0.34 Si; < 0.013 P; 
< 0.013 S; 24.7-25.4 Cr; < 0.01 Cu; 0.07-0.25 AI; 
0.34-0.47 Ti; < 0.05 Ca; 13.2-13.9 W; 0.02-0.06 Mo; 
0.23-0.42 Fe; Ni being the base. 

From the structural viewpoint, welding should 
provide tight joining of the shell billets into a block 
by overlap welds ( 10 welds per a shell block). 

Welding operations were conducted in UL-1 01 unit, 
fitted with ELA 60/ 60 power source, vacuum system, 
RASTR-5M butt following system, computerized sys­
tem of controlling the mechanisms of displacement of 
the item and the welding beam. Electron beam gun at 
a working distance Lg = 140 mm was positioned at an 
angle of 22.5" from the vertical (Figure 2). 

Welding-assembly jig ensured the accuracy of 
shell mounting and their tightening into a block, as 
well as fast removal of the product after EBW. The 

Figure 1. Appearance of a welclment 
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item assembled for welding was mounted on a rotator 
with a horizontal axis of revolution. When welding 
was performed in the downhand position, a uniform 
melting of the upper and lower edges of the circum­
ferential joint was achieved. This allowed increasing 
the admissible inaccuracy of combining the electron 
beam with the butt of edges being welded at variation 
of the gaps or local thermal deformations (after ad­
ditional tack welds have been made). 

The quality and appearance of the welds were im­
proved by preliminary cleaning of the butt surface by 
an electron beam scanning over a ring (0"" 68) and 
subsequent cosmetic treatment of the weld with a 
defocused beam. Before welding of the items, trans­
verse macrosections from a test welded joint were 
made, which allowed selection of the range of EBW 
mode parameters, required to produce the necessary 
penetration shape (Table). Welding speed was con­
stant ( Vw = 9 mm / s). 

BRIEF INFORMATION 

j 
/f-----A....:>....o.....Lr-

/:::. 
</ Tack welds were placed around the butt perimeter 

in diametrally opposite points. 4 tacks welds were 
usually applied, but with greater gap in the butts 8 
and more tack welds were made. Total length of the 

Figure 2. Schematic of welding a block of shells: 1 - electron 
beam gun; 2 - block of shells; 3 - assembly-welding device 

Operational sequence and mode parameters of EBW of a test joint of 04KhN60VT alloy 

Operational 
EB~V mode parameters 

/w, mit 

Mode No.1 

Making tack welds 30 mm long, 4 welds around the circumfer­
ence 

Cosmetic smoothing of the weld 

13 

17 

19 

780 

810 

808 

Mode No.2 

Makin tack welds 30-60 mm Ion , 8 welds 13 800 

Welding 15 805 

2 15 814 

Cosmetic smoothing of the weld 19 800 

15 

Welding 17 810 

2 19 808 

Cosmetic smoothing of the weld 19 816 

18 820 
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Figure 3. Microstructure of weld metal (c, d) and HAZ (a, b): a - mode No.1; b - mode No.3; c, d - mode No.2 (a, c - x1 00; 
b, d - x150) 

tack welds was 30-60 mm, welding current was gradu­
ally switched on and switched off on 5 mm length. 
In the case of large gaps repeated passes were made 
at higher (by 10-15 %) welding currents, but without 
complete penetration of the shell wall. 

Such considerable gaps for EBW (up to 1.5 mm) 
in shell assembly into a block are due to the fact that 
under the current requirements of manufacturing tech­
nology the manufacturer cannot ensure reproducibil­
ity of the diameter of the shell, on which the circum­
ferential weld is made. 

After applying the cosmetic pass, the cast zone of 
the weld from the face side became somewhat wider 
(up to 6 mm). Application of repeated passes to fill 
the gaps and cosmetic treatment of the weld (elimi­
nation of surface stress raisers) leads to coarser 
austenitic grain (Figure 3). However, crack initiation 
on the junction of three grains was observed only 
after 3-4 passes of circumferential overlap joints in 
shells with more than 0.15 mm excess width of the 
gap. 

After multiple filling passes during welding of 
butt joints in shells with gaps exceeding the admis­
sible values (see the Table, mode No.3), embryo cracks 
can develop on the weld-base metal boundary (see 
Figure 3, b). Duration of all the operations of welding 
a block of shells is 2-3 h. In this case, assembly-dis­
assembly takes 0.5-1 h. Quality of welds and effi­
ciency of EBW process are higher than with other 
processes of fusion welding, used earlier. 
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CONCLUSIONS 

1. Use of EBW is the optimum solution for alloy of 
04KhN60VT grade, where the grain size has a strong 
influence on the processes of crack initiation. 

2. EBW application allows producing minimum 
grain size in the HAZ metal with minor precipitation 
of impurities and eutectics along the grain boundaries. 

3. Meeting of the requirements to preparation of 
joints for welding, assembly, as well as selection of 
EBW parameters allows avoiding cracking. 
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BRIEF INFORMATION 

FLUX-CORED WIRES FOR WELDING 
AND REPAIR OF DEFECTS IN 110G13L STEEL CASTINGS 

L.N. ORLOV1
, A.A. GOLYAKEVICH1

, D. P . NOVIKOVA2
, V.N. PELESHK03 and V.V. SIMONENK03 

1TM. WELTECH, Ltd ., Kiev, Ukraine 
2E.0.

3 
Paton Electric Welding Institute, NASU, Kiev, Ukraine 
Central Ore-B iendmg Works, Krivoj Rag, Ukraine 

Poor weldability of steel. 110G13L, caused by a growth in heat input, is out lined. Electrodes, deve loped at different 
per~ods of ttme for welchng Hadfield steel and its dissimilar joints, are described. Characteristic of flux-cored wires 
WELTECH-H220u andWELTECH-210u, developed by TM. WELTECH for the repair of 110G13L steel castings and 
weldmg of dissimilar JOII1ts of this steel with steel 20GSL, is given. 

KeYwo r ds: arc welding, Hadfield steel, dissimilar joints, 
weldabzlzty, flux-cored wires 

The high-manganese steel 110G13L (C - 1.1; Mn-
13.0 wt.%), owing to its high capability to strain 
hardening of a manganese austenite [ 1, 2], has found 
a wide application for manufacture of products oper­
ating under the action of shock, shock-abrasive loads 
and high specific static pressures. Steel 110G13L pos­
sesses a poor weldability due to proceeding of proc­
esses of weakening, embrittlement and formation of 
hot cracks in HAZ metal under the influence of a 
welding thermal cycle. In this case, the redistribution 
of alloying elements in the fusion zone, formation of 
brittle interlayers and transformation of structure of 
HAZ metal, precipitation of carbides and fusible eu­
tectics along the grain boundaries are observed. Ex­
ceeding of optimum values of heat input leads to the 
increase in thickness of the weakened layer of the 
HAZ metal that creates difficulties in repair of defects 
of castings, hardfacing of worn-out surfaces and weld­
ing of joints made from dissimilar steels (110G13L + 
3SGL, 110G13L + 20GSL). At definite concentrations 
of carbon and manganese the specifics of proceeding 
diffusion processes in high-manganese steels is mani­
fested in instability of austenite, precipitation of 
grains of carbides along the grain boundaries and for-

... ' 
• .. ~ .. • • 4 . . 

Figure 1. Microstructure of weld metal made by the flux-cored 
wire WELTECH-H220u (x320) 

mation of a three-phase structure (y + a + E) [ 1-6]. 
The carbide phase is characterized both by separate 
dispersed precipitations and also by solid interlayers 
along the grain boundaries with a different content 
of al loying elements and their ratio [1, 2, 7, 8]. 

At present there is a range of welding consumables 
for welding and repair of defects of castings of 
11 OG13L steel, and also its welding with pearl itic 
steels 20GL and 3SGL [8-10]. For welding critical 
products, the use of expensive low-carbon electrodes 
with systems of alloying on the base of Fe-Cr-Ni 
(OZL-6, NII48G), Fe-Cr-Mn-Ni (ANV-27), Fe-Cr­
Mn (ANVM-2) are recommended. Over the recent 
years the sparsely-alloyed high-manganese electrodes 
(ANVM-1) have been developed [6, 10, 11]. 

Enterprise TM. WELTECH has fulfi lled inte­
grated works for the development of sparsely-alloyed 
flux-cored wires for a mechanized repair welding of 
defects of castings from high-manganese steels and 
their welding with pearlitic steels. The recent achieve­
ments in the fie ld of metallurgy of production and 
welding of high-manganese steel were realized in the 
process of development. A special attention was paid 
to the decrease in content and neutralizing of harmful 
impurities (S, P, 0) in weld metal. Realization of an 
integrated deoxidation of metal at the stage of drop 
and pool prevents the formation of fusible eutectics 

Figure 2. Subsolidus bot crack in weld metal with Fe-Mn-Cr 
alloying system 
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Figure 3. Fracture surface of samples at test temperature +20 ·c. at tensile (a - x320) and impact bend (b - x400) tests 

and iron-manganese oxide films (MnO)m(Fe0) 11 

along the grain boundaries [2]. To repair the defects 
in steel 110G13L castings, a self-shielding flux-cored 
wire of WELTECH-H220u grade of 2.0-2.4 mm di­
ameter has been developed, which provides high-man­
ganese deposited metal with a high stability of 
austenite. The application of active desulphurizers in 
combination with a basic slag guarantees the suffi­
ciently low content of harmful impurities (S::; 0.01 
and P ::; 0.016 %) in the deposited metal. The inte­
grated alloying with manganese, titanium, vanadium, 
molybdenum and other alloying elements makes it 
possible to realize the structure of austenite hardened 
with dispersed carbides [ 1, 5]. Network of polygoniz­
ing boundaries is observed in the grain body (Fi­
gure 1). Globular non-metallic inclusions of 0.5-
2.0 jlm diameter are distributed uniformly in metal 
and represent complex oxysulphides. Weld metal pos­
sesses acceptable mechanical properties: Gt = 680-
800 MPa, cry= 400-500 MPa, 8 = 24-30 %, KCV = 
= 100-130 J I cm2 at+ 20 °C. Repair welding of defects 
of 11 OG 13L steel casting was realized using a standard 
technology. 

As regards to welding of dissimilar steels 
(110G13L + 35GL, 110G13L + 20GSL) a self-shield­
ing flux-cored wire WELTECH-210u of 2.4-2.6 mm 
diameter with Fe-Cr-Mn system of alloying has been 
developed. To produce a stable austenitic structure, 
the content of manganese, chromium, carbon and ni­
trogen was optimized [ 12]. Separate coarse carbides, 
chains or interlayers of carbides along the grain 
boundaries were not observed in metal of fusion zone 
and weld, the dispersed carbides and carbonitrides 
are distributed uniformly in the grain body and along 
the grain boundaries. At increased heat input a for­
mation of subsolidus hot cracks are possible (Fi­
gure 2). Mechanical properties of weld metal are as 
follows: Gt = 680-800 MPa, cry = 500-600 MPa, 8 = 
= 28-36 %, KCV = 120-150 J I cm2 at+ 20 °C. Brittle 
interlayers were not observed in the zone of fusion 
with a pearlitic steel. Fractographic analysis of frac­
tures of samples of weld metal, made by flux-cored 
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wires WELTECH-210u and WELTECH-H220u 
showed that a tough fracture by a mechanism of coa­
lescence of pores independently of test type was char­
acteristic in both cases (Figure 3, a, b). 

The new flux-cored wires have good welding-tech­
nological characteristics: stable arc burning, negli­
gible spattering of electrode metal, easy removal of 
slag crust even in a deep groove of edges, a good 
appearance of the weld surface. As compared with 
analogues, the content of manganese oxides in welding 
aerosol is by 30 % lower. Utilization factor of wire 
is within the ranges of Kw = 1.15-1.20. The quality 
control of welded joints did not reveal the defects in 
the form of porosity and cracks in the deposited metal 
and welded joint. The flux-cored wires WELTECH-
210u and WELTECH-H220u are used successfully at 
Central Ore-Blending Works (Krivoj Rog city) in 
manufacture of critical structures. 
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BRIEF INFORMATION 

EUROPEAN PROGRAM NOMAD ON DEVELOPMENT 
OF A ROBOTIC CELL FOR HIGHLY-EFFICIENT 

WELDING OF SPECIALIZED STRUCTURES 

Figure 1. Robocar carrying the robot , welding equipment and control systems 

NOMAD program is one of the five international pro­
grams, which are fulfilled within the European Com­
mission. The aim of the program is development of 
robotic welding production cells of a new generation . 
The main point of difference of the cells being devel­
oped from the already existing cells consists in that 
the welding robot, mounted on a special carriage, can 
move freely inside the cell and perform welding of 
various structures in keeping with a preset program. 
In addition to the robot, the carriage also accommo­
dates all the equipment, necessary for MAG welding, 
as well as blocks for controlling the welding process 
and carriage displacement (Figure 1). The carriage, 
which essentially is a robocar, can perform welding 
of separate structures of up to SO t weight inside the 
cell, with the efficiency currently achieved in mass 
production. 

Robocar navigation system finds the structure to 
be welded, determines its position inside the cell and 
controls robocar movement to the working position. 
The block of welding process control uses the database 
to identify the geometry of the item to be welded, 
position and geometrical dimensions of the welds and 
sends to the welding robot the parameters of the tech­
nology of structure welding (Figure 2). 

Electronic models for welding two items are cur­
rently being developed : a fragment of a bridge for 
Nutsteel Structures Company and booms for Cater­
pillar excavating machine. The robocar carriage is 
also being designed. At completion of the project a 
demonstration robotic production welding unit of the 
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Figure 2. Basic elements of a robotic cell for highly-efficient weld­
ing: 1 - block of development of product specification; 2 - block 
of CAD of item welding technology; 3 - data transfer lines; 4 -
block of controlling the welding process and carriage displacement; 
5 - robotic arm; 6 - carriage; 7 - navigation system; 8 - part 
prepared for welding; 9 - part during welding; 10 - block of 
automatic monitoring of the process 

new generation will be mounted in one of Caterpillar 
enterprises. 

Belgium (Caterpillar Company), Great Britain 
(The Welding Institute), Germany (Vraunhoffer In­
stitute and Reis Company), Finland (Delfoi Com­
pany), France (Robosoft Company) and Sweden 
(ESAB) participate in the project. Project term is 3.S 
years; its cost is EUR 4.8 min, of which SO % are 
provided by the European Commission and SO % 
by project partners. 

!.A. Ryabtsev 
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