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SCIENTIFIC AND TECHNICAL 

ELECTRON BEAM WELDING 
OF 60 mm THICK STEELS 

USING LONGITUDINAL OSCILLATIONS OF BEAM 

K.S. AKOPIANTS, V.M. NESTERENKOV and O.K. NAZARENKO 
The E.O. Paton Electric Welding Institute , NASU , Kyiv, Ukraine 

Frequency of natural oscillations of molten metal of the weld pool (tens- hundreds of hertz) has been estimated. The 
pulsed effect on the pool providing oscillation of the beam from a tail part of the pool to its leading part has been 
attained experimentally. Narrow through-penetration welds were made with a penetration depth up to 60 mm, width 
of about 1 mm and weld shape factor of 40. 

Key words: electron beam welding, pulsed effect, scan­
ning with saw-shaped oscillations, narrow welds 

EBW is peculiar by producing narrow welds of <<key­
hole~ shape (depth of penetration exceeds weld width 
more than 10 times) . To increase still further the 
penetrability of the beam, different technical proce­
dures are used, including those based on a pulsed 
dynamic effect on weld pool. The pulsed modulation 
of beam current is made and the frequency and shape 
of beam scanning in weld pool is selected [ 1-3]. It is 
informed in [3] that due to pulsed modulation of 
current at frequency 100 Hz and longitudinal oscil-

Figure 1. Transverse macrosection of typical penetration of steel 
10Kh18N9T (AISI 304) in single-pass EBW with stationary elec­
tron beam (without pulsed action on the pool) at U"" = 60 kV, 
Ib = 170 mA, Vw = 10m/ h and h/ Bm = 16 

© K~S~ AKOPIANTS, V .M. NESTERENKOV and O.K. NAZA RENKO, ~002 
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lations of beam the more narrow and deeper welds 
are produced as compared with conventional welds 
(though the welding was performed in flat position, 
the weld shape is similar to that made by a horizontal 
beam). However, it is not indicated in the publication 
what kind of longitudinal beam scanning was used 
and how the more narrow welds are produced. 

The aim of this work was to study the effect of a 
pulsed effect on weld pool in EBW of steel using 
longitudinal saw-like oscillations of the electron 
beam. Let us consider some estimates to define the 
frequency of effect on weld pool. Evidently, the high­
est effect will be attained if the frequency of pulsed 
effect of beam corresponds to a natural frequency of 
oscillations of the molten metal in pool. To make 
estimations, let us consider the case given in Figure 1. 
It is the typical «key-hole~ penetration in a single-pass 
EBW with a stationary electron beam without any 
pulsed effect on the pool. Two regions can be distin­
guished in the penetration: upper widened part of 
pool and lower extended part, in which a vapour-gas 
channel is known to be formed during welding. 

Let us estimate first the frequency of oscillations 
of the upper part of pool without allowance for the 
presence of a vapour-gas channel in the lower part. 
Let us consider for simplification that the upper part 
of the weld pool has a cylindrical shape: depth H, 
radius R = B / 2 (B - pool width) . It is shown in 
[ 4] that the first (main) frequency of oscillations of 
liquid in a cylindrical vessel (under the action of 
surface tension forces) is determined by expression 

where w is the cyclic frequency, equal to 2rrf; f is the 
pool oscillations frequency; cr is the surface tension; 
p is the density; k is the natural number of edge 
problem about surface oscillations (k = 1.841); h is 
the dimensionless depth of pool (h =HI R) . In EBW 
the depth usually exceeds greatly the width, i.e. 
h >> 1; hyperbolic tangent th(kh)"" 1. 

As a result we obtain expression for frequency of 
oscillations of the weld pool upper part {1 depending 
on its width B: 
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ft ~ 1.1 (p~ J5

· 

For example, for steel (p = 7800 kg / m3, cr = 
= 1.5 N/ m) at pool width B =5-1 0 mm the frequency 
of the pool oscillations is {1 = 44-16 Hz. 

Oscillations of the weld pool upper part arc mani­
fested in the formation of <<flakes>> at the weld surface. 
The estimation of frequency is in a good correlation 
with the measured values l1 ]. 

Then, it should be taken into account that a va­
pour-gas channel is formed in a weld pool through 
the entire its depth. As was shown in f5l, the oscil­
lations of the channel surface relative to equilibrium 
position occur at frequency 

( 0 J.S 
r2~ 2.3 7 , 

P ch 

where dch is the channel diameter. For example, at 
dch = 1.5- 2.5 mm the frequency of channel surface 
oscillations ish = 550-250 Hz. 

The estimation makes it possible to establish that 
the range of frequencies of molten metal oscillation 
in a weld pool in EBW lies within the ranges from 
tens to hundreds of hertz. Pulsed effect of beam on 
the pool should correspond to this range. 

Experiments were carried out using EBW equip­
ment of ELA-60 / 60 type (accelerating voltage Uacc = 
= 60 kV, beam current h = 1 A) in vacuum chamber 
UL-209 (2.5x2 .5x3.8 m, working vacuum is not worse 
than 5·1 o-2 Pa) with a gun moving inside the cham bcr 
(gun has a differential pumping to provide vacuum 
in gun of not worse than 1·1 o-3 Pa). High-strength 
medium-alloyed steel of thickness 8 = 57 mm was 
selected. Welding was performed at Vw = 5 mm / s 
( 18 m / h), beam current - up to 250 mA. 

Pulsed dynamic effect on weld pool was made by 
a beam scanning. 

Taking into account the data of l3 J and made 
estimates of frequency of natural oscillations of metal 
in pool (tens- hundreds of hertz) the frequency of 
beam scanning was selected equal to 130 Hz that 
corresponds approximately to the middle of frequency 
range of natural oscillations; the absence of beats with 
mains frequency was provided. 

Beam scanning had a shape of longitudin al oscil­
lations along the welding direction. The deflecting 
coil was supplied with a saw-shaped current from a 
special generator (Figure 2). In scanning with longi­
tudinal oscillations the narrow welds [11 are pro­
duced, unlike, for example, welding with transverse 
oscillations or with a circular scanning. 

Size of scanning (double amplitude) was 3 mm, 
that approximately 2 times exceeds the diameter of a 
vapour-gas channel existing in welding with a static 
beam. The effect of beam scanning in this case should 
be noticeable. 

A remarkable feature of welding was a selection 
of beam movement direction in scanning: in the di­
rection of welding or opposite to it. 
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Figure 2. Saw-shaped current i(t) in a defecting coil: T - period 
of scanning; 1:1 - time of beam overthrow to a pool tail part; 1:2 -

time of beam movement in the direction from a tail pool part to 
the front part; t - current time 

In case when the beam has a pulsed deviation into 
the direction of a tai 1 part of welding pool, and then 
during the whole period of scanning it is moved to 
the front part, the welds are produced more narrow 
and deeper. Scheme of beam movement in this case 
is presented in Figure 2, and formed penetrations arc 
shown in Figure 3. 

In parallel with producing narrow through welds 
(width of molten zone is "" 1 mm) (Figure 3, a) the 
formation of a rounding in a root on non-through 
welds (Figure 3, b) should be also noted, thus pre­
venting the root defects. 

Shape of welds can be estimated numerically as 
follows. Let us divide the penetration image (for ex­
ample, in Figure 3, a) into ten regions in depth and 
measure the weld width at different depth: B 1 (0 .1 h), 
B2(0.2h), ... , B9(0.9h). 

Figure 3. Through penetration of high-strength medium-alloyed 
steel 12Kh2N4MD (a) (li =57 mm , Uacc = 60 kV, / b = 235 mA, 
v" = 18 m/ h , longitudinal oscillations of beam of a special shape, 
f = 130 Hz , size of scanning 3 mm, h/ B, ~ 42); non-through 
penetration (b) (Jb = 215 mA, h/ Bm = 38, the rest parameters are 
the same as in Figure 3, a) 

3 
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Let us determine the mean value of the weld width 

g 

Bm=i LB;, 
i = 1 

root-mean-square deviation of weld width 

i = 1 

difference between values Emax and Emin 

and coefficient of weld shape k = h/ Em. 

For a through penetration (Figure 3, a, on the 
left) we shall obtain the mean width of weld (pene­
tration) Em = 1.35 mm, root-mean-square deviation 
of weld width 11Bm = 0.16 mm, difference between 
the maximum and minimum values of width 11Bmax = 
= 0.4 mm and coefficient of weld shape k = 42. For 
a non-through penetration (Figure 3, b, on the left) 
Em= 1.42 mm, 11Bm = 0.13 mm, 11Bmax = 0.35 mm, 
h = 54 mm and k = 38. 

For comparison, we shall give the values of the 
same indices for penetration, presented in Figure 1: 
Em = 3.1 mm, 11Bm = 0.8 mm, 11Bmax = 2.2 mm, h = 
=49mm,k=16. 

As is seen from csti mates the penetration, pre­
sented in Figure 3, as compared with those obtained 
in EBW with a static beam (see Figure 1 ), arc more 
narrow, uniform in depth and having a higher shape 
factor. The producing of these narrow welds is ex­
plained by a pulsed dynamic effect on the molten 
metal in a weld pool tail part that results in its forcing 
out. Thus, the access to the weld pool bottom is given 
for the electron beam and its penetration for a larger 
depth is occurred. As a result, the depth of a vapour­
gas channel through which the beam is passed, is 
increased . Depth of weld pool is increased and its 
width is decreased, rcspecti vely, but the pool metal 
volume remains the same. 

Thus, it is possible to produce narrow and deep 
welds using the above-described technological proce­
dure. 
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INVESTIGATION OF BIOCERAMIC COATINGS 
PRODUCED BY MICRO PLASMA SPRAYING 

Yu.S. BORISOV1
, S.G. VOJNAROVICH1

, N.V. ULIANCHICH2
, J. JENSEN3 and J. WOLKE3 

1The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 
2Research and Production Company «KERGAP>>, Kyiv, Ukraine 

3Nijmegen University, The Netherlands 

Adhesion strength and biocompatibility of bioceramic coatings produced by microplasma spraying was studied. It was 
established that with the use of a sub-layer the adhesion strength of the hydroxyapatite coatings increased, compared 
with that of coatings deposited without sub-layer. It is shown that increase in thickness of the coating to 130-160 J.lm 
leads to decrease in its adhesion strength down to 4.59 MPa (without sub-layer). High biocompatibility of the microplasma 
coatings was proved. 

Key words: microplasma spraying, hydroxyapatite, trical­
cium phosphate, parameters, adhesion strength, biological com­
patibility, investigations 

Metals and alloys are the materials which have re­
ceived the widest acceptance for the manufacture of 
implants. However, their application involves some 
problems, including those associated with corrosion 
resistance and compatibility with live tissues. Insuf­
ficient corrosion resistance leads not only to failure 
and decay of the implant proper, but also exerts the 
negative effect both on the surrounding tissues and 
on the organ ism as a whole. Therefore, an increasingly 

wide application has been gammg by metallic im­
plants with coatings of bioceramic materials , where 
mechanical strength of the metal base combines with 
biological peculiarities of the coating. Such bio­
ccramic coatings are characterised by a triple positive 
effect, i .c. increased rate of formation of osteine, pos­
sibility of bonding with a bone (ostcointegration) and 
decreased formation of metal corrosion products. 

A series of studies has been conducted latel y on 
deposition of bioceramic coatings by different meth­
ods of thermal spraying: plasma (traditional process 
in atmosphere [1-91 and in dynamic vacuum [9 , 101), 

© Yu.S. BORISOV, S.G. VOJNAROV ICH, N.V. ULIANCIIICH, J. JENSEN and .J. WOLKE, 2002 
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high-frequency 1111, HVOF 16 , 9, 121 and micro­
plasma [ 131 spraying. The object of this study was 
to investigate biocompatibility and strength of adhe­
sion of the microplasma bioceramic coatings with a 
substrate. 

Microplasma spraying system MPS-004. This 
system includes power supply with a control panel, 
plasmatron and special powder feeding device 114, 
15 ]. Design and parameters of the plasmatron provide 
formation of a laminar plasma jet (Reynolds number 
is 0.10-0.55). This factor results in a number of pe­
culiarities of the microplasma spraying process, al­
lowing losses of a spray material in treatment of small­
size parts (dental implants) to be reduced and over­
heating of the substrate to be avoided 113, 161. 

The system has the following specifications: 

Gas 
working 
transporting .............. . 
shielding ................... .. 

Power, kW ..... . .... .. ........... . 
Current, A ................................. .. 
Voltage, V .................. . .. .. .. ... . .. ...... .. 
Gas flow rate, l/min 

working 
shielding ............ . 

Productivity, kg / h ............ .. .......... .. 
Material utilisation factor ...... ........ .. ... . 
Dimensions, mm ............................. . 
Weight, kg .................. . ......... . 

argon 
argon , air 
argon 
up to 3.0 
10-50 
up to 60 

0.1 - 1.5 
1.0-4.0 
0.25- 2.50 
0.6- 0.8 
540x255x470 
15 

Spray materials. Hydroxyapatite (HAP) and tri­
calcium phosphate (TCP) powders with particle sizes 
below 63 11m were provided for microplasma spraying 
by the Closed Joint-Stock Research and Production 
Company <~KERGAP~>, which is the developer of the 
technology for synthesis of these powders and their 
manufacturer [ 13]. Appearance of the HAP powder 
particles is shown in Figure 1. 

The E.O. Paton Electric Welding Institute of the 
NAS of Ukraine, in collaboration with the <~KER­
GAP>> and the Nijmegen University (The Nether­
lands), conducted a package of investigations into 
biological activity of the HAP and TCP micrplasma 
coatings. X-ray phase analysis and scanning electron 
microscopy were employed to study phase composition 
of the coatings and behaviour of the cell cultures on 
their surface. Strength of adhesion of the coatings 
with the substrate was studied according to the ASTM 
C 633-79 standard by the gluing method using the 
film glue VK-47. 

Investigation results. Adhesion strength of the 
bioceramic coatings was studied by microplasma 
spraying the HAP coatings on the end surfaces of 
cy lindrical titanium alloy samples with a diameter of 
25 mm. The spraying parameters were as follows: 
plasma gas flow rate 0.7 1/min, shielding gas flow 
rate 4.3 1/ min, current 40 A, voltage 30 V and spray­
ing distance 100 mm. 

Investigated was the effect on adhesion strength 
by such factors as coating thickness, presence and 
material of a sub-layer. Ti and Ti02 powders were 
used for the latter. It was established that adhesion 
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Figure 1. Appearance of the HAP powder particles produced by 
the Company d<ERGAP~ 

strength of the HAP coatings increased, compared 
with that of coatings deposited without a sub-layer , 
which is in agreement with the conclusions made by 
other investigators 1171. For example, in spraying the 
HAP coating 80-100 11m thick on the titanium sub­
layer the adhesion strength amounted to 8.29 MPa, 
and that on the Ti02 sub-layer was 11.32 MPa, 
whereas without a sub-layer the adhesion strength 
was no more than 7.39 MPa. The use of the sub-! aycr 
provides the following advantages: ensuring favour­
able microroughness of the surface for deposition of 
a coating, and decrease in stresses at the interface 
between the coating and the substrate, which arc 
formed as a result of differences in their thermal ex­
pansion coefficients. In addition, a decreased thermal 
conductivity of the sub-layer (especially in the case 

a 

10 
b 

20 30 40 50 28 

Figure 2. Diffraction patterns of the HAP (a) and TCP (b) mi­
croplasma coatings 

I. 
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Figure 3. Appearance of the HAP (a) and TCP (b) bioceramic 
coatings with cell cultures 

of using Ti 0 2 as the sub- I ayer) leads to decrease in 
the rate of cooling of the spray material particles and, 
therefore, to reduction of the probability of formation 
of the amorphous phase. 

Thickness of a coating also has a considerable ef­
fect on its adhesion strength. For example, increase 
in thickness to 130-160 j..tm led to decrease in the 
adhesion strength down to 4.59 MPa (without a sub­
layer). 

Results of X-ray phase analysis of the HAP and 
TCP coatings arc shown in Figure 2. Main peaks on 
the diffraction pattern of the HAP coating (Figure 2, 
a) correspond, according to the ASTM (No.9-432) 
file, to HAP with a small addition of TCP, resulting 
from spraying. All the lines on the diffraction pattern 
of the TCP coating (Figure 2, b) correspond, accord­
ing to the ASTM (No.9-359) file, to TCP. Small width 
of the peaks is indicative of a high degree of crystal­
linity of the coating and absence of the amorphous 
phase. 

To study biocompatibility of the coatings, the 
HAP and TCP coatings 200 j..tm thick were deposited 
on samples of titanium alloy VT6 by the microplasma 
spraying method. Marrow cells were taken from the 
femur of a young rat and grown at a temperature of 
37 oc in the atmosphere of air with an addition of 
S % C02• Then the cells were inoculated on the surface 
of the coatings. Figure 3 shows surfaces of the HAP 
and TCP coatings, respectively, with the cell cultures. 
The cells were revealed to actively grow on the coat­
ings to form a continuous film, especially in a case of 

6 

the TCP coating, which is indicative of a high bio­
logical compatibility of the produced coatings and 
their highly promising application on the surfaces of 
endoprostheses. 

CONCLUSIONS 

1. Microplasma bioceramic coatings of HAP and TCP 
feature a high degree of crystallinity and contain al­
most no amorphous phase. 

2. The use of a sub-layer of Ti and Ti02 allows 
adhesion strength of the coatings to be increased and 
the probability of formation of the amorphous phase 
in spraying to be reduced. 

3. Active growth of cells on the coatings to form 
a continuous film is indicative of a high biological 
compatibility of the produced coatings and their 
highly promising application as coatings on cndopros­
theses. 
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MATHEMATICAL MODEL 
OF TECHNOLOGICAL ADAPTATION OF THE ROBOT 

TO THE GAP IN ARC WELDING 

I.F. KORINETS and JI CHENG CHUNG 
National Technical University of Ukraine d(Ph> , Kyiv , Ukraine 

A deterministic-statistical model was developed of robot adaptation to the gap in consumable-electrode arc welding in 
a mixture of Ar + 25 % C0

2
. It may be applied in development of the software of adaptive control systems of robots 

for MIG and TIG, as well as submerged-arc welding. 

Key words: arc welding, consumable electrode, protective 
mixture, robot, control system, mathematical model 

Advance of robotics is becoming the main direction 
of automation in welding fabrication 111 . For in­
stance, in Germany almost half of all the industrial 
robots are used in welding l2J . They were initially 
applied for capacitor-type spot welding, robotisation 
of which was simpler in engineering terms, compared 
to arc welding 13, 4]. With the advance of robotic 
means, arc welding robots began to be applied (more 
than 90 % of them perform MAG welding and about 
5% MIG welding). 

Wide application of robotic arc welding is re­
strained by random deviations from the line of blank 
joining, as well as the size of the gap between them 
and shape of edge preparation. The need to solve this 
problem led to development of adaptive control sys­
tems of robots, capable of automatically adjusting to 
environmental changes [5]. Problem of spatial adap­
tation of the robot, i.e. automatic following of the 
arc along a complex contour of the welded joint is 
practically solved l61. More complex is the problem 

Initial 
technological 

data (d, h , g, ... ) 

Control 
computer 

b Image 
interface 

Manipulator 
control 

Wire feed 
mechanism 

Welding 
current source 

u 

of technological adaptation of the robot, i .c. auto­
matic correction of mode parameters during welding 
(for instance, at an irregular gap in a welded joint , 
due to insufficient accuracy of fit-up and deformation 
of edges during welding). 

A promising means of technological adaptation arc 
video sensor systems 11 -5, 7 J. However, video sen­
sors, located on the torch in the immediate vicinity 
of the welding zone, are exposed to the impact of 
thermal and light radiation, electromagnetic noise, 
drops of molten metal and aerosol, this lowering their 
reliability 171. At present, due to minituarisation of 
the hardware, its protection from the welding arc 
impact and reduction of the cost of techn ical means, 
the leading world manufacturers of robots have 
switched from laboratory testing of video sensors to 
their practical application. In case of technological 
adaptation of the robot, the information, coming from 
the video sensor (Figure 1), should be processed in 
real time and should provide correction of mode pa­
rameters during welding. This leads to higher require­
ments to the response of adaptive system of robot 

Monitor 

Manipulator 

Torch 

Vf 

u 

Laser 
power source 

Laser b 

Video camera 

Item being welded 

Figure 1. Block diagram of technological adaptation to the gap in robotic gas-shielded consumable-electrode arc welding 
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Figure 2. Mathematical model of technological adaptation to the 
gap in consumable-electrode robotic arc welding in a mixture of 
Ar + 25% C02 
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control and special requirements to development of 
its software. 

The gap in the butt is known to have a significant 
influence on penetration depth and quality of weld 
formation. Therefore a priority task in arc welding is 
technological adaptation of the robot to the gap. This 
adaptation should be performed in real time. 

In this connection, the objective of this work is 
construction of a mathematical model of technological 
adaptation of the robot to the size of the gap in a butt 
joint in consumable-electrode arc welding, which 
would be simple, and, therefore, would require mini­
mal time for calculation and correction of the welding 
mode. 

Method of deterministic-statistical modeling of 
weld shape in arc welding [8] was used to develop 
the mathematical model of weld shape in arc welding 
of square-butt joints with a variable gap 19] . In order 
to solve the problem of adaptation of arc welding 
mode to the gap first of all a mathematical model of 
weld shape (direct problem) was developed, allowing 
for the influence of the gap (expressions (3) - (S)) . 
Experimental evaluation of the influence of the gap 
and welding mode parameters on weld shape in the 
case of consumable-electrode arc welding in a mixture 
of Ar + 25 % C02 demonstrated that the mathematical 
model of weld shape may have a sufficient level of 
adequacy, when allowing for just the two main pa­
rameters, namely welding current I and welding speed 
v. Solution of the system of equations (3) and (4) 
with respect to current and welding speed (inverse 
problem) y ielded the simplest mathematical model of 
adaptation of the mode of arc welding to the gap 
(Figure 2, a, expressions ( 1) and (2)). 

Usc of the model is shown in Figures 1 and 2. Part 
of input information (d is the electrode wire diameter, 
his the penetration depth, g is the height of weld con­
vexity, etc.) is assigned by the operator during robot 
programming. During welding the video sensor system 
determines the gap width, which is sent to the computer, 
where the current parameters of the welding mode arc 
calculated , namely welding current and speed (by ex­
pressions ( 1) and (2)). The other parameters of the 
welding mode (welding voltage U and electrode wire 
feed speed Vf) are the derivatives of earlier determined 
parameters and are also calculated in the computer. So, 
the rate of electrode wire feed can be determined by the 
formula derived in [101: 

2 

v1 = 0.53 : 2 + 0.7·10-3 ~3 . (6) 

Optimal welding voltage may be calculated, de­
pending on welding current, by the following for­
mula: 

u = 14 + 0.05!. (7) 

Calculated current parameters of welding v, Vf 

and U arc sent to the robot actuators for correction 
of the welding mode. 
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Analysis of the process of technological adaptation 
of the robot to the gap shows that with the increase 
of the gap, all the parameters of welding mode I , U 
and v decrease (Figure 2, b). Calculation of the di­
mensions of the weld by the initial model of weld 
shape (expressions (3)-(5)) shows that during the 
adaptation process the weld width does not remain 
constant, but decreases with the increase of the gap, 
provided a constant depth of penetration and height 
of weld reinforcement arc maintained (Figure 2, d). 

Under the conditions of arc welding of low-carbon 
and low-alloyed steels, in which the thermal cycle of 
welding does not result in any significant change of 
properties in the HAZ metal, the correspondence of the 
actual produced dimensions and shape of the weld to 
the requirements of the standard may be the criterion 
of quality of technological adaptation (Figure 2, e) . 

CONCLUSIONS 

1. Deterministic-statistical model was developed of 
technological adaptation to the gap in robotic con­
sumable-electrode arc welding, which features sim­
plicity (the two main parameters of the welding mode 
are taken into account). Model application allows 
improvement of the response of the adaptive control 
system of the robot. ·· 

2. During adaptation to the gap, the welding cur­
rent and speed and weld width, respectively, decrease 
with the increase of the gap in the butt, provided the 

SCIENTIFIC AND TECHNICAL 

specified penetration depth and height of weld rein­
forcement remain constant. 

3. Method of simulation of technological adapta­
tion to the gap may be applied in development of the 
software and hardware of the adaptive system of robot 
control in other processes of arc welding of steels and 
non-ferrous metals and alloys, namely submerged-arc, 
inert gases consumable and non -consumable electrode 
welding. 
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PECULIARITIES OF PHASE FORMATION 
IN PRESSURE WELDING OF DISSIMILAR METALS 
UNDER CONDITIONS OF HIGH-RATE DEFORMING 

L.l. MARKASHOVA, V.V. ARSENYUK, G.M. GRIGORENKO and E.N. BERDNIKOVA 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

Results of investigations into peculiarities of the processes of mass transfer and phase formation in joints of dissimilar 
metals characterized by a limited mutual solubility (Cu +AI, Ti +stainless steel, St.3 + AI, etc.) are given. The joints 
were made by pressure welding using high-rate methods of deforming. 

Key words: pressure welding, explosion u·elding, dissimi­
lar joints, rate of deforming, dislocations, segregation, phase 
formations, stoichiometric composition, structural parameters, 
yield strength, hardening, mechanical properties 

Formation of brittle phases, and also fusible eutcctics 
is associated usually with a reduction in mechanical 
properties of dissimilar metal joints made by a pres­
sure welding r 1-8 1, especially those joints of metals 
which have a limited mutual solubility. Taking into 
account the negative effect of the above-mentioned 
phases on the properties of the welded joints, different 
methods, blocking the formation and growth of t hese 
phase formations, arc widely used. One of the most 

widely-spread methods of this blocking is the use of 
intcrlaycrs of metals forming unlimited solid solutions 
with metals being welded. Owing to this, the ten­
dency of formation of intcrmetallic layers in the tran­
sition zone is reduced greatly. 

Other technological solutions arc investigated to 
prevent the formation and growth of britUe phases. 
For example, technological conditions are selected so 
that the temperature of welding could not exceed 
T m/ 2 of the most fusible material, and the welding 
time could not exceed the incubation period of their 
formation l2 , 4j. Authors of the above-described 
works outline that the formation of hard brittle in-
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Figure 1. Structure in the zone of 12Kh18N10T + VT1-0 joint made by explosion welding: a - structure parts (x163); b - scheme 
of wave formation zone (x655) ; c - nature of titanium distribution (characteristic radiation) (x655) 

tcrlaycrs can also provoke the appearance of the fus­
ible phases. The latter is due to the fact that during 
formation of carbides the blocking of hcterodiffusion 
is occurred, thus leading to a local increase in tem­
perature and appearance of liquid phases 121. 

In some cases the decrease in intensity of formation 
of brittle phases is noted with increase in rates of 
deforming in welding l8-1 01. This stimulates the 
search for new technologies of welding using high-rate 
methods of deforming. 

Complexity and variety of physical-chemical proc­
esses proceeding under the action of welding ther­
modcformational loads require the more complete in­
formation about the peculiarities of formation of the 
transition zone structure of dissimilar joints and proc­
esses associated with the formation of phases unfa­
vorable for the joint quality . A more clear under­
standing of interrelation between the nature of phase 
formation and mechanical properties of joints is also 
necessary. Some of the results of investigations in this 
aspect are presented in this work . 

Commercial titanium VTt-0, stccl3 (wt.%: 0.14-
0.22C; 0.3-0.6Mn; Fe - balance), corrosion-resis­
tant steel 12Kh18N1 OT ( wt.%: 0.12C; 17.0-19.0Cr; 
0.8Si; 1.0-2.0Mn; 9.0-11.0Ni; up to 0.02S; up to 
0.035P), commercial aluminium alloy ADt, copper 
M-0 and M-1 were selected as metals to be joined. 
The dissimilar metals were joined by explosion and 
friction welding. The examinations were performed 
using a system of methods including optical, analyti­
cal scanning and transmission electron microscopy in 
units SEM-515 (4Philips>>) and JEM-200 CX 
(JEOL) . Specially-developed methods of thinning in 
preparation of thin foils made it possible to carry out 
direct investigations of processes proceeding directly 
along the zone of interaction of materials being welded 
111 J. 

Results of experiment. Figure 1, a, b shows the 
specifics of phase formation directly in the zone of 
contact of titanium-steel 12Kh 18Nt OT joint made by 
the explosion welding. The general nature of titanium 
and iron distribution in the transition zone and also 
local changes in their concentrations in the region of 
formation of phases and vortices of waves, which arc 
manifested themselves in examination using the 
method of a scanning electron microscopy in a char­
acteristic radiation, are shown Figure 1 , c. 

As is seen from the Figure, the distribution of 
clements and structural-phase state of the metal in 
the welding area is not uniform. Thus, in some zones 
from wave depression to crest a rather uniform vari­
ation in concentration of chemical elements is ob­
served during transition from titanium to steel. Near 
the vortex zone a laminar nature of titanium and iron 
distribution is observed (sec Figure 1, c). This is a 
result of a directed movement of flows of masses of 
one of the joining metal (titanium) inside the volumes 
of another metal (steel 12Kh18N10T) in the field of 
effective stresses. The quantitative analysis of distri­
bution of chemical elements showed the uniform 
change in their concentration and also the presence 
of zones with a constant level of content of these 
elements that proves the formation of phases of a 
definite stoichiometric composition in this region. 

As to the structures, forming in the zones of fusion 
and localized, as rule, in areas of vortecics of waves, 
then these zones in optical examinations are mani­
fested as c1 usters of fine-grain structures (sec Fi­
gure 1, a and b). Results of more detailed transmission 
microscopy examinations showed that the mentioned 
fine-grain structures represent formations of an eu­
tectic type which have a form of dispersed grains y-Fe 
of a globular form fringed with intcrlaycrs of a solid 
solution of titanium and iron. 

Figure 2. Zone of copper- aluminium alloy joint made by explosion welding: a, b - appearance (x356) and scheme of contact zone , 
respectively; c - fragment of contact zone with a forming phase of CuA1 2 type (x680) 

10 9/2002 

• • • 
-10 -8 

a 
Figure 3. Cha 
of forming pha 

The stru 
the presenc 
signs of proc 
zation proc 
cations. Wit 
12Kh18N101 
mation of 
served. The 1 
dense disloca 
also microvol 
and rotation 

Thus, it 
is realized a 
fusible eutec , 
the given cas 
local increas 
turns of met 
cracks is obs 
clearly shown 

In copper­
sian welding, 
the distance a 
tcrface (Figur 
of a variable 
phase structur 
of dispersity ~ 
as in joints of 
phase formatio 
(HV 572 to 20 
gure4). In pha 
hardness the cr 
clearly observe 
surface of cont3 

their microharc 
turc are deere 

The similar 
phases is obsen 
by explosion we 
consisting of n 
phase formatiOJ 
directly in the ; 

Using comp 
croscopy cxami1 

the peculiaritie 
through its dep 
ultradispcrsed p 

9/2002 -



, b shows the 
the zone of 

joint made by 
of t itan ium 

zone and also 
the region of 

, which are 
n using the 

in a char-

9/2002 

SCIENTIFIC AND TECHNICAL 

- 10 -8 

a 

- 6 - 4 - 2 0 2 4 6 -35 -30 - 25 - 20 -15 - 10 - 5 0 5 10 L, flm 

b 
Figure 3. Change in content of main elements in the zone of copper-aluminium joint made by explosion welding (a) and in local areas 
of forming phases (b); L - distance from interface 

The structure in the area of eutectic is typical of 
the presence of the chaotically disoriented grains with 
signs of proceeding of recrystallization and polygoni­
zation processes having a minimum density of dislo­
cations. With transition to the parent metal (steel 
12Kh18N10T) in the zone of mating with steel a for­
mation of a complex stress-strain structure is ob­
served. The latter is characterized by the presence of 
dense dislocation clusters, clements of twinning and 
also microvolumes of steel with clear features of turns 
and rotations. 

Thus, it was established that a rigid stressed state 
is realized at the boundaries of the mating zones of 
fusible cutcctics with the parent metal (with steel in 
the given case), which is manifested in the form of a 
local increase in density of dislocations, twinning and 
turns of metal volumes. As a rule, the formation of 
cracks is observed in the mentioned zones that is 
clearly shown in Figure 1, a. 

In copper-aluminium alloy joints made by explo­
sion welding, in the zone of a contact interaction at 
the distance approximately 100-150 j..lm from the in­
terface (Figure 2, a, b) the regions of solid solutions 
of a variable concentration (Figure 3, a) and forming 
phase structures of a different morphology and degree 
of dispersity (Figure 2, a-c) arc observed the same 
as in joints of steel 12Kh18N10T +titanium . These 
phase formations are differed greatly in microhardncss 
(HV 572 to 205) and stoichiometric composition (Fi­
gure 4). In phase precipitations (PP) with the highest 
hardness the cracks (Figures 2, c; 3, band 4) are very 
clearly observed. As a rule, at some distance from the 
surface of contact the sizes of region of forming phases, 
their microhardness and susceptibility to brittle frac­
ture arc decreased. 

The similar situation of processes of formation of 
phases is observed also in the St.3 + AI joints made 
by explosion welding. The formation of complex zones 
consisting of regions of variable concentration and 
phase formations of different type is also occurred 
directly in the zone of contact. 

Using comprehensive transmission electron mi­
croscopy examinations of the welding transition zone 
the peculiarities of formation of phase structures 
through its depth were revealed. In some areas the 
ultradispcrsed phases of about 0.03 - 0.10 j..lm , clusters 
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of segregations and also compact intcrmctallic forma­
tions of an extended form, which arc compactly ar­
ranged within the separate grains are revealed in in­
ternal volumes of aluminium grains (Figure 5). More­
over, in the zone of segregation clusters and ultradis­
perscd phases the abrupt gradients of dislocation den­
sity arc not observed, while at the same time the 
formation of sufficiently large non-cquiaxial phases 
of an extended form is accompanied by the appearance 
of local very dense clusters of dislocations . 

In friction welding it is possible to prevent the 
formation of intermetallic layers oriented along the 
plane of contact of surfaces being joined by using a 
local and short-time heating and method of external 
loading. However, under different welding conditions 
(conditions of conventional and inertia welding) great 
differences in formation of intcrmetallic phases in 
transition zone are revealed (Figure 6) . It should be 
noted that if the conditions of the conventional weld­
ing (judging from abrupt decrease in density of dis­
locations and coarsening of structure) correspond to 
the conditions of hot deformation, then the conditions 
of inertia welding at which the peak temperatures in 
the butt are short-time, correspond mostly to the con­
ditions of thermal deformation. Respectively, at hot 
deformation directly in the zone of contact the struc­
ture recrystallization is typical. It is most important 
that in crack initiation the growth of phase formations 
occurs mainly along the sub- and intcrgrain bounda­
ries. This leads to the formation of extended phases 
of a line type, their arrangement along the intergrain 
boundaries has, sometimes, a twinning nature (see 
Figure 6, a). 

500 

400 

300 

200 

100 

0 1 0 20 30 40 50 60 70 80 90 100 
Cu,% AI,% 

Figure 4. Dependence of microhardness HV of phase formations 
on content of copper and aluminium in them 
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Figure 5. Formation of segregation clusters and dispersed phases (a) (x30000), and also non-equiaxial long phase formations ((b) 
(x37000), (c) (x20000) , (d) (x30000)) in the zone of contact of St.3 +AI joint made by explosion welding 

Under welding conditions corresponding to the 
thermal deformation conditions (inertia welding), the 
nature of structure and phase formation in t he contact 
area is greatly changed. In the structure, the processes 
of polygonization in the volumes of grains deformed 
are clearly prevailed , that is accompanied by refining 
of structural elements preserving the increased density 
of dislocations. However , a principal feature of the 
mentioned welding condition is the change in nature 
of the phase formation and distribution of growing 
new phases. In grains of aluminium (more soft mate­
rial among two materials being welded) the formation 
of ultradisperscd particles of new phases of dP "' 
"'0.1 f.Lm and smaller is occurred at dense and uniform 

Figure 6. Change in nature of phase formation in St.3 + AI joints 
depending on friction welding conditions: a - grain boundary 
distribution of phases under conditions of hot deformation in case 
of conventional welding; b - intravolumetric distribution of 
phases at a thermal deformation in case of inertia welding (arrows 
show the forming intermetallic phases) (x20000) 
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their distribution inside the volumes of grains (sec 
Figure 6, b). This proves that aluminium directly in 
the zone of contact represents quite a new structure, 
i.e . quasi-composite structure. For the given type of 
joints, probably, the presence of such structure in the 
zone of contact from the side of more ductile metal 
from the pair of metal being joined, should contribute 
to the levelling of an abrupt gradient of mechanical 
properties, observed usually along the area of weld­
ing. 

Analyzing the revealed specifics of formation of 
different structures which are unfavorable for the 
quality of welded dissimilar joints, it is possible to 
emphasize the following. Formation of eutcctics, con­
nected with the formation of fusion zones in the region 
of waves vortex, is manifested at the parameters of 
waves above the optimum values . In narrow local 
zone of trans ition from fusion zone to the parent metal 
of size"' 10-1 S f.Lm the change in relaxation processes 
and the presence of abrupt gradients of internal 
stresses arc observed. As in the conditions of high 
temperatures the dislocation mechanisms of relaxation 
realized by recrystallization, polygonization, arc pre­
vailed, then with transition to the parent metal the 
rotational mechanisms of relaxation, twinning (as a 
random case of a rotational mechanism), and also 
material turns of larger microvolumes of the parent 
metal arc observed. And, finally, the most rigid 
mechanism of release of internal stresses at which the 
relaxation of internal stresses occurs by crack forma­
tion is realized in the parent metal where structural 
clements arc not subjected so much to the effect of 
high temperatures 112]. 

To prevent, probably, the occurrence of unfavorable, 
from the point of view properties, structures, the control 
of the upper energy level of external effect is necessary 
in selection of welding conditions, eliminating an abrupt 
change in temperatures and, respectively, mechanisms 
of relaxation of the internal stresses. 
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Figure 7. Structure and properties of St.3 +AI joints made by friction welding under conditions of hot (I - conventional welding) 
and thermal deformation (II - inertia welding): a, b - change in main structural parameters along the zone of weldmg; c, d -
contribution of separate structural parameters to hardening of different zones of the joint; e, f - total hardening stipulated by the 
structure of welded joint metal; 1-4 - for designation see the text 

As to the unfavorable structures of another type, 
to which brittle phases arc referred, then the forma­
tion of intcrmetallic phases at high-rate methods of 
welding occurs not only in the region of contact of 
surfaces being welded, but also in a rather wide tran­
sition zone. Its length is about 100-150 J..Lm. Moreover, 
the separate phase formations are characterized by a 
stoichiometric composition, hardness, sizes, nature of 
their distribution. As is seen, the conditions of high­
rate methods of deforming in welding contributes to 
refining and distribution of forming intermetallic 
phases over the sufficiently wide transition zone of 
welding. In addition, the phases located closer to the 
interface are characterized by a high hardn ess and 
brittleness. 

It was also found that the mentioned phases de­
pending on their distribution and morphological char­
acteristics can influence greatly the metal properties 
in the zone of welding. 

Definite quantitative estimates of variation of 
yield strength depending on all the structural and 
phase parameters (chemical composition, sizes of 
grain and subgrain, density of dislocations , size, mor­
phology and distribution of phase formations, etc.) 
confirm this assumption 113-22 1. Figure 7 shows 
changes in structure and properties in St.3 +AI joints 
made by the friction welding for the conditions of 
conventional and inertia welding. 
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Figure 7, a, b shows changes in structural parame­
ters: sizes of grain Dg, subgrain d5 , density of dislo­
cations p, sizes of particles dP and distance between 
them lp . Figure 7, c, d reflects contribution of the 
above-mentioned structural and phase parameters to 
the hardening of different zones of the joint directly 
at the contact surface (here, l1cr5 , L1crg, L1crct, L1crp -
subgrain, grain boundary, dislocation, dispersion due 
to PP particles, respectively). Total (integral) hard­
ening, stipulated by the structure of welded joint 
metal, is shown in Figure 7, e, f. The more detailed 
calculations are given in [23]. 

It should be noted, that on steel side of the joints 
made under the conditions of a thermal deformation 
(inertia welding) the decrease in strength is not ob­
served. The hardening of the weld zone is provided 
by increase in density of dislocations p = 21 %, re­
fining of structure and substructure (their total con­
tribution is about 35 %) and pearlite component. 

In this case, on side of aluminium directly in the 
zone of contact a great increase in the yield strength 
cry is observed. The main contribution to the hardening 
(relative to the level of strength of the parent metal) 
is given by refining of grain and subgrain structure, 
respectively: 105 MPa (95.5 %) and 70 MPa (63.6 %), 
formation of dispersed phases - 40 MPa (36.4 %), 
and also the increase in density of dislocation -
30 MPa (27.3 %) . The total hardening in this, as a 
rule, weakened zone of the joint is cry = 260 MPa, 
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that amounts to 227-236% of aluminium strength in 
initial state. ' 

Thus, as is seen from comparison of results of struc­
tural examinations and quantitative estimates under 
welding conditions providing formation of dispersed 
new phases, uniformly distributed over the transition 
zone, a smooth change in mechanical properties in 
dissimilar joints is observed with a transition from a 
more strong to a less strong metal that is reached due 
to a sufficient hardening of the joint on the aluminium 
side. This effect is attained by the fact that aluminium 
during completion of the welding cycle represents an 
almost new material by its structural-phase state 
which differs greatly from its initial state. The struc­
ture of this new material (aluminium, saturated with 
dispersed particles of phase precipitations) is similar 
to the structure of composite that is confirmed by its 
higher strength characteristics. 

CONCLUSIONS 

1. The use of high-rate methods of pressure welding 
of dissimilar metals leads to a considerable ("" 100-
150 ~m) widening of area of phase formation over the 
transition zone of welding. The forming new phases 
of an intermctallic, carbide type are characterized by 
the degree of dispersity, stoichiometric composition 
and hardness. 

2. Nature of phase formation depends greatly on 
the temperature field of welding deformation. Con­
ditions of hot deformation initiate mainly the grain 
boundary nature of phase formation in the area of 
welding on the side of a less strong material and 
contribute to a significant enlargement of phases 
growing along the sub- and intergrain boundaries. In 
case of a thermal deformation the new brittle phases 
are formed, which are more dispersed in sizes at a 
comparatively uniform their distribution in internal 
volumes of grains. This contributes to the formation 
of structure of type of composites in softer materials 
being welded and makes it possible to level an abrupt 
gradient of properties, which is usually manifested in 
the zone of welding dissimilar metals. 
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SLIME OF WATER-CONDITIONING UNITS 
OF THERMAL POWER ENGINEERING 

AS RAW MATERIAL FOR ELECTRODE COATINGS 

P.P. LAZEBNOV and N.N. PULINA 
Zaporizhya National Technical University, Zaporizhya, Ukraine 

The paper demonstrates the advantages of thermal power plant slime over marble, which is traditionally applied as 
gas-slag-forming component of welding consumables. Electrochemical investigations and gravimetric corrosion testing 
demonstrated the h igh quality of deposited Cr-Ni metal and the possibility of applying slime in electrode manufacture. 

Key words: thermal power plant slime, deposited metal, 
metal/agraphic and electrochemical investigations, petrographic 
analysis, non-metallic inclusions, welding slags, corrosion, me­
chanical properties 

For almost a century now marble has been used in 
the world practice in welding consumablcs (elec­
trodes, fluxes, flux-cored wires, etc.) as the main 
gas-slag-forming component. Its share reaches so-
57 % in the charge of electrode coatings of various 
types. Up to 28 % CaC03 are also added to all the 
fluxes for welding nickel, copper and their alloys. 
Tens of thousand of tons of this mineral are annually 
imported into Ukraine for the needs of industry. In 
this connection, studying thermal power plant slimes 
for their application in welding consumables is very 
urgent. 

This paper describes the results of pioneer research 
as proof of validity of using the slime of water-con­
ditioning units (WCU) of thermal power engineering 
as a gas-slag-forming component in welding metal­
lurgy. 

In thermal power engineering water, after deep 
cleaning by the method of chemical desalination in 
WCU, is used in TPP and NPP for technological 
purposes. Initial treatment - in-coming water pre­
treatment to remove weighted substances, organic 
contamination, bicarbonates and silicic acid - is per­
formed by coagulation with subsequent precipitation 
and filtering in lightening filters of VTI-630I, VTI-
1000I grades, etc. In this case, the problem of recy­
cling solid wastes, in particular WCU slime remains 
to be very urgent. Up to 6.5 thous. ton of valuable 
secondary raw materials arc annually dumped at each 
TPP ( «Dneprocnergo~> system). Provision of slime 
reservoirs involves additional cost. Industrial utiliza­
tion of slime for production of construction materials, 
purification of power plant waste water and reclaim­
ing of lime is being now introduced in the national 
economy L 1-31. A greater part of this product, how­
ever, still docs not find application. 

Slime of Pridneprovsk HPS has been studied, 
which has the following weight fraction of compo­
nents, %: CaO - 43.0- 45.0; Si02 - 1 0.4-11.0; 
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MgO - 2.6-2.8; FcO - 2.5-2.7; Al 20 3 - 1.6-1.7; 
K20 - 0.66-0.73; Na20- ::;; 0.12; Ca03 - balance. 
Compared to marble (GOST 4416-73), used in weld­
ing fabrication (CaC03 ~ 97 %; Si02 ::;; 0.7 %; MgO::;; 
::;; 1.0 %), slime advantages arc obvious. Analyzed 
slime is a multicomponent system of CaC03- CaO­
Si02-MgO-FeO-Al203 type, consisting of basic 
(CaO, MgO, FeO), acid (Si02) and amphoteric 
(Al 20 3) oxides, being favourable for thermodynamics 
and metallurgy of welding . Presence of alkali clement 
oxides (potassium, sodium) promotes a stable arcing, 
higher coefficients of melting and deposition of filler 
materials, and further promotes dcsulphurization and 
refining of welds [ 4-6]. 

Petrographic study of marble and slime provided 
the following information. Refined marble designed 
for welding electrodes is a grayish powder, containing 
dust-like particles of ::;; 1 !lm size and coarser ( 10-
95 !lm) ones of mostly fragment shape. Most of the 
particles have indices of refraction ng = 1.658 and 
np = 1.486, corresponding to the composition of pure 
calcite ( CaC03). Some of them have the granular or 
streaky microstructure, characteristic of marble. 
Thus, crushed rock consists of calcite and marble par­
ticles of different size and shape. 

Already in the initial condition the slime is a pow­
der-like component of brown colour with particle size 
of::;; 60 !liD of a constant mineralogical composition. 
Its base is dolomite Ca(Mg, Fc)O·C02; impurities 
are represented by iron hydrooxidc Fc20 3·H20 of 
brownish-reddish colour, giving the slime a similar 
colouring, sodium Na20·Si02 and potassium 
K20·Si02 silicates, as well as complex (non­
stoichiometric) oxides and calcite CaC03. Slime is 
marble analog in the first approximation, but differs 
from it by a stable granulomctric, mineralogical and 
chemical compositions. 

Experimental part of the work included manufac­
ture of electrodes of fluoride-calcium type, which were 
used for welding plates of 600x1 00x1 0 mm size of 
12Kh18N10T (C - ::;; 0.12; Cr- 17.0-19.0; Si -
::;; 0.8; Mn - 1.0- 2.0; Ni - 9.0-11.0; S - up to 
0.02; P - up to 0.035 wt.%) steel and for multi-layer 
deposition into a mould. In this case, marble and slime 
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Table 1. Composition of deposited metal 

No. of 
Weight ratio of 

matb!e and !)·lime 
sample 

in t'lectrode 
series 

coating, % 
c Si Mn 

54:0 0.09 0.69 1.20 

2 40:14 0.09 0.72 1.26 

3 30:24 0.08 0.67 1.25 

4 20:34 0.10 0.70 1.30 

5 10:44 0.09 0.75 1.29 

6 0:54 0.08 0.76 1.35 

content in the coating charge was varied in the pro­
portion of 54:0, 40:14, 30:24, 20:34, 10:44, 0:54. 
Welding-technological properties of experimental 
electrodes were the same as those of the standard ones. 
Produced welded joints and deposited metal were used 
to make samples for metallographic, mctallophysical 
and electrochemical investigations, and corrosion and 
mechanical testing. 

Mctallographic investigations of the sections dem­
onstrated a high quality of welds, favourable orien­
tation of the crystall ites and absence of defects (pores, 
cracks, etc.). In samples of all the series (Table 1) 
the deposited metal practically has the same compo­
sition. It should be noted, however, that, compared 
to samples of series No.1, in the deposited metal of 
08Kh 19N1 OB type of series No.6 the coefficients of 
dcsulphurization and refining for sulphur, phosphorus 
and oxygen arc equal to 36 and 31.4 %, respectively 
(compared to samples of series No.1, deposited with 
standard electrodes). At the same time, transition of 
silicon, manganese and chromium into the weld pool 
was somewhat increased. These indices arc proof of 
the refining effect of slime, as impurities concentra­
tion was reduced by one third, compared to that of 
the standard. 

In samples of No.1 series (sec Table 1) the metal 
has a characteristic austcnitic-ferritic structure (Fi­
gure 1, a). When marble-slime ratio in the coatings 
(Figure 1, b) was varied and at complete substitution 
of CaC03 no significant changes were found in the 
structure, although the crystallite size and amount of 
o-fcrritc decreased in the metal of welds of No.6 series 
(Figure 1, c). Contrarily, when the nature of non­
metallic inclusions (NMI) was studied, differences in 

Weight fraction of elements. % 

C1 Ni Nb s p /02/ 

18.20 9.60 0.54 0.025 0.029 0.035 

18.30 9.58 0.52 0.018 0.028 0.033 

18.33 9.62 0.47 0.017 0.026 0.032 

18.30 9.60 0.49 0.016 0.026 0.030 

18.60 9.55 0.53 0.015 0.019 0.028 

18.58 9.62 0.52 0.016 0.020 0.024 

the morphology, phase composition and degree of con­
tamination of the welds of series No.1 and 6 were 
found. In the metal of samples, deposited by elec­
trodes with 54 % CaC03 in the coating, inclusions 
arc characterized by a predominantly angular, more 
rarely sharp-ang led shape (Figure 2, a-c). NMI size 
is equal to 3-S, individual ones being 10-13 jlm. The 
first, as a rule, arc single-phase, amorphous, and arc 
characterized by variable indices of refraction, point­
ing to unstable chemical composition. Larger forma­
tions have a grain structure, characteristic of marb le. 
Their optical properties, similar to those of the fine 
ones, do not a lways correspond to the stoich iometric 
composition of CaC03. Pores arc observed on the 
surface of coarse NMI - traces of the gaseous phase 
(C02) or new growth - phases, resulting from in­
teraction of marble particles with the a ll oying cle­
ments of welds (Figure 2, b). 

X-ray microanalysis demonstrated the presence of 
calcium and silicon in the composition of the inc lu­
sions, and of chrom ium and manganese in some of 
them, which is indicative of marble interaction with 
the metal. This factor is noted also in study ing the 
locally isolated partic les, extracted in a carbon copy, 
in UEMV-1 OOK electron microscope. It is establi shed 
that fine particles of CaC03 undergo a comp lete, and 
coarser particles a partial transformation, thus form­
ing the film and rounded (globular) forms, respec­
tively. New film growth is spread over the metal grain 
boundaries, it is amorphous (glass-like) and docs not 
correspond to the stoich iomctric composition. These 
excess phases impair the metal quality and promote 
corrosion attack. 

Figure 1. Microstructure of metal of 08Kh18 10B type with different ratio of marble and slime in the coatings: 
c - 0:54 (x500) 
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Sulphides arc quite often found in the composition 
of the film and globular NMI, which sometimes pre­
cipitate on the surface of marble particles with for­
mation of oxysulphides. Thus, the deposited metal of 
the standard electrode is strongly contaminated by 
fine and dispersed inclusions, which have an unfa­
vourable film and sharp-angled forms. Mineralogical 
phases in the welds, made using electrodes with the 
weight fraction of slime of 54 % in the coating (Fi­
gure 2, d-f) have a predominantly round shape and 
noticeably smaller dimensions ( 1-1.5, individual 
ones - 3-5 J.Lm). A reduction of the overall amount 
of NMI is observed, as marble is substituted by slime. 
In addition, the content of film inclusions markedly 
decreases, and no inclusions arc found in the metal 
of the samples of series No.4 and 5. No interaction 
was established between slime particles and metal, 
which is confirmed by the data of X-ray microanalysis; 
sulphides are practically absent. It should be noted 
that intensive interaction of slime and marble particles 
results in formation of new Na20·CaO-Si02 silicates 
and Na20·Al203·4Si02 alumosilicatcs, as well as 
phases of a nonstoichiometric composition of an iso­
metric, and not film form, as in the case of marble. 
In the metal of samples of No.5 series, added to sodium 
silicates and alumosilicatcs arc refractory Mg-contain­
ing Ca0·2Si02 and 2MgO·Si02 silicates, which in 
this case prcvaill7]. Quantitative analysis of inclusions 
to GOST 1778-70 (Table 2) showed that the index of 
metal contamination in samples of series No.6 decreased 
by 22 %, compared to that for samples of series No.1. 
Size and amount of non-metallic phases decreased si­
multaneously (to 16 %) , which promotes improvement 
of physical-chemical indices of welds [7, 8]. 

Petrographic methods allow determination of the 
composition, microstructure, phase formation, estab­
lishing the mechanisms of their transformation on the 
slag-metal interface. Welding slag, when using the 
standard electrode (54 % CaC03 in the coating) is a 
grayish-coloured crust. Surface, adjacent to the weld , 
is enamel-like, smooth, porous in places, and the outer 
surface is rough, of black colour. High rate of solidi­
fication in welding leads to formation of fine-crystal­
line slag with chemical and structural heterogeneity. 
It has a complex composition, no CaF2 and CaC03 
relics, is saturated with the metal phase and mineral 
new growth, which is due to physical-chemical proc­
esses of exchange, complcxing, etc. Phase composition 
and microstructure of the slag (Figure 3) mostly arc 
represented by two-component eutectics of disperse 
CaF2 and long-prizm crystallites of oxyfluoridc com­
pound. Its crystals are colourless, anisotropic, have 
refraction indices ny = 1.60 and nP = 1.59. Presumably, 
this is a compound of the type of 
pi2CaO·A1203·Si02ICaF2. Practically all the coating 
marble is present in the composition of the oxyfluoride 
phase in the form of CaO, and just a small part of 
the oxide is in calcium aluminate. Fluorite is present 
in a free state and in the compounds. In view of the 
gradient of slag solidification temperatures, in some 
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Figure 2. Microstructure of NMI in the deposited metal of 
08Kh19N10B type: a-c - 54 % CaC03; d-f - 54 % slime in 
electrode coating (x1 000) 

zones these arc coarse grains, dendrites, and in oth­
ers - a disperse mixture with calcium oxyfluoride 
and entrapped metal cold shot. Structural heteroge­
neity is enhanced by the presence and nature of dis­
tribution of needle-like and X-shaped Ca0·6Ab03 
crystals (Figure 3, a, b, d, e). Also found are cubic­
shaped 5Ca0·3Ab03 compounds, which form inter­
growth with Ca0·6Al203 (Figure 3, a, d) and indi­
vidual clusters of octahedral crystals (Figure 3, b). 
Dispersed entrapped metal cold shot is distributed 
through the entire volume of slag (Figure 3, f), con­
taining traces of iron, chromium and nickel. 

Based on the obtained results and preceding in­
vestigations of oxyfluoride alloys of CaFrA120 3, 
CaF2-Al, CaF2-Si02 system [9, 1 0] the mechanisms 

Table 2. Content of NMI in weld metal 

No. of Average size of. 
Number of 

Content of NMI inclusions in a 
sample 

(J index) 
oxide inclusions , 

unit oj" voh~'lte series 11111 
n·10, mm 

0.0219 1.496/ 10.7 4.178 

2 0.0189 1.671 / 11.0 3.588 

3 0.0174 1.488/ 11.0 3.799 

4 0.0179 1.433/ 6.5 3.799 

5 0.0180 1.579/ 7.0 2.488 

6 0.0172 1.475/ 4.0 3.515 

·Numerator gives the average and denominator the maximum size of 
inclusions, found during calculation. 
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Figure 3. Microstructure of welding slag, when using electrodes of fluoride-calcium type: a - middle of slag crust; b - slag-metal 
interface; c-e - complex oxyfluorides ; f - entrapped metal cold shot on slag-metal interface; 1 - fine dark CaF2 grains; 2 - grey 
prisms of oxyfluorides; between 1 and 2 - eutectic mixture; 3 - white needles and X -shaped Ca0·6AI20 3 compounds with SCa0·3Al20 3 

prisms at the ends; 4 - eutectic CaF2-p[2CaO·Al20 3·Si02]CaF2 ; 5 - AI; 6 - entrapped metal cold shot (Fe, Cr) (x210) 

of chemical and phase transformations in the slag may 
be presented as follows: 

2Al + 4CaF2 = 3Ca + CaF2 + 2AlF3; ( 1) 

Al + Ca = CaAl (intermetallic); (2) 

mCaO·nAl20 3 + CaF2 ~ p[CaO·Al20 3]CaF2. (6) 

Reaction of equation (5) proceeds up to complete 
binding of aluminium and calcium oxides into stable 
Ca0·6Al20 3 and 5Ca0·3Al203 compounds. Behav­
iour of silicon is similar to that of aluminium - in 
this case oxidation to suboxidcs and formation of 
tctrafluoridcs takes place: 

3CaF2 + Si = 2Ca + CaF2 + SiF0 ; (7) 
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Ternary oxyfluoride compoun ds interact with each 
other with formation of a quaternary 
pl CaO·Al203·Si02]CaF2 complex. The data derived 
in an X -ray microanalysis system MS-46, confirm the 
presence of calcium, aluminium and silicon in the 
1 attcr (no coefficients were determined at the oxides). 

Studying a series of samples of slags, formed when 
using electrodes with slime-containing coatings, 
showed that during welding the slime was fully ab­
sorbed (no relics arc observed). Phase composition 
and nature of slag microstructure arc mostly the same 
as those of initial slag, produced after welding with 
a standard electrode (Figure 4). Notable is the fact 
that in the cases of application of secondary raw ma­
terials with a high content of aluminium oxide in all 
the variants (from 14 to 54 % slime) the calcium 
hcxaaluminate is absent in the slags. In all prob­
ability, aluminium oxide interacts with calcium fluo­
ride more intensively than aluminium proper, forming 
a gaseous compound: 

3CaF2 + Al20:l = 3Ca0 + 2AlF3• ( 11) 

Various impurities in the slime and oxides of mag­
nesium, aluminium, manganese and iron form spinels 
of a complex composition (Mg, Al, ... )0-(Al, Mn, 
Fe0)20 3 in it, the amount and size of which increase 
with the increase of the amount of studied component 
additives (Figure 4, a, b). When electrode coatings 
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Figure 4. Microstructure of welding slag, using slime-containing electrodes (a, c - 44 °o; b, d - 54 % sli me): 1 - grey background 
- two-component eutectic of calcium oxyfluoride with CaF2 ; 2 darker inclusions and X-shaped dendrites - CaF2 ; 3 - lighter­
coloured (white) formations of a rectangular shape - spinel; I - round - entrapped metal cold shot; c, d - metal-slag interface 
zone; right lower angle - weld (x210) 

with the weight fraction of slime of 14, 24 and 34% 
are used, slags are formed of a similar composition 
and microstructure. In these cases, entrapped metal 
cold shot (5 ~-tm) is spread over the volume of the 
slag crust. Further increase of slime additives to 44 
and 54% leads to an incomplete assimilation of metal 
compounds of electrode coatings; dispersed (3-S ~-tm) 
and individual coarse(~ 80 ~-trn) entrapped metal cold 
shot is located at slag-metal interface (Figure 4, c, 
d). 

In order to determine the physical-chemical prop­
erties, and compare the role of marble and slime, a 
series of investigations of the deposited metal were 
conducted. The results of electrochemical investiga-

tions and evaluation of physical-mechanical proper­
tics are given in Figure 5 and Table 3. Anode poten­
tiometric curves 1 and 2 of metals, deposited by a 
standard electrode and with addition of 14 % slime 
in the coating, arc practically identical. They reflect 
the anode process of dissolution of steels of 18-10 
type in solutions of sodium hydroxide and point to 
formation of passive oxide films based on iron and 
alloying clements. With the increase of the amount 
of slime (30, 40 %) the shape of anode curves changes 
essentially (samples of series No.3-5). Passivation re­
gion is significantly widened, and double peaks of active 
dissolution disappear. On samples with potentials of 
-(0.15-0.20) V anode current density rises, which is 

Table 3. Corrosion-electrochemical characteristics of deposited metal and welded joints 

No. of Corrosion potentials (JO % Na0/1, 110 °C) ICC resistance Losses at testing in the solution, g j (n/·h) 

sample 
£!~~:· . \, 1\M method li5% HN03 40% Na0/1 5% JJCl series £cor' F Ep.f• 1n\' l:.'pr• m\' 

( G OST !iO 32- 89) (tb) (150 °C) (tb) 

-1.03 -26 +294 -0.23 High resistance 0.4507 0.9192 43.09 

2 -0.93 -46 +214 -0.22 Low resistance 0.4912 0.9884 44.13 

3 -0.96 -223 +247 -0.24 Same 0.5008 0.9750 46.28 

4 -0.80 -174 +36 -0.27 \> 0.5425 1.1597 46.60 

s -0.80 -10 +160 -0.34 High resistance 0.4229 0.8759 45.37 

6 -0.92 -64 +284 -0 .36 Same 0.4275 0.9037 42.85 

Notes. 1. Number of samples in each series is 5. 2. Values £'""" Ep.f> Ep.r• E:. ~ ~·are potentials of steady-state corrosion, of formation and 
repassivation of pitting and ICC initiation, respectively. 3. Duration of testing was 144 h (24 h cycles) in 40 % NaOH and 65 % HN03; 

48 h (24 h cycles) in 5 % HCI ; 48 h (8 h cycles) by AM method. 
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Figure 5. Anode potentiodynamic polarization curves of deposited 
metal (30% NaOH, 140 ·c, dEjdt = 1 mV / ·s~ 1 ); curve numbers 
correspond to the number of sample series (see Table 1) 

due to manifestation of metal susceptibility to inter­
crystalline corrosion (ICC). The shape of the curve 
for samples of series No.6 (54 % slime in electrode 
coating) is the same as that of samples of series No.1. 
Increase of current density in the region of Fliade 
potential and of passive condition was noted, com­
pared to the deposited metal in samples of series No.1. 
A common feature of the studied steels is their cor­
rosion failure in the region of potentials of active 
dissolution of -(0.80-1.03) V. Data on gravimetric 
corrosion testing correlate with the results of electro­
chemical studies (Table 3). Corrosion-electrochemical 
properties of samples of series No.1 and 6, deposit~d 
with electrodes with marble and slime, are due to 
improved quality of metal, absence of film inclusions, 
morphology, nature of distribution of excess phases 
and improvement of thermodynamic stability of grain 
boundaries . 

Samples of all the series were tested for ICC sus­
ceptibility by potentiostatic method in 10 % H2S04 + 
0.025 g / l KCNS solution. It is established that ICC 
of deposited metals is probable at the potential of 
about -0.75 V, and steels have a characteristic wide 
region of passive condition of -0.6-0.2 V, where no 
rejection loops of anode current were found. In addi­
tion, similar data were obtained in determination of 
ICC resistance by AM method (GOST 6032-89): all 
samples, except for series No.2-4, have satisfactory 
resistance. 

20 

Table 4. Physical-chemical properties of deposited metal 

No. of Weigl!t ratio 
sal/t of marble and 

slime in 
pie se elec I rode 

ries 
coating,% 

54:0 

2 40:14 

3 30:24 

4 20:34 

5 10:44 

6 0:54 

cr._, 
MPa 

542 / 610 

540/ 613 

543/ 610 

545 / 609 

549 / 615 

552/ 615 

342 

338 

348 

345 

342 

343 

26 980 / 970 

27 1050/ 990 

26 1080/ 995 

26 980 / 980 

26 985 / 976 

27 985 / 990 

Note. Numerator gives the results of testing the deposited metal , 
and denominator - metal on fusion line. 

Mechanical testing results illustrate that at partial 
or complete substitution of marble in electrode coat­
ings, the indices of weld metal strength are on the 
same level, and ductile properties are somewhat im­
proved (Table 4). Performed investigations and ex­
perimental results lead to the conclusion on the com­
petitiveness of thermal plant slime against marble, 
which is the traditional gas-slag-forming ingredient 
of welding consumables. 
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Our concepts of heat source distribution, heat exchange and hydrodynamic 
phenomena in the weld pool are only slightly developed so far. In this 
respect the article by G. I. Leskov and S. V. Pustovojt «About the problem 
of construction of a dynamic model of weld pool in electric arc welding», 
earlier published in our journal (The Paton Welding ]., 2001, No. 1, 
p. 11-15) is a step forward. Some postulates, assumed in this article, are 
disputed by S. V. Gulakov and B.I. Nosovsky, the authors of the paper, 
published below. 
In view of the complexity of the problem and importance of correct under­
standing of the physical phenomena, occurring in the pool, the editorial board 
decided to complement publication of the article by S. V. Gulakov and 
B.I. Nosovsky by a reply to it, provided by G.I. Leskov and S. V. Pustovojt. 
Editorial board does not intend to continue publishing the discussion between 
the above authors in the journal, until new data are derived and studied, 
which are required to construct the physical model of weld pool. 
At the same time, we hope that the published articles will attract the 
attention of researchers to this complex and important problem. 

Editorial Board 

ON CONSTRUCTION OF THE MODEL OF WELD POOL 
IN CONSUMABLE-ELECTRODE ARC WELDING 

S.V. GULAKOV and B.I. NOSOVSKY 
Priazovsky State Technical University, Mariupol, Ukraine 

Analysis of statistical and dynamic modes of weld pool was conducted, revealing their contradictions and drawbacks. 
Calculated and experimental data are given, allowing evaluation of the conditions of weld pool formation in consum­
able-electrode arc welding. 

Key words: arc welding, weld pool, liquid inter layer, liq­
uid metal flows 

Construction of models of weld pool formation is a 
highly urgent problem now. Usc of such models in 
research and practical work allows a detailed study 
of the processes of formation of sound welded joints, 
forecasting their parameters and controlling them. It 
order to obtain valid results, however , it is necessary 
to thoroughly verify the correctness of these models. 

In this connection, proceeding from the results of 
study [11, we believe it is necessary to express our 
opinion on the issue in question. 

out it, the liquid metal will not rise to h + h height , 
calculated from the above equality, but wifl spread 
behind the arc. Such a wall, supporting the liquid 
metal, may be created by the plasma flow of the arc, 
reflected from the pool bottom. In this case, however, 
corrections should be made in the above expression, 
as the energy of the plasma flow will be spent not 
only for ousting and raising the liquid metal into the 
crater tail part, but also for containing it ncar the 
rear wall of solidifying metal. In addition, as noted 

First let us analyse the known quasistatic axially 
·symmetric model of weld pool. Its construction is 
based on the assumption of the energy source heat 
being transferred in-depth of the metal due to metal 
heat conductivity, the melting-solidification inter­
face being a straight line, which coincides with a 
plane, passing through the electrode axis, and maxi­
mums of weld pool depth and width r21. 

The validity of the assumption of spatial stabi 1 ity 
of liquid metal of the pool, which is schematically 
represented in Figure 1, and its condition of stability 
is described by equation (2) in [ 1], raises doubts. The 
latter may be true in the presence in the weld pool 
front part of three walls, containing the liquid metal 
to prevent spreading. Under actual conditions with-

© S.V. GUI.AKOV and B. I. NOSOVSKY , 2002 
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Figure 1. Location of electrode tip relative to weld pool 
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' 
Figure 2. Schematic of calculation of arc position (for explanations 
see the text) 

in 111. this flow should direct the liquid metal not 
only to the tail part of weld pool crater, but to other 
sides as well, also to the front of the arc. 

In consumable-electrode arc welding, a flow of 
liquid electrode metal comes to the weld pool, in 
addition to plasma flow. The considered schematic 
does not allow for the work of this flow in formation 
of the pool crater in the arcing zone (current density, 
by the data, given in the work being discussed, is by 
f1ve orders of magnitude higher than in arc plasma). 

Problems also arise, which are related to melting 
of the crater, front wall by arc column radiation. By 
the data of 131, the energy released in arc column, in 
SAW with fused flux is equal to just 15-20 %of the 
total energy, cvol vi ng in the arc. Effccti vcncss of 
light radiation in heating of the ambient medium is 
not high. Therefore, intensive heating of the crater 
front wall and its melting at the speed of welding arc 
hardly probable. This is confirmed by the data of 14], 
which indicates that even flux docs not melt in the 
immediate vicinity of the arc column under the arc 
impact. 

As regards the properties of the layer of liquid 
metal under the arc, which is a kind of thermal insu­
lator, the following may be noted: liquid metal is 
mobile and at displacement is capable of transporting 
heat from one region into another at a speed, which 
is many times higher than that of heat transfer, due 
to heat conductivity. In order to evaluate the effec­
tiveness of heat mass transfer in the weld pool through 
heat conductivity and liquid metal flows, the shape 
and size of the actual weld pool [S, 6] should be 
compared with the pool, where the parameters arc 
calculated by the theory of heat conductivity. 
. The above facts do not permit considering the qua­

sJstabc model of weld pool as being correct or appli­
cable for analysis of the processes of weld formation. 

Figure 3. Nature of electrode tip melting 
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Authors of 111, proceeding from investigation re­
su lts of other authors, made an attempt, based on this 
scope of information, to construct a dynamic model 
of weld pool, using the theory of heat conductivity. 
No subsequent verification of this model on practical 
experiments was conducted (at least the paper docs 
not have any information about it). 

As regards the essence of the problem, we should, 
probably, dwell on the issues, which arc the basic 
ones for construction of the dynamic model of weld 
pool: processes of melting of the crater front wall and 
the forces, causing the motion of liquid metal over 
it; presence of a liquid intcrlaycr in the weld pool 
under the arc, its shape and dimensions; location of 
electrode axis relative to the formed weld pool; geo­
metrical shape of weld pool in consumable-electrode 
arc welding; nature of electrode tip melting in arc 
welding; size and position of arc column, running 
under a layer of flux. 

Study f71 gives the data and calculations, which 
indicate that electrode axis is not located above the 
maximum of weld pool penetration depth, but is in 
the immediate vicinity of its front edge (Figure 1). 
The above effect may be observed also in Figure 3 
from 11 ]. A significant factor is that in the majority 
of cases the maximums of weld pool width and its 
depth do not coincide (arc not in one plane) [ S], while 
the shape of the boundary between the fusion zone 
and the solidification region differs from the straight 
line and mostly is either concave or convex 18, 91. 
Now, considering that the pool depth often is not 
equal to half of its width (sec, for instance, Figure 1 
from lSI), this statement of the authors of [1 I that 
<< ... a section of the latter by a plane of symmetry, 
formed by a moving electrode, is a curve of approxi­
mately the same radius of curvature R c with the center 
at the tip of wire electrode ... '->, is incorrect. 

Authors of [10, etc.], who experimentally deter­
mined the thickness of liquid interlaycr, assumed that 
the high-temperature tantalum insert is only melted 
by the arc, and not by the liquid metal. In reality in 
SAW the tantalum and even tungsten inserts dissolve 
in the liquid metal of weld pool. As a result, the 
thickness of liquid interlayer, measured by the 
method, mentioned in [101, turned out to be much 
smaller than the actual value [7]. In study [71 also 
the length of arc column is calculated, using the data 
of [3] on energy distribution in the welding arc. In 
keeping with them, the length of the arc, running 
under a layer of fused flux at mode parameters, given 
in the paper, is about 2 mm. As follows from 11], 
distance Rc (sec Figure 2) should be by an order of 
magnitude greater. Otherwise, the above schematic 
is incorrect. 

In order to evaluate the shape and size of the 
cavern (gas cavity, formed by the force impact of the 
arc) in liquid metal under the arc, the following ex­
periment was conducted. During deposition of a bead 
on a plate in the modes, indicated in [71, weld metal 
splashing was performed by a procedure, described in 
[ 11 I and the volume of splashed metal was determined 
by weighing the materials, participating in the depo­
sition before the experiment and after splashing. 
Then, taking plasticine in the amount, equal to the 
volume of splashed metal, it was placed into the weld 
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pool cavity, formed after liquid metal splashing. How­
ever, the volume of plastic ine was so much greater, 
that it was impossible to obtain a cavern of the shape 
and size, given in [ 1, 1 0], while ensuring the formation 
of a thin interlayer in the region of maximal penetra­
tion depth. In this connection a model of weld pool 
filling with liquid metal, shown in Figure 1, was 
proposed in [7]. 

As the electrode during arc welding practically is 
at the front edge of weld pool, current distribution 
wi ll correspond to the data of [12]. As stated by the 
authors of [ 1], spatial position of the arc, running 
under a layer of flux from a vertical or inclined elec­
trode, can hardly be determined by X-ray filming. 
Arc plasma and gas in the space near the arc do not 
differ as to image contrast or density, and arc indis­
t inguishable in the radiogram. 

The nature of melting of electrode tip with a bevel 
of its front part, which is assumed for plotting the 
dynamic model , also raises doubts. Examples of it are 
radiograms, given in [13], where electrode tip bevel 
has an opposite direction. 

Authors of [ 1] suggested a procedure of calcula­
tion of power density distribution in the arc in the 
crater by the shape of its front wall, and Figure 4 
gives the calculation procedure. From this Figure and 
from expression (4) it does not at all follow that the 
arc cannot run vertically. In keeping with the above 
Figure the angle of arc inclination a to surface being 
welded will be minimal at the horizontal position of 
the arc (arc runs to the front edge), and not at its 
vertical position, as stated by the authors of [1 1. This 
completely crosses out all the further reasoning about 
the adequacy of the suggested model. Figure 2 raises 
the following question: what is line r, originating 
from point A, shown in it? Why angle a is measured 
exactly relative to it? In what region of the electrode 
docs it end and why? 

We proposed the following procedure to determine 
the spatial position of the arc . In keeping with this 
procedure, discrete displacement of the electrode to 
a specified distance c is performed, amplitude of arc 
voltage increment 6.Ua at the moment of displacement 
and arc voltage Ua before disp lacement arc measured, 
and subsequent mathematical processing of measure­
ment results is performed. The essence of the proce­
dure is illustrated in Figure 2, where sections OA and 
OB conditionally denote the axes of symmetry of arc 
column before electrode displacement relative to the 
item and at the first moment after displacement. 
Knowing the arc length before and after displacement 
(schematic shows item displacement relative to the 
electrode to distance AB =c), as well as this displace­
ment c, it is possible to determine from three sides of 
AOB triangle the angle of inclination a of the arc to 
the surface being welded. 

Arc length before and after displacement may be 
found from the following expressions: 

(1) 

(2) 
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Figure 4. Shape of weld pool in the longitudinal section (for ex­
planations see the text) 

where Ua is the arc voltage, V; Uan• Uc is the ncar­
electrode voltage drop on the anode and cathode, re­
spectively, V; fl.Ua is the voltage increment on the 
arc at displacement of the electrode or item for dis­
tance c; Ea is the gradient of voltage drop in arc 
column, V / mm (given in publications, for instance, 
in [31). 

Then, 

Considering that Ua - ( Uan + UJ = Ucol, (here 
Ucol is the voltage drop in arc column), equation (3) 
may be simplified: 

2 2 2 Ucol- (Ucol- l'l.Ua) + Eac 
a= arccos (4) 

Increment of arc voltage at the moment of discrete 
displacement of the electrode relative to the item was 
determined using a cathode-ray oscillograph: a differ­
entiating link was connected at its input, which iso­
lated just the alternating component of arc voltage, 
namely amplitude of this voltage increment. 

Measurements showed that in the studied range 
of values of welding parameters ( U a = 27-40 V, I a = 
= 400-800 A, Vw = 0.3-1.5 cm/s) and at the angle 
of electrode inclination to the processed surface of 30 
to 90° the arc practically did not deviate from the 
normal to this surface. This is confirmed by the nature 
of electrode tip melting (see Figure 3), which pro­
ceeded in parallel to this surface at the change of the 
angle of inclination of electrode axis. 

The results of investigations, performed by the 
authors and the above materials indicate that the na­
ture of formation of the front wall of weld pool crater 
differs from those described earlier both by the static 
and dynamic model, presented in [1] . 

If the weld pool shape, distribution of liquid metal 
in it and electrode orientation relative to it are pre­
sented as a schematic, shown in Figure 4, the process 
of the pool formation may proceed as follows. 

An elementary metal volume dV during time dt, 
having been imparted a certain stock of kinetic energy, 
as well as energy in the form of heat, transferred to 
the metal volume, starts moving in the liquid metal 
flow at velocity v along the front wall of the crater, 
performing the work on its melting and overcoming 
the medium resistance. In this case, displacement of 
the pool front wall in the direction of the vector of 
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welding speed (its transition from the solid into the 
liquid con¢ition) proceeds not only due to its melting, 
but also due to dissolution [7] and dilution . As the 
stock of energy is spent, the intensity of melting of 
the front wall decreases, and the process of weld pool 
metal solidification and weld formation starts in the 
pool lower point (along its axis). 

Thus, the energy, applied to the weld pool head 
part will be transported to that side, where the liquid 
metal flows, formed by external forces, are directed. 
Energy evolved in the arc and transferred to base 
metal, may be regarded as concentrated in the arc 
active spot (cathode at reverse polarity), located in 
the weld pool head part on its surface near the front 
edge. Then this energy (mainly, potential, thermal 
and kinetic in the form of the high-speed flow of the 
medium) is transported to different points of the pool 
volume, predominantly by liquid metal flows. Flows 
of the plasma arc and liquid electrode metal (in the 
form of drops at drop transfer or a jet at spray transfer) 
are active in formation of the liquid metal flows , in 
addition to electromagnetic or other forces, acting 
directly on the liquid metal of the pool. Direction of 
flows and their nature during formation of the weld 
pool in arc welding are described in [6]. These data 
are indicative of the consumable electrode metal par­
ticipating in formation and intensification of flows in 
the weld pool, the metal moving under the impact of 
gravity forces, and kinetic energy of the moving elec­
trode, electromagnetic and other forces. 

In the gravity field the metal jet or drop, which 
separated from the electrode, will move with accel­
eration in the arc gap and by the moment of entering 
the pool, it will acquire a certain velocity 

v = v0 + ..J2gh + .1_JF(t)dt, 
m 

(5) 

where v0 is the electrode feed rate; g is the acceleration 
in the gravity field; his the arc length; m is the drop 
weight; F(t) is the law of distribution of electromag­
netic, gas-dynamic and other forces along the arc, 
acting on the drop or electrode metal jet; t is the 
current time of flight of the drop in the arc gap. 

It should be noted that at equal welding currents, 
the electrode feed rate increases with the decrease of 
its diameter. Therefore, the initial speed of the drop 
or jet of electrode metal in the weld pool will also 
be increased. 

On the other hand , it is known that decrease of 
electrode diameter at a constant value of current leads 
to increase of penetration depth 17]. 

E lectrode diameter, in its turn, has a considerable 
influence on the nature of electrode metal transfer 
into the pool, which determines the conditions of its 
interaction with the pool surface, and, therefore, also 
its role in the formation of flows in it. 

At globular transfer, the drop, having a large area 
of contact with the pool surface, should overcome the 
surface tension forces. In this case, its kinetic energy 
is spent for formation of surface oscillations. In case 
of spray transfer of electrode metal the surface of the 
jet contact with the pool is small. In this case the 
consumable metal of the electrode freely penetrates 
(flows into) the pool depth, thus creating in the pool 
a flow , which moves at a high speed, providing an 
intensive heat transfer to the pool bottom and increas­
ing its depth. 

The plasma flow of the arc, acting on the weld 
pool surface, cannot penetrate (in the majority of 
cases at sound weld formation) into the pool depth, 
because of the low density of plasma relative to that 
of liquid metal. It spreads over the pool surface, de­
forming it and creating surface flows in it. The ratio 
of intensities of these flows (axial in-depth and sur­
face) determines the conditions of heat and mass trans­
fer in the weld pool, and influences the main geomet­
rical parameters and quality of welded joint forma­
tion, accordingly. 

1. Leskov, G.I., Pustovojt, S.V. (2001) About the problem of 
construction of a dynamic model of weld_pool in electric arc 
welding . The Paton Welding]., 1, 11-15. 

2. Erokhin, A.A. ( 1973) Fundamentals of fusion welding . 
Moscow: Mashinostroenie. 

3. Leskov, G.I. (1970) Electric welding arc. Moscow: Mash­
giz. 

4. Gulakov" S.V., Nosovsky, B.I. , Tarasenko, I.V. et al. 
(2001) mvestigation of the process of flux melting by the 
arc. The Paton Welding]., 8, 21-24. 

5. Gulakov, S.V., Nosovsky, B.I. (1981) Features of weld pool 
formation . Automatich. Suarka, 11, 32-35. 

6. Gulakov S.V., Nosovsky, B.I. (1982) Influence of heat 
transfer by a flow of liquid metal on weld shape. Suarochn: 
Proizuodstuo, 10, 2-3. 

7. Gulakov, S.V. , Nosovsky, B.I. (1982) On heat transfer 
from the source to meltmg front through liquid metal of 
weld pool. Ibid. , 6, 5-6. 

8. Gulakov
6 

S.V., Nosovsky, B.I., Kulyabina, I.S. et al. 
( 1998) n interface of meltin_g and solidification fronts in 
the weld pool. In: Transact. of PSTU, Issue 6. 

9. Chernyshov, G.G., Markushevich, I.S., Nikolaenko , M.R. 
(1987) Influence of metal flows in the weld 2ool on forma­
tion of defects of weld shape in submergea-arc welding . 
Suarochn. Proizuodstuo, 10, 41-42. 

10. Razn!Jshlyaev, A.D., Leshchinsky, L.K., Nesterenko, K.A. 
( 197)) Distribution of thickness of liquid metal interlaJier 
along the weld pool crater. Automatich. Suarka , 12, 62-63. 

11. Gulakov, S.V.
1 

Nosovsky, B.I. (1980) Device for liquid 
metal removal rrom weld pool. Ibid. , 10, 75. 

12. Rajchuk , Yu.I. (1967) Current distribution across the plate 
in arc welding. Ibzd., 4, 19-22. 

13. Grebelnik, P.G. (1950) X-ray investigation of the process of 
automatic submerged-arc welaing. Ibzil ., 6, 18-19. 

Reply by G.I. Leskov and S.V. Pustovojt 

The above paper is again setting forth the authors' 
concepts of the weld pool in welding with deep ( 10-
13 mm) penetration, published in journal 
«Svarochnoe Proizvodstvo>,>, No.6, 1982 . 

In Figure 4 the authors present is as being adjacent 
along the entire depth, to the front wall, which, in 
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their opinion, during welding is melted, «dissolved 
and diluted>,> by liquid metal, heated by the arc in 
the pool front part. 

Such a situation, simple for visual observation, 
photographing and X-raying, was not observed by a 
single researcher. The authors have hardly seen it, 

9/2002 

either. 
was ob 
even a 

lnt 
with i1 
lidifyil 
compl' 
more ( 
edge. 
given 

} 

pear a 
the p< 
exist 
ing tl 
of ar, 
activ 
meta 
of a 
libri1 

c 
nom' 
vari( 
in p; 

~ 

first 
this 
imp 
en a, 

by t 
trat 
asst 
w.aJ 
the 

liqt 
crat 
con 
aut 
hoi 
liql 
inb 

an( 
of 
be 

spl 
de 
co 
ga 
al' 
W( 

wi 
in 
th 
cc 
as 

Cl 

w 
m 
ir 
n 

9 



'derablc 
transfer 
s of its 

rma-

!em of 
ric arc 

!ding. 

Mash-

t al. 
y the 

pool 

heat 
ochn. 

nsfer 
al of 

t al. 
ts in 

quid 

late 

s of 

cd 
in 

n, 
a 

it, 

2 

either. The above photo of pool surface (Figure 1) 
was obtained after extinguishing of surface arc, when 
even a shallow crater is noticeable. 

Indeed, as shown by numerous experiments 11-31, 
with immersed arc the liquid pool is ousted to the so­
lidifying end, active spot and column of the arc arc 
completely or partially immersed into the crater and 
more effectively melt off the pool bottom and its front 
edge. These important features of the weld pool arc 
given in all the monographs and manuals on arc welding. 

However, the nature of forces, causing the ap­
pearance of the crater and ousting of 1 iquid metal into 
the pool rear part, is still subject to discussion. There 
exist discrepancies also as to the form of energy, melt­
ing the front wall of the crater: whether it is radiation 
of arc column or thermal flow, surrounding the arc 
active spot. Physical phenomena, causing the molten 
metal motion from the crater front wall to the zone 
of a higher pressure in its lower part, or pool equi­
librium in the dynamic mode, arc still not considered. 

Our article [41 is an attempt to analyze these phe­
nomena. We proceeded from experimental data of 
various researchers and fundamental laws of physics, 
in particular of hydro- and gas dynamics. 

Suggesting their ~model>> of the pool, the authors 
first analyzed the initial postulates and methods of 
this analysis. Critical remarks are always useful to 
improve our concepts of the barely studied phenom­
ena, so we will consider them in greater detail. 

1. Section of the melting front wall of the crater 
by the pool plane of symmetry, observed in deep pene­
tration welding, is considered to be incorrect. We 
assumed it; based on the results of observation of this 
wall by many researchers after applying a shock to 
the pool. 

2. The data, used in our analysis, on thickness of 
liquid interlayer on the front wall and bottom of the 
crater, taken by us from experimental work IS I, are 
considered to be erroneous. To contradict them, the 
authors of the article staged their own experiment, 
holding a tantalum indicator (T melt = 2996 OC) in 
liquid steel so as to discover its dissolution, not taken 
into account in [S 1-

Thc obtained result coincides with the data of IS] 
and is assumed by us in our analysis. No dissolution 
of the indicator was found. Its height turned out to 
be unchanged. 

3. Experiment of the authors with filling of the 
splashed out pool with plasticine, which as though 
demonstrates the absence of a ~cavern>> in it, and 
confirms their ~modcl1.>, is not credible. Crater and 
gas cavity between the electrode and its front wall 
always exist, and welding technology envisages its 
welding up at the weld end. We hope that the authors 
will reject their doubts on the validity of radiographs 
in determination of the arc position, after considering 
them in 11 ]. The main value of these radiographs 
consists in proving the existence of a crater in SAW, 
as well as rejecting any ~models>>, negating the fact. 

4. Procedure, proposed by us, and results of cal­
culation of arc power distribution over the crater front 
wall, based on experimental data on equal rates of 
melting of all the elements of the crater front wall, 
in the opinion of the authors, ~cross out all thcfurthcr 
reasoning of the adequacy of the proposed model>>. 
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We proved that the constant level of the above 
rates will be ensured, if time !l.t of the arc erring spot 
dwelling on ds clements of the front wall is propor­
tional to sin a= dsj df. Elementary parts ds and df 
of the front wall in its lower and upper parts arc 
clearly defined in Figure 2. An attentive reader will 
sec that in the crater lower part df >> ds, therefore 
sin a and Mare close to zero. Now in the upper part, 
df = ds, therefore values sin a and Mare maximal. 
This was exactly the basis to make the conclusion on 
the different time of the arc active spot dwelling in 
the front wall zones - maximal in the upper part 
and minimal in the lower part. This conclusion should 
not be <<Crossed out1.>. 

S. Evaluation of the forces and pressures, acting 
on the molten metal of the crater front wall and shift­
ing it downwards, was performed on the basis of ex­
perimental data about 70 % of arc current flowing to 
this wall and proceeding from Ampere and Bio-Savarc 
equations. Their integration, application in calcula­
tion of magnetic intensity and electromagnetic forces 
is universally known. Therefore, we did not think it 
necessary to explain that dl is the clement of a con­
ductor with current, r is the radius-vector, ~ is the 
angle between radius-vector and direction of current, 
etc. The paper gives the integration limits in Bio­
Savare equation, accepted by us. Therefore, the 
authors' comments as to <<what is line r, in what 
region is its end located, ... 5.> arc out of place in a 
scientific journal. 

6. Assessment of crater depth has been performed, 
proceeding from the second Newton law, molecular­
kinetic theory of gases, and experimental data on the 
velocity of plasma in the conic arc column of 100-
SOO m / s. Taking its value of 330 m / s, average tem­
perature of 5·103 K, weld root radius of 3 mm and 
depth of 1 em, change of the direction of plasma 
movement in the crater by n/ 4, calculation was used 
to find a force, acting on the crater bottom, sufficient 
for its deepening to the specified value. 

Authors may clarify their doubts on the possibility of 
such a phenomenon by blowing at water through a tube. 
A hollow is caused by the change of the amount of motion 
of any jet, and not by the density of liquid or plasma. 
Conditions of dynamic equilibrium of the pool and its 
parts have been analyzed, based on the law of movement 
of ideal liquid and Bernoulli equation. 

Thus, the model of the weld pool, suggested by 
S.V. Gulakov and B.I. Nosovksy, does not have any 
ex peri mental confirmation. Critical remarks on the 
published dynamic model arc minor, even though this 
is just the first attempt to plot such a model. Widening 
the scope and generalization of experiments is required 
to develop this model. 
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FIELD WELDING OF LARGE-SIZE 
SPHERICAL ISOTHERMAL TANKS 

FOR STORAGE OF CRYOGENIC PRODUCTS 
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, B.O. BELORUSETS2 and A.S. NAUMOV3 

1The E.O. Paton Electric Welding Institute , NASU, Kyiv, Ukraine 
2Research and Production Association <<Criogenmash~ . Balashikha, Russia 
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Methods for assembly, erection and welding of large-size spherical isothermal tanks of cryogenic application were 
proposed and implemented. The methods provide a maximum reduction of the scope of assembly-welding operations. A 
higher efficiency of mechanised welding and labour productivity , as well as shortening of a construction period are 
achieved. 

Key words: isothermal tanks, cryogenic products, assembly, 
field welding, automatic welding, stable-austenitic steel, in­
creased strength, I nvar, pipelines 

Liquefied oxygen, nitrogen, hydrogen and helium are 
widely used as a rocket fuel in modern aerospace en­
gineering. Gases in the liquefied state have a minimum 
volume. They are stored in special tanks of different 
shapes. Liquefied gases can be transported to large 
distances via pipelines or by vehicles . Special systems 
for storage of such gases are required to ensure op­
eration of test grounds. The most reliable method for 
storing liquefied gases is to use large-size spherical 
isothermal tanks . 

The E.O. Paton Electric Welding Institute in col­
laboration with the Research and Production Asso­
ciation <d(riogenmash~ and other organisations of 
Minmontazhspetsstroj of the Russian Federation com­
pleted a package of works on construction of large-size 
spherical isothermal tanks with a capacity of 1400 m3. 

The world practice of tank construction had no pre­
vious experience in construction of such tanks. 

The Project of <<Kriogcnmash~ provided for build­
ing of an isothermal system consisting of two concen­
tric tank casings : internal , with a diameter of 14m, 
made from high-alloy steel 12Kh18N10T or 
03Kh20N16AG6 20-22 mm thick, and external, with 
a diameter of 16 m, made from steel 09G2S 24 mm 
thick. 

Figure 1 shows the spherical isothermal tank with 
a capacity of 1400 m3. The working pressure in the tank 
is 1·1 03 kPa. The internal and external casings of the 
tank rest on eight supporting columns. The internal 
casing columns pass through the holes in the external 
casing (jacket), are located inside its columns and fixed 
to the common foundation plate. Pressure between the 
casings and columns amounts to 5·1 o-2 Pa. 

The internal and external casings of the tank con­
sist of 24 lobes made at an engineering plant by cold 
expanding using the equatorial-meridian location and 
spacing of blanks. The shape of the lobes and sizes of 
their edges prepared for field welding are shown in 
Figure 2. 

Assembly of the internal casing of the spherical 
tank includes two basic operations, i.e. assembly of 
the lobes into blocks and then assembly of the blocks 
on the manipulator supporting ring. Assembly of the 
lobes into blocks is clone in a special rig using assembly 
devices. To prevent distortions, stiffening pipes are 
welded to the finished blocks. The three-lobe blocks 
are assembled first (Figure 3), and then they are en­
larged. The sequence of assembly of a spherical casing 
from blocks on the supporting ring and schematic of 
location of the assembly joints arc shown in Figure 4. 
First the blocks are fixed to each other using the 
assembly devices and then joined by the root welds 
made by the manual-argon-arc method using filler 
wire over the entire weld length, the weld leg being 
not less than 6 mm. 

Automatic welding of assembly welds on the in­
ternal casing of the tank is performed without backing 
over the root weld in the flat position at the upper 
point of the vessel, while welding of internal welds 
is done at the lower point inside the vessel being 
rotated on the manipulator. 

The quality of assembly of the tank before welding 
on the manipulator is checked and recorded in the 
form of the process documents. 

The controlled sizes of elements of the internal 
casing of the spherical tank (Figure S) should be 
maintained at an accuracy ensuring the quality manu­
facture of the latter on site within the ultimate de­
viations as per Table 1. Control of quality of welded 
joints in the cryogenic tank provides for the following 
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Figure 1. Schematic (a) and general view (b) of the spherical isothermal tank with a capacity of 1400 m
3

: 1 - internal casing (vessel); 
2 - external casing (jacket); 3 - circular platform; 4 - insulation; 5 - internal access ladder; 6 - roll ing ladder in the casing 
spacing; 7 - supporting chord; 8, 9 - supporting columns of the vessel and jacket, respectively 

Table 1. Permissible deviations in sizes of elements of the inter­
nal vessel in manufacture of the tank 

Permissible 
deviations 

Combined flat gradient of 
edges and surface curvature 
outwards and inwards on a 
length of not less than 
500 mm (Figure 5, a~c) 

Local distortions in the form 
of bulges and dents 
(Figure 5, d) 

Gradient of edges directly 
near the welds outside (Fi­
gure 5, e) and inside (Fi­
gure 5, f) the tank vessel 

Buckles and displacement of 
lobe edges 

Length of the circumference 
of a sphere measured along 
the equator and bands 
should not be more or less 
than the rated one by a sum 
of tolerance zones for the 
gaps on the equator, pro­
vided for by the project 

Out-of-roundness in the 
equator section of the spheri­
cal tank 

9/2002 

Measurement 
method 

Template not 
less than 
1000 mm long 

Same 

Template and 
depth gauge 

Measuring tape 
of class 2 

Same 

Ultimate 
deviation, 

mm 

5 

3 (total 
distortions 
should not 
exceed 5 mm) 

3 

10 % of lobe 
thickness, but 
not more than 
3mm 

Same 

Not more than 
0.5 % of the 
diameter 

55'±5' 

Figure 2. Groove preparation in lobes for welding using a manipu­
lator: 1 - vacuum; 2 - manipulation environment 

Figure 3. Schematic of assembly of a three-lobe block: 1''~6"' -
lobes 

B'h 

Figure 4. Schematic of ~ssembly of blocks on a supporting ring: 
J~VIJI - blocks; 1''~s'' - joints 
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~~ 
e f 

Figure 5. Controlled sizes of the cryogenic vessel: a-( - see ex­
planations in Table 1 

actions: external examination and measurements, X­
ray or gamma inspection, vacuum tightness tests and 
laboratory tests. The list of the inspection methods 
and their scope are given in product specifications. 

The rational flow diagram was developed in con­
struction of a fleet of 24 1400 m3 tanks: the external 
casing of the tank made from cold-resistant steel 
03Kh20N16AG6 is assembled from individual lobes 
and fully welded by automatic SAW under the flux 
ANK-45 layer using the manipulator (Figure 6), weld-

Figure 6. Automatic welding of the cryogenic vessel on a manipu­
lator 

28 

Table 2. Room- and low-temperature mechanical properties of 
the weld metal and welded joints of steel 03Kh20N16AG6 made 
by automatic submerged-arc welding 

Test 
object 

Base 
metal 

Weld 
metal 

Ttest' 
K 

293 

77 

20 

4.2 

293 

77 

20 

4.2 

oo.2' 
MPa 

418 

810 

1070 

1230 

371 

703 

825 

975 

cr1, MPa o, % ljf, % 

712 48.0 83.0 

1375 53.5 67.0 

1590 35.0 

1630 32.4 

672 40.8 66.0 
685 

1142 43.5 44.5 
1160 

1370 
1340 

1410 
1450 

32.5 

27.0 

KCU, 
M]j n/ 

3.45 

2.03 

2.15 

2.00 

1.21 

1.08 

Notes : 1. The values of cr, of welded joints are given in the de­
nominator. 2. In all the cases the bend angle was 180°. 

ing of the process fixture in the flat position conven­
ient for welding, 100 % X-ray inspection of all the 
welds and their repair, if necessary. 

Table 2 gives generalised data on properties of 
steel 03Kh20N16AG6 20 mm thick and its welded 
joints made by automatic SAW at test temperature 
Ttest = 293-4 .2 K. As follows from these data, this 
steel and its welded joints have increased strength 
properties and high values of ductility and impact 
toughness at a temperature of up to 4.2 K. 

The internal casing of the tank 110 t in weight, 
fully welded, tested and prepared for erection, is 
transported from the workshop to the erection site by 
a hauler on a specially designed bed (Figure 7). Its 
external jacket of steel 09G2S is assembled on site 
from two hemispheres. Assembly and welding of the 

Figure 7. Transportation of the internal casting of the tank 110 t 
in weight to the erection site 

RNAL 
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Interior 
Figure 8. Groove preparation in lobes of the external casing 

casing of the protective jacket are performed in the 
following sequence: groove preparation in lobes (Fi­
gure 8) at a manufacturing plant or under the field 
conditions using mechanical edge cutters and sub­
sequent surface preparation, assembly of two hemi­
spheres of the casing from the lobes on a special rig, 
geometry control, making of the root weld by the 
manual arc welding, the root weld on the groove side 
being S-6 mm thick and reinforcement being 3-4 mm 
(Figure 9), welding of hemispheres with the auto­
matic welding device A-1381 M using a self-shielded 
flux-cored wire in different spatial positions in one 
pass, assembly, tack welding and welding of support­
ing columns of the jacket, and control of the tank 
geometry. 

Therefore, erection, assembly and welding of the 
isothermal set arc performed on the design reference 
mark (Figure 10) of three enlarged clements (the 
whole internal vessel and the external casing of two 
hemispheres) along the equatorial joint. 

The sequence of erection is as follows: installation 
of the lower hemisphere of the jacket in the design 
position, erection and welding of the internal vessel 
supports, installation of the internal vessel in the 
design position and welding it to the internal sup­
ports, installation of the upper hemisphere of the pro­
tective jacket, welding of the equatorial joint on the 
protective jacket, inspection and evacuation. 

The proposed methods for assembly, erection and 
welding of large-size spherical isothermal tanks with 
a capacity of 1400 m3 were applied to advantage in 
construction of the «Buran~> launching system at the 
Bajkonur ground, as well as other aerospace objects. 

The PWI developed the technology for argon-arc 
welding of Invar 36NKh using filler wire 36NGMT 
(EP-803) for construction of cryogenic pipelines to 

Table 3. Mechanical properties of lnvar and its welded joints 

INDUSTRIAL ' 
50±5° 

Figure 9. Appearance and parameters of groove preparation in the 
jacket lobes for automatic welding using the A-1381M device 

be employed in the fuel systems. Mechanical proper­
tics of Invar and its welded joints are given in Table 3. 
Figure 11 shows an clement of the cryogenic pipe] inc 
made from alloy 36NKh, and Figure 12 shows the 
cryogenic pipeline in the assembled form. 

Welding of the cryogenic pipelines from Invar re­
quires solution of a number of problems associated 
with hot cracking of the Invar welds. It was experi­
mentally proved that susceptibility of the Invar weld 
metal to hot cracking was greatly affected by oxygen. 
Cracks in the Invar weld metal are formed along the 

ff 
I 

Figure 10. Erection , assembly and welding of the isothermal set 

Test object T t('St ' K cr0 .2, MPa cr,, MPa 8,% 'I'· % KCU, M./ j n/ 

Base metal 
(steel 36NKh) 

Welded joint (filler wire 36NGMT 
. 1.2 mm in diameter) 

9/2002 

293 313 461 

77 607 802 

20 740 932 

293 320 471 

77 521 763 

20 624 892 

;;p~-RNAL 

41.0 69.4 2.13 

40.0 72.8 1.76 

59.0 71.0 1.31 

32.3 62.0 2.65 

26.1 54.1 1.51 

23.1 48.2 0.84 
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Figure i 1. Element of the cryogenic Invar pipeline 

secondary grain boundaries due to segregation of oxy­
gen. It was suggested that the weld should be sub­
jected to complex alloying with molybdenum, man­
ganese and titanium to suppress diffusion of oxygen 
and combine it at the molten pool stage to form in­
soluble oxides. The new filler wire of the 36NGMT 
grade was developed and commercially applied for 
welding Invar. 

The technology developed helped to solve the 
problem of construction of cryogenic pipelines from 
Invar alloy to be used as part of a fuel system. 

CONCLUSIONS 

1. The proposed technology for assembly, erection 
and welding of large-size spherical isothermal tanks 
provides a sibstantial decrease in the scope of assem­
bly-welding operations under the field conditions, im­
provement in quality of mechanised welding and la-

Figure 12. Cryogenic pipeline in the assembled form 

bour production, as well as shortening of the con­
struction period. 

2. The use of stable-austenitic increased-strength 
steel 03Kh20N16AG6 for construction of isothermal 
tanks for storage of cryogenic products made it pos­
sible to decrease metal consumption, simplify their 
design and manufacture technology, and employ them 
for the first time at an increased (up to 1·103 Pa) 
pressure. 

A-TIG WELDING OF STRUCTURAL STEELS 
FOR POWER ENGINEERING APPLICATIONS 

D.R. BAJIC\ M.M. SAVITSKY2
, G.M. MELNICHUK2 and A.F. LUPAN2 

1Technical University, Podgorica, Montenegro 
2The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

Efficiency of application of tungsten-electrode inert-gas welding using activating fluxes (A-TIG) for low-alloy carbon 
and heat-resistant steels was studied. It is shown that increase in the penetrating power of the arc at decreased currents 
may initiate formation of structural components in the joints which increase strength and decrease ductility of metal. 
To avoid this effect on structural strength of the joints, it is advisable to subject them to tempering, including the local 
one , combined with self-pressing to provide a satisfactory geometry of the weld. 

Key words: argon-arc welding, activating flux, u:eld for­
mation, self-pressing, structural steels, chemical composition, 
mechanical properties, metal structure 

As proved by studies performed at the E. 0. Paton 
Electric Welding Institute in the field of metallurgy 
of welding high-strength steels and titanium alloys, 
activation of reduction-oxidation reactions occurring 
in the arc burning in the inert atmosphere by adding 
minor amounts of reactive clements leads to increase 
in the depth of penetration of metal welded and im­
provement in quality of welded joints I 1]. The acti­
vation effect is used now to develop advanced tech­
nological processes for TIG and MIG welding 121. In 
some countries, the USA and Japan in particular, 

© D.R. llAJI C, I"I.M . SAVITSKY, G.M. MELNIC!IUK and A. F. LliPAN, 2002 
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these efforts have been included into the list of priority 
directions of development of welding [3, 4]. The PWI 
has accumulated a great experience in application of 
activators for many steel grades, i.e . from high-alloy 
to low-carbon rimming steels. The purpose of this 
study is to introduce readers to some new results on 
welding structural carbon low-alloy and heat-resis­
tant steels . 

The usc of the activation effect in TIG welding of 
structural steels, as proved by our studies, provides 
a substantial improvement in operational and ceo­
nomic indicators of welding technologies (Table 1 ). 
Increase in the penetration depth on steel S-16 mm 
thi ck leads to avoidance of groove preparation, de-
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Table 1. Consumption of materials and time per running metre of the \\·eld length in TIG and A-TIG welding of steels 

Welding Thickness of base Quantity Weldiug Consumption 

method metal, nun of passes lime, min 
Wire, l<g Argon, m 

3 
Po1eer, i<W-h 

TIG 

one-sided 5 3 

8 4 

10 5 

two-sided 12 5 

14 7 

16 9 

A-TIG 

one-sided 5 

8 

10 

two-sided 12 2 

14 2 

16 2 

crease in the number of passes and total welding time, 
as well as reduction of consumption of filler metal , 
shielding gas and power. 

As far as the activating elements arc concerned, 
their share in· the total costs is insignificant due to 
low consumption. As experimentally proved, in the 
case of oxygen used as the activator, its amount con­
sumed in welding related to the mass of molten metal 
is"" 0.02 %. This amount of oxygen can be produced 
from the base metal, e.g. in welding low-dcoxidiscd 
steels. However, because of a short-time dwelling of 
molten metal in the liquid state and variable oxygen 
content of different heats of steel, it is very difficult 
to ensure its uniform feed to the inter-electrode gap, 
and intensification of its evolution from the in-depth 
layers of the weld pool may lead to porosity. Addition 
of oxygen from the shielding atmosphere yields more 
consistent results [ S l, although in this case ensuring 
a precise feed of oxygen and shielding of tungsten 
from oxidation may also present a problem. 

An efficient method to introduce activators into 
the welding zone is to apply activating fluxes. The 
PWI developed a series of activating fluxes (finely 
dispersed mixtures of oxide and oxide-fluoride types 
for different steel grades) and methods for their ap­
plication under different conditions 16], providing the 
desirable amount of the activators in the inter-elec­
trode gap at a flux consumption of 1-2 g per running 
metre of the weld. A wide acceptance has been gained 
by the method of application of the flux in the form 
of a paste by using a reusable flux crayon filled up 
from special canisters (Figure 1 ). In this case the flux 
components participate in exchange reactions taking 
place on the surface of the weld pool, thus allowing 
the weld metal to be alloyed with minor clements and 

26 

34 

40 

43 

60 

77 

7 

15 

20 

24 

30 

40 

0.28 0.26 1.10 

0.50 0.34 1.49 

0.64 0.43 1.95 

0.78 0.43 1.90 

0.81 0.60 2.60 

1.10 0.77 3.40 

0.06 0.07 0.13 

0.08 0.15 0.63 

0.10 0.20 0.87 

0.24 0.88 

0.30 1.10 

0.40 1.53 

modified to improve its structure and properties. Data 
presented in Figure 2 arc indicative of the fact that 
these operations arc feasible and controllable, i.e. the 
amount of elements that transfer into the weld metal 
correspond to their amount in the flux . 

This consumption of the flux hardly has any effect 
on the content of exhaust gases at the welding station 
location. As shown by estimation of evolution of the 
welding aerosol particulate matter (WAPM)*, during 
argon-arc welding of low-alloy steel of the 12Kh 1 MF 
grade at the ultimate current values (up to 300 A) 
using the oxide flux VS-2c , the amount of W APM 
evolved per running metre of the weld is 0.274 g. 
Primarily, these arc chromium (0.0179), manganese 
(0.01 56), titanium (0 .0139), silicon (0.0175) and iron 
(0.1625) oxides. With the argon flow rate of 0.2 m3 

per running metre of the weld the total amount of 
aerosols is not in excess of 0.1 wt.%, i.e. the usc of 

AII:H'IBYKN~_., 4lmOC.nACTA, 
BC·2< 

/Hl ,\I ' .,&dJ, , ... , ,ut• <'<~ oyts.ew.>~"~~ 
>'1JI ,1/1<'1 .•4L'•Mt <' ·(;I T"-'• ' 

Figure 1. Canisters for storage and application of an activating 
flux 

The authors are grateful to O.G. Levchenko and his associates for the estimation they performed. 
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0.020 

0.015 

0.010 

0.005 

0 10 20 30 40 A, wt.% 

Figure 2. Dependence of the mass fraction of elements in weld 
metal, C, upon their content of the activating flux, A 

A-TIG welding requires no extra means for protection 
of attending personnel, as this process can be per­
formed under the same conditions as TIG welding. 
No specialised welding equipment is required either, 
as the arc ignttion and burning conditions arc deter­
mined primarily by a shielding gas, and the activators 
act on the local zones of the inter-electrode gap. 

Distinctive feature of A-TIG welding is formation 
of narrow welds with deep penetration of the base 
metal, requiring no groove preparation. The form fac­
tor of such welds with the U-shaped penetration is 
s; 1 (Figure 3, a). They have structure consisting of 
finely dispersed disoriented crystalline grains, which 
provides high resistance of metal to formation of so­
lidification cracks l2]. 

Omitting debates with supporters of the experi­
mentally non-confirmed Heiple's assumption of the 
primary effect on penetration of steel by surface ten­
sion of molten metal, we just note that the above 
feature has a strong impact on the combination of 

Figure 3. A-TIG weld made using no filler wire without (a) and 
with (b) self-pressing 
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operational and service properties of welded joints. 
On the one hand, it favours decrease in the level of 
welding stresses and, therefore, residual strains they 
cause. As shown by measurements of the latter, in 
A-TIG welding of flat butt joints the longitudinal 
and transverse strains arc approximately 2 times lower 
than in TIG welding, the angular strains being close 
to zero. These results correlate with data obtained 
from testing welded joints to crack resistance: resis­
tance of the A-TIG welded joints to hot and cold 
cracking is higher than that of the TIG welded joints 
121. 

On the other hand, welds with deep penetration, 
formed from the base metal without a filler wire hav­
ing as a rule a decreased carbon content, are charac­
terised by an increased hardenability, which is addi­
tionally enhanced by the fact that A-TIG welding is 
performed at a lower heat input, and the rate of cool­
ing of the welded joints grows. The latter promotes 
a more intensive formation of quenching structures 
in the weld and HAZ metal, which increase its 
strength and decrease ductility and toughness. As fol­
lows from Table 2, this trend is clearly seen in the 
joints on low-alloy steels in testing specimens sub­
jected to no postweld heat treatment. High tempering 
leads to elimination of differences in properties caused 
by welding within the limits of a given chemical com­
position of steel, including impact toughness at nega­
tive temperatures. As shown by the results of [6], this 
effect can be achieved not only through furnace heat 
treatment, but also through the local one using the 
welding arc combined with making a decorative layer 
to improve geometric sizes of the weld (Figure 3, b). 
As far as the effect of variations in chemical compo­
sitions characteristic of each steel grade is concerned, 
it will always show up in scatter of mechanical prop­
erties. However, unlike joints made by other arc weld­
ing methods, in our case variations in values of me­
chanical properties occur simultaneous ly for the base 
and weld metals, all the more so that they are very 
close in chemical composition and properties. 

The similar trend is seen also for steels made in 
com pi iance with the standards of Ukraine, the on ly 
difference being that they contain 2-3 times more 
impurities (S, P, 0 2 and N2). The latter circumstance 
leads to in crease in scatter of the impact toughness 
test results. For example, in welding steel 20 without 
postwcld tempering the value of impact toughness 
KCV+20 was 54.1-39.7 J I cm2 for the base metal and 
36.3-29.3 J I cm2 for the weld metal. Welded joints 
in steels 12Kh 1 MF and 10KhSND exhibited some­
what better values of impact toughness. However, 
the general trend to decrease in impact toughness of 
the cast weld metal immediately after cooling from 
the welding heating was also fixed in these cases, 
unless post weld tempering was used. This was caused 
by the increased rates of cooling of the A-TIG welded 
joints and formation of less ductile structural compo­
nents as a result of the increased heating concentra­
tion. Tempering led to stabilisation of mechanical 
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Table 2. Chemical composition and mechanical properties of metal of different zones of a welded joint 

,Welded joint Content of elements, U'-' '.% 
zone c Si Mn Cr Ni Mo 5 p 02 N2 

BM 0.18 0.33 1.52 0.05 0.02 < 0.005 0.013 0.015 0.0021 0.0061 

Weld 0.16 0.31 1.50 0.07 0.02 < 0.005 0.012 0.015 0.0025 0.0051 

BM 0.11 0.23 0.80 0.23 0.05 0.01 0.015 0.017 0.0020 0.0086 

Weld 0.09 0.21 0.81 0.27 0.05 0.01 0.013 0.017 0.0023 0.0078 

BM 0.17 0.25 0.32 1.31 2.82 0.35 0.002 0.010 0.0018 0.0080 

Weld 0.16 0.22 0.30 1.35 2.81 0.33 0.002 0.010 0.0023 0.0071 

Table 2 (cont.) 

Mechanical properties 

Welded joint 
zone 

cr,, MPa a5 , MPa 0, % 

BM 508.0 385.0 26.3 

Weld 567.1 437.0 20.6 

BM 459.7 360.1 29.1 

Weld 485.8 375.6 22.9 

BM 868.6 598.4 27.1 

Weld 779.3 670.1 19.0 

Note. Here BM stands for base metal. 

properties of the A-TIG welded joints at a level of 
properties of the base metal, thus providing equal 
strength of metal in all the zones of the welded joint. 

The effect by postweld local tempering on me­
chanical properties of joints in pipes of steels 20 
(measuring 8x160 mm), 1 OKhSND ( 6x120 mm) and 
12Kh1MF (6x76 mm) used in power engineering is 
shown in Table 3. In the first case welding of the 
main layer of the weld was performed at a current of 
200 A, while in the second and third cases welding 
was performed at 1 SO A. To produce a decorative layer 
of the weld (Figure 3) by the method of self-pressing 
and tempering of the previous layer and HAZ metal, 
the welding speed was varied so that the optimal 
combination of the rates of heat transfer and growth 
of thermal stresses was provided in the welded joint 
during a period of development of plastic flow of the 
metal. 

Data of Table 3 and Figure 3 show that self-press­
ing has a positive effect on shape and quality of the 
weld, and can be used for practical purposes. In ad­
dition, it provides improvement in the weld structure. 
The cast dendritic structure formed during welding 
the first (main) layer of the weld becomes less pro­
nounced (smeared) after self-pressing (Figure 4). 
Austenite grain in the HAZ metal hardly changes . As 
to the secondary structure of the weld metal, after 
welding it can be identified as a mixture of globular 
bainite (HVso 300-330) and martensite (HV50 400-

9/2002 
The 

KCV, .J/ cn/, at T, °C 

+20 - 20 -20 

No tempering Tempering at 650 °C 

64.7 27.3 30.5 

39.8 17.7 31.9 

71.1 32.3 34.0 

41.5 23.2 35.3 

73.4 36.7 37.6 

30.1 18.2 37.0 

41 0) in the main layer of the weld in steels 1 OKhSND 
and 12Kh1MF. The overheated region of the HAZ 
metal has a lower amount of the martensite lamellae, 
and the metal structure is composed mostly of bainite 
(HV5o 270-350). After self-pressing the weld and 
HAZ metal structure becomes more dispersed. Micro-

Figure 4. Microstructure of weld (a) and HAZ (b) metal in welding 
using self-pressing (x200) (reduced by 4/ 5) 
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Table 3. Mechanical properties of welded joints in steels 20, 12Kh1MF and 10KhSND made by A-TIG welding and self-pressing 

Steel Welded 
Test 

grade joint zone 
temperature, crt, MPa u,, M I' a 

·c 

10KhSND BM 20 736.0 589.4 

'Weld 7 51:2 ot4:"3 

12Kh1MF BM 20 523 .9 328.7 

Weld 567.1 368 .1 

St.20 BM 20 440.7 356.1 

Weld 499.3 374.4 

BM 100 495.4 268.3 

Weld 200 547 .8 263.5 

BM 250 531.7 256.4 

Weld 350 526.2 232.1 

hardness of its components hardly changes, only the 
scatter of its values decreases. 

Remelting of metal in argon has always had a 
positive effect in terms of ensuring the desirable com­
bination of strength, ductility and toughness proper­
ties of welded joints. In this respect the use of the 
activating flux has no contraindications. According 
to the results of measurements made using the «Quan­
timet-720>> microscope, coarser and chain-stretched 
sulphides and oxides present in the base metal arc 
refined and acquire a globular shape in the A-TIG 
welds. Whereas the volume fraction of sulphides in 
the base metal was "" 0.01 % and that of oxides was 
0.004-0.008 %, the amount of sulphides found in the 
weld metal was 0.0075 % and that of oxides was 
0.0073 %. 

Therefore, the application of A-TIG welding com­
bined with self-pressing for carbon, manganese and 
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flllpac/ touglmess, .I / Cin 
2 

8,% ljl,% Wi th self-pressing 
Will10ul self 

pressing 

KCU KC\1 KC\1 

21.3 66.6 166.3 72.4 72.0 

'2"01) "55:5 ·m .·1 "'/'1 .'1 'Ytl .•i 

23.1 67.3 117.1 67.4 67.4 

26.7 64.1 121.3 69.9 32.6 

24.1 65.0 116.7 70.0 69.7 

22.6 71.6 118.1 78.0 29.1 

18.2 62.0 

17.3 58.6 N/ D 
16.2 51.4 

18.0 53.3 

low-alloy steels used in power engineering will pro­
vide an improvement in quality of welded joints by 
avoiding such complicated and expensive operations 
as groove preparation, volumetric furnace tempering, 
as well as the use of special filler wires. 

t . ( 1974) T echnology for fusion welding of metals and a!!oys . 
Ed. by B.E. Paton. Moscow: Mashinostroenie. 

2. Savitsky, M.M. , Kushnirenko, B.M., Olejnik, O.I. (1999) 
Peculiarities of tungsten-electrode welding with activators 
(A-TIG process). Avtomatich. Svarka, 12, 20-28. 

3. Gordon , ] .R. (1995) Perspectives on welding research and 
development in the USA. Weld. Rev. Int . , 9, 95-108. 

4. (200 1) Welding and joining technologies in the 21st cen­
tury.]. ]WS, 3, 6-18. 

5. Savitsky, M.M., Lupan, A.F., Melnichuk, G.M. et al. 
(2000) Methods for application of activators in TIG weld­
ing of steels. The Paton Welding]., 3, 52-53. 

6. Savitsky , M.M. , Kulik, V.M., Bursky, G.V. (2000) Peculi­
arities of arc treatment of quenching steels without melting. 
Ibid., 5, 30-35. 
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NARROW-GAP ARC WELDING OF TITANIUM ALLOYS 
(REVIEW) 

V.Yu. BELOUS 
The E.O. Paton Electric Welding Institute, NASU, Kyiv , Ukraine 

Experience of practical application of narrow-gap welding of structures of titanium and its alloys has been analyzed. 
The advantages of the above-mentioned method of welding are shown. Prospects of application of magnetic methods of 
welding arc control are outlined. 

Key words: argon-arc welding, narrow-gap arc welding, 
narrow groove, titanium, titanium alloys 

High chemical activity of titanium as regards to at­
mospheric gases causes great difficulties at its hot 
treatment and, first of all, in welding. The noticeable 
absorption of oxygen by titanium is starting even at 
SOO oc temperature and that of nitrogen - at 600 °C, 
the titanium interaction with moisture and hydrogen 
dissolution in it occur even at lower temperatures 11, 
21. In turn, with increase in content of these impurities 
in titanium its strength characteristics arc improved 
and ductility is decreased. It is known that each 
O.OS wt.% of oxygen in titanium increases its ultimate 
strength approximately by 60 MPa. With increase in 
amount of oxygen in titanium its impact strength is 
reduced, especially at 0.1-0.3 wt. %. Nitrogen hardens 
titanium to a greater extent than oxygen and deterio­
rates its ductile properties. Hydrogen reduces signifi­
cantly the impact strength of titanium, contributes 
to its cmbrittlcmcnt, causes a spontaneous failure of 
structures [31 and is one of the major causes of pores 
formation in welds. 

Negative effect of gas impurities on properties of 
welded joints of titanium alloys is greater than on 
the properties of the alloys themselves. Besides the 
total reduction of ductility of metal of welds and 
HAZ, the impurities of oxygen and nitrogen promote 
developing of structural and chemical inhomogeneity 
that is an additional cause of a drastic reduction in 
performance of titanium alloy welded joints [ 41. 

Thus, in welding of titanium alloy products it is 
necessary, first of all, to provide a safe protection of 
not only the welding pool, but also of the cooling 
weld metal and HAZ regions, which are heated in the 
process of welding above 350-450 oc, to provide the 
content of impurities of gases in weld metal and in 
HAZ equal to that in the parent metal. 

The necessity in creation of a reliable protection 
of welding zone from the contact with air (with al­
lowance for a low heat conductivity and relatively 
high heat content typical of titanium) defines greatly 
the parameters of welding titanium alloys, in parti cu­
lar it limits the welding current and narrows the in­
terval of acceptable welding speeds I 5]. Peculiarities 
of polymorphous transformation in titanium also in-

© V.Yu. BELOUS, 2002 
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flucnce greatly the selection of the welding condi­
tions. 

As is follows from 12], the polymorphous trans­
formation in titanium has a martensitic nature and in 
cooling from ~-region the microstructure of weld me­
tal and ncar-weld regions of HAZ represents marten­
site-like precipitations in the form of needles or plates. 
Depending on the cooling rates, i.e. welding condi­
tions, and degree of alloy alloying, the shape and sizes 
of these precipitations may change from large-plate 
a-phase to fine-acicular o:'-phase. High serviceability 
is typical usually of welded joints having a fine-acicu­
lar structure of weld metal and near-weld region of 
HAZ. 

Size of grain also influences greatly the mechanical 
properties of welded joints, however, it is not possible 
to control it in HAZ metal by selection of appropriate 
welding conditions [6J . It possible only to decrease 
the HAZ width and, consequently, the length of metal 
region with a coarse grain. Therefore, with increase 
in metal thickness in welding of titanium alloys it 
becomes more difficult to provide safe protection of 
welding zone and definite structural state of weld 
metal and HAZ. 

At present the narrow-gap arc multilayer welding 
is more promising for thick metal joining 17]. As com­
pared with welding using a conventional edge groov­
ing, this method decreases the amount of deposited 
metal, reduces the labour intensity of welding jobs 
and heat input into the metal welded. This is very 
important for welding titanium alloys as the cost of 
titanium wire several times increases the cost of semi­
finished products. 

Narrow-gap welding of titanium and titanium al­
loys can be realized both with a non-consumable and 
consumable electrode. In [81 the experience of appli­
cation of mechanized double-sided narrow-gap con­
sumable electrode welding of titanium alloys is de­
scribed . Thickness of metal of butt joints of VTS alloy 
is 36-130 mm. Due to high electrical resistance of 
titanium the consumable electrode stickout did not 
exceed 35 mm in usc of power source PSG-500 with 
a rigid characteristic and 60 mm in use of a modified 
power source. Therefore, the welding of joints of more 
than 60 mm thickness was performed from both sides. 
Preliminary, beads were deposited on the edge middle 
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b 
Figure 1. Scheme of joint with deposits, assembled for welding 
(a) and sequence of passes (b), indicated by figures 

using a manual argon-arc tungsten electrode welding 
with a filler wire of VT1-00s alloy. Prepared pieces 
were assembled with a 2-3 mm gap (Figure 1, a) that 
made it possible to avoid additional mechanical treat­
ment of edges of sheets welded to create the edge 
blunting. Root pass was also made by the manual 
argon-arc welding with tungsten electrode, while fill­
ing passes were made by a mechanized consumable 
electrode argon arc welding. 

To prevent the possible short-circuits of current­
carrying tip with product edges, special fasteners were 
mounted on the rear side of a gas protection attach­
ment. Wire VT1-00s of 1.6 or 2 mm diameter was 
used as a filler material. In spite of the fact that in 
this case the ultimate strength of weld metal (400-
430 MPa) is lower than that of the parent metal (7 50-
850 MPa), the equal strength of welded joint was 
attained due to effect of a contact strengthening of 
joints with a soft layer [91. 

It should be noted that as compared with a manual 
argon arc tungsten electrode welding, the narrow-gap 
welding could decrease significantly the number of 
passes (from 60-70 to 16-18 in welding of 100 mm 
thick plates). The main drawback of this method of 
welding is a high spattering of filler metal that dete­
riorates the gas protection of welding zone and can 
cause the process violation. In addition, the short-cir­
cuits between the current-carrying tip and product 
edges are possible . 

The feasibility of realization of the effect of a con­
tact strengthening in joints of titanium alloys, being 
narrow-gap welded, was used in [10j. The aim of 
investigations was to reduce the cost of welded joints. 
For this purpose, the usc of filler wire with a smaller 

Properties of welded joints depending on weld width and parent 
metal thickness 

/3m lllc OpM cry, MPa cr1, MPa Place of failure 

20.6 0.70 413 551 Weld 

11.9 0.39 614 765 Same 

7.9 0.30 689 930 Parent metal 

Note. 1. Here B,. - weld width; OpM - thickness of parent met­
al. 2. crv of parent metal is 803, filler metal - 422 MPa, and cr, of 
parent inetal is 903, filler metal - 516 MPa. 
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alloying and a lower strength than the parent metal, 
simplifying of edge preparation for welding and re­
duction in geometric sizes of weld and HAZ were 
envisaged. In particular, 25 mm thick butt joints of 
Ti-6Al-4V alloy were welded. Wire of 1.6 mm di­
ameter, made from commercial titanium, was used as 
a filler wire. Welding was performed with a non-con­
sumable electrode in flat position. The 6.5 mm thick 
remained backing ofthe same alloy was used. Welding 
of butt samples with a different width of the gap ( 19, 
11 and 6.5 mm) was tested. Welding current was 
300-340 A, welding speed 2.5-3.2 mm/ s, arc voltage 
14.5-18 V. 

Results of investigations showed that with a de­
crease in a groove width the strength of welded joint 
is increased (Table). This is due not only to the in­
crease in share of parent metal in the weld metal, but 
also to the formation of a complex stressed state in 
the zone of a plastic deformation promoting the con­
tact strengthening. 

The manual argon arc narrow-gap tungsten elec­
trode welding is used for manufacture of power ele­
ments of chemical equipment from alloy VT1-0 
(flanges, rings, high-pressure covers) where short 
welds on thick metal arc required [11 J. In this case 
a scheme of edge preparation, shown in Figure 1, a, 
is used. Welding is performed in the following se­
quence. Firstly, a root face created by a preliminary 
deposition is welded (from both sides) and then a gap 
is filled by a successive layout of beads on each other 
(Figure 1, b). Welding is made in argon with tungsten 
electrode of VL grade using a filler wire VT1-00s. 
Welding current was 380-400 A, arc voltage 10-12 V. 

Some peculiarities of welding technique should be 
outlined (Figure 2).Tbe electrode axis should be in 
a vertical plane normal to the weld axis. Transverse 
oscillations of the electrode arc not used. Filler wires 
arc fed into the arc zone at 5-1 oo angle without lon­
gitudinal displacements. In case of welding into a 
relatively narrow and deep groove, providing the 
above-mentioned conditions, the reliable protection 
of the metal being deposited is ensured without use 
of tips. A shield-reflector put on the torch nozzle is 
only used . 

In welding of external layers the conventional tips 
with an additional argon feeding are used. Welded 
joints made by this technology possess sufficiently 
high values of mechanical and corrosion properties. 
According to data of [12] this technology was suc­
cessfully used for welding an acetalator casing repre­
senting a 3000 mm diameter vessel made from sheet 
alloy AT3. 

The major problem arising in narrow-gap welding 
is the guarantee of rei iabi lity of weld metal fusion 
with the groove walls. To prevent the possible defects 
a number of technological procedures was suggested, 
in particular welding at high current, making of weLds 
with a layout of beads, forced oscillation of electrode 
and arc [ 131. 
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Figure 2. Scheme of manual non-consumable argon narrow-gap arc welding: 1 - part to be welded; 2 - run-out tabs; 3 - filler; 
4 - deposited metal; 5 - device for blowing ; 6 - shield-reflector ; 7 - torch nozzle 

To provide a reliable fusion of weld metal with 
vertical walls of a gap, a tungsten electrode of 4 mm 
diameter with 8-12 mm long working region, bent 
by 20-25°, was used in automatic argon arc welding 
of titanium [14]. At electrode rotation around its axis 
the welding arc is directed periodically to one, then 
to another wall of the gap (Figure 3, a), thus pro­
viding a uniform heating and melting. Stable edge 
penetration for a preset value was provided by ad­
justing amplitude of rotation (within 70- 160°) and 
frequency of angular oscillations. Quality fusion of 
deposited metal with edges is proved by a typical 
formation of surface of each layer in the form of a 
concave meniscus. As the results of investigations 
showed the depth of penetration on titanium alloy 
VT6 was increased from 0.2-0.3 to 1.2-1.5 mm with 
a change in amplitude of rotation from 70 to 160°. 

Metal protection from oxidation was provided by 
argon supply along the gap using a sprayer set at the 
weld beginning or moved in the gap behind the elec­
trode. To prevent the air entering from the top and 
to protect tungsten the argon was supplied addition­
ally through the water-cooled cover plates located 
over the gap. 

The torch was designed for welding titanium of 
up to 100 mm thickness. The filler wire was fed to 
the head part of the pool. In welding short welds the 
rods of 3-5 mm diameter were put preliminary to the 
groove. Welding is made into U-shaped groove of 
7-9 mm width (Figure 3, b). 

a 

At 230 A welding current and 5 m/ h welding 
speed the height of the deposited bead for one pass 
is 2-3 mm. The welding torch design in this method 
of welding makes it possible to perform welding in 
different spatial positions. 

Due to a small volume of weld pool the molten 
metal is maintained safely by the surface tension forces 
during the movement of welding head both down­
wards and upwards. The vertical welds arc welded at 
the same conditions as the welds in the flat position. 
However in welding using this scheme a weak link is 
a bent electrode, as its working region is gradually 
failed and a multiple electrode sharpening with a bent 
tip is impossible. 

In work L 15] idea about usc of tungsten electrode 
with a bent working part was realized in a two-elec­
trode welding head. Welding (Figure 4) was realized 
simultaneously by two bent tungsten electrodes which 
are rotated around own axes at angular rates w1 and 
w2. Axes of electrodes and filler wire arc located in 
a single plane coinciding with an axial plane of a butt 
narrow gap (Figure 4). Due to rotational movements 
of electrodes and their bent working regions both arcs 
perform transverse oscillations. Filler wire is fed into 
the narrow gap between two electrodes normal to the 
weld surface. Scheme of head control allows initially 
set values of arc current to be changed at front and 
rear electrodes, respectively, at the moment of a re­
verse of the longitudinal movement of the head. Most 
steady process of welding and stable weld formation 
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Figure 3. Scheme of process of narrow-gap argon arc welding with rotating bent tungsten electrode (a): 1 - tungsten electrode; 2 -
movable gate; 3 - sprayer; 4 - clamping device; 5 - rod; 6 - protective cover plates; and scheme of edge preparation (b) 
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Figure 4. Technological diagram of the process of welding with 
non-consumable electrode: 1. 3 - bent tungsten electrodes; 2 -
filler wire; w,, Wz - angular rates of rotation of front and rear 
tungsten electrodes, respectively; vr - filler wire feed speed 

were obtained in that case when the welding current 
at the front electrode was 100 A, and 200 A at the 
rear electrode. Penetration of the gap walls and depth 
of penetration of the metal of the previous layer were 
approximately similar and reached 0.3-0.6 mm. 

In spite of evident advantages the suggested 
scheme of a twin-arc welding has the same drawback 
as the single-arc welding with a tungsten electrode 
having a bent working part. Therefore, to control the 
welding arc movement in a narrow gap the usc of 
alternating magnetic field should be considered as 
most promising. 

Narrow-gap tungsten electrode welding with a 
magnetically-impelled arc for titanium alloys was de­
scribed in [16, 17]. Welding of 110 mm thick plates 
from alloys VT1-00 and AT3 was realized by a dia­
gram, shown in Figure 5, with 5 mm diameter tungsten 
electrode using 4 mm diameter filler wire from alloy 
VT1-00s . Welding speed was 8 m/ h, welding current 
420 A, arc voltage 13 V. To generate control magnetic 
field, a special device (OI-119) was used, allowing 
the frequency of alternating magnetic field in the 
range of 1- 80 Hz and level of magnetic induction to 
be changed. 

Figure 5. Scheme of automatic narrow-gap tungsten electrode mag­
netically-impelled arc: 1 - welding torch; 2 - shielding device; 
3 - magnetic core; 4 - electromagnet; 5 - TV camera; 6 -
mechanism of wire feeding 
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It was observed during experiments that the su­
perposition of alternating magnetic field on the arc 
leads to the reduction in efficiency of the gas protec­
tion of the zone of welding and, as a consequence, to 
the deterioration of the welded joint quality. With 
increase in thickness of the metal being welded up to 
100 mm the instability of the gas flow is so high that 
welding becomes impossible. To prevent this phe­
nomenon a special welding head was designed, thus 
providing the stability of the gas flow in a gap during 
welding metal of up to 110 mm thickness. In this case 
a homogeneity of structure of weld metal and high 
level of mechanical properties of welded joints are 
observed. 

The automatic argon arc narrow-gap welding of 
titanium alloys was performed with a consumable 
electrode on plates from 26-135 mm thick alloy VT6 
[ 181. Depending on their thickness single- or double­
sided narrow-gap edge grooving of 9.5- 10 mm width 
with 5 mm root face at a single-sided welding and 
10 mm root face at double-sided welding were made 
( 15- 22 m/ h welding speed, 3 mm diameter welding 
wire) using a current conductor inserted into a narrow 
gap without layout of beads in its width. After weld­
ing approximately of 10 m of weld it is necessary to 
clean the feeding channel from spatters and particles 
of a sticked metal. Protection of welding zone from 
air was provided by three chambers: front (for pro­
tection of edges heated by arc), middle (for protection 
of arc zone and weld pool) and rear (for protection 
of cooling weld at the length up to 350 mm). 

Plates of up to 26 mm thickness were welded for 
one pass at 650-720 A current. Multipass welding at 
450-480 A current was used for plates of more than 
26 mm thickness. Filler wire feed speed in this case 
was 420-470 m/ h in a single-pass welding and 220-
230 m/ h in a multipass welding. At optimum condi­
tion the deposition of bead of about 19 mm thickness 
at 10 mm groove thickness is provided. In spite of 
high efficiency of the process of welding this method 
has a serious drawback: a high spattering of the filler 
metal, that can cause the violation of the process, 
short-circuiting between the groove walls and cur­
rent-carrying nozzle, deterioration of the gas protec­
tion of the welding zone . 

The work l19] describes the technology of nar­
row-gap tungsten electrode arc welding used in manu­
facture of such critical structures as boilers of electric 
stations, apparatuses of deep water immersion and 
others. Welding was performed into U-shapcd groove 
at 15° opening of edges. 

To provide a reliable protection of weld pool, filler 
wire and cooling weld a triple gas shielding is pro­
vided . Three flows of argon are supplied inde­
pendently into a welding torch: for protection of elec­
trode, filler wire and cooling weld metal. A specifics 
in welding design consists in the fact that a shielding 
nozzle and a chuck with a tungsten electrode (3 mm 
diameter electrode and 20 mm stickout) arc put into 
groove, and an auxiliary shielding device blowing the 
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product surface with argon is arranged over the sur­
face. 

As the authors of [ 191 state, this technology makes 
it possible to weld parts of up to 400 mm thickness 
from both sides. Though the experience in welding 
titanium alloys is not informed, but it considers pos­
sible to use this method of welding for high-alloyed 
alloys, Inconel and titanium alloys. 

Thus, the narrow-gap welding is considered to be 
an effective process for manufacture of titanium struc­
tures from elements of medium and large thickness 
and has the highest efficiency. However, the method 
of tungsten electrode welding having a relatively low 
efficiency, but high reliability, found the widest 
spreading . To produce the defect-free welded joints 
it is necessary to control the processes of edges melting 
and arc movement in the gap. Magnetic field is the 
most effective method of welding arc control. There­
fore, the automatic non-consumable magnetically-im­
pelled arc in combination with TV control system 
should be considered as the most challenging method 
of joining titanium and its alloys. 
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HIGH-FREQUENCY POWER TRANSFORMERS 
FOR INDUCTION UNITS 

A.S. PISMENNY, M.E. SHINLOV and R.V. YUKHIMENKO 
The E.O. Paton Electric Welding Institute, NASU , Kyiv , Ukraine 

Considered are high-frequency power transformers developed by the E.O. Paton Electric Welding Institute for low­
and high-power specialised units. Their design peculiarities are described. Results of comparison of the high-frequency 
transformers under consideration and commercial-frequency transformers are given. 

Key words: heat treatment, high-frequency power trans­
formers, induction units, design, magnetic circuit, windings 

Majority of high-frequency induction units of a tech­
nology application comprise power transformers to 
match electric parameters of a load (inductor with a 
part being heated) to parameters of a high-frequency 
current source. 

The former Soviet Union (Stepanovan, Armenia) 
commercially produced for these purposes transform­
ers of the TZ type (quenching transformer) with a 
power of 800 to 3200 kY.A and autotransformers of 
the ATS type with a power of 1500 kV·A, covering a 
current frequency range of 1 to 10kHz. Those trans-
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formers and autotransformers had maximum possible 
unified designs. They included £-shaped magnetic 
circuits the external ends of which, together with 
nearby cooling tubes, were potted with an Al-Zn 
alloy to transfer heat from the circuit to the cooling 
system. Windings of the wafer type manufactured by 
a very complicated technology were used in the trans­
formers. 

The primary winding was a flat spiral consisting 
of several turns of the insulated copper tube. 

The secondary winding was made by potting the 
primary winding and extra cooling tubes with alu­
minium. As a result, there was a permanent section 
(wafer) consisting of the primary winding fully en­
closed by the secondary winding body. Advantages 
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Figure 1. Low-power high-frequency welding transformer of the 
P-139 type 

of this design of windings included the possibility to 
vary within wide ranges the transformation ratio and 
saving of copper. However, the efficiency of a trans­
former decreased because of increased losses in the 
secondary winding and output parts. 

Versatility of the design was achieved due to a 
certain increase in weight and dimensions, compared 
with specialised transformers. Transformers and 
autotransformers manufactured by the Stepanovan 
factory met in the main the demand for them to com­
plete electrothermic equipment. They were used in 
many cases even where power of the process equipment 
was much lower than 800 kV·A, as no transformers 
of a lower power were available (to be more exact, 
they were developed and manufactured , but only by 
special iscd workshops). 

At present the CIS countries have reduced pro­
duction of some types of the electrothermic equip­
ment. So, the manufacture of high -frequency trans­
formers was almost stopped. This gave rise to a hot 
problem of replacement of the out-of-date machinery . 

In addition , there exists a demand for low-power 
transformers (below 800 kY.A) both for specialised 
plants (such as welding machines with special weight 
and dimension requirements) and for other units, al­
lowing for the up-to-date requirements , including re­
duction of costs and saving of electric power. The 

Figure 2. Main assemblies of the P-139 type transformer: a -
U-shaped coiled sectioned magnetic circuit; b - radiator copper 
sheets with water cooling tubes welded to them; c, d - primary 
and secondary windings, respectively 
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same applies to specialised high-power transformers, 
as they arc more cost effective than the versatile ones. 

Proceeding from the above-said, the PWI deve­
loped high-frequency transformers for low- and high­
power specialised units. 

The low-power high-frequency welding trans­
former of the P-139 UKhL4 type and its modifications 
P-144 and P-145 (Figure 1) have the following tech­
nical characteristics (for a specific modification): 

Voltage, V 
primary 
secondary 

Current, A 
primary ................. . .. ..................... . 
secondary ............ . 

Load power, kV·A .............................. . 
Current frequency, 1-jz ...................... . 
Transformation ratio 
Weight, kg ........................................ . 
Overall dimensions (including 
a bracket) , mm 

350 
32 

490 
5000 
160 
2400 
11 
22 

length ............. . ...... . ............. 265 
width 
height 

············· 165 
....................... . ............. 280 

The transformer uses the U-shaped sheet (coil) 
sectional magnetic circuit (Figure 2, a). It has a sim­
pler design and is more cost effective in manufacture, 
compared with a laminated core. In addition, it is 
more reliable than the laminated one, as it involves 
no pin coupling of the stack. The steel set after as­
sembling is coupled by ovcrwrapping it with a calico 
strip impregnated with a bakelite varnish, followed 
by heating for 3-4 hat a temperature of about 100 °C. 
Both sides of the steel strips prior to assembling the 
magnetic circuit are covered with insulators. 

High losses in the transformer magnetic circuit 
make it necessary to usc intensive cooling. Water­
cooled screens consisting of copper radiator sheets 
with the cooling water tubes brazed to them are em­
ployed for this purpose (Figure 2, b). 

The radiator sheets are made from the hot-rolled 
copper sheets characterised by high thermal conduc­
tivity, which allows the heat evolved in the magnetic 
circuit stacks to be transferred to a cooling water 
flowing via the tubes. Losses due to eddy currents 
flowing in the radiator sheets, even at their compara­
tively small thickness (1-2 mm), arc not high under 
conventional conditions, as copper is a non-magnetic 
material. 

The system for water cooling of the magnetic cir­
cuit is made so that it prevents formation of closed 
electric loops around the steel stacks, which otherwise 
could cause extra losses due to currents induced in 
these loops. To let water pass to the cooling systems 
of the magnetic circuit and windings, they are fitted 
with the required quantity of special copper, brass or 
steel tips (unions) with the rubber-cloth hoses directly 
put on to connect the cooling system tubes to each 
other and to feed water from a distribution device. 

. 
The transformation ratio can be varied by replacing the primary 

winding , i.e. cylindrical copper tube spiral with the required qu­
antity of turns. 

RNA 
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Diameter of the unions can be varied over wide ranges, 
depending upon the cross section of the cooling system 
channel, and the wall th ickncss is varied accordingly. 
The union can be connected to the brass and steel 
cooling tubes through a threaded fastener, whereas 
to the copper tubes it is connected by brazing. 

The usc of intensive water cooling of the magnetic 
circuit makes it possible to operate with induction 
which is intolerable with any other cooling method, 
e.g. air or oil cooling. In the case of water cooling 
the cross section of the core and overall sizes of the 
magnetic circuit, as well as diameter of the windings 
arranged coaxially to the core, their length, active 
resistance and losses in them are decreased. 

To arrange the radiator sheets, one should proceed 
from the fact that they have to bear as close thermal 
loads as possible. They should not be large in number, 
as each sheet with the tubes brazed to it, while taking 
part of the usable area of the core, decreases the duty 
factor of its cross section, thus leading to increase in 
radial sizes of the windings. 

The transformer has a cylindrical system of wind­
ings with direct cooling. In the majority of cases it 
also has the secondary winding having one or, more 
rarely, two turns. The primary winding consists of 
10-30 turns. 

The primary winding (Figure 2, c) is made in the 
form of a single-layer spiral. Increase in the number 
of layers adjoining each other causes a substantial 
growth of losses in copper conductors of the windings, 
because each next layer is in the magnetic field gen­
erated by the total current of all preceding layers. 

As at high frequencies, because of the surface ef­
fect, the active section of the wire is located in metal 
layers adjoining its surface, the primary winding spi­
ral is made from a hollow copper tube the channel of 
which is used for intensive water cooling. 

The cross section of the tube should be of a rec­
tangular configuration, as current in the primary 
winding turns flows along a lateral side of the tubes, 
and such a configuration provides an increased active 
section of the wire, compared with a round tube, the 
turns being of the same height. In addition, this im­
proves cooling conditions of the winding. 

The primary winding turns are isolated from each 
other using a varnished cloth which is wrapped around 
a tube in one or two overlapping layers. Terminals of 
the winding arc usually oriented to a direction opposite 
to the terminal blocks, normal to the transformer axis. 

The secondary winding (Figure 2, d), which has 
the form of an open cylindrical turn, is located 
coaxially to the primary winding, enclosing it on the 
outside. The secondary winding may be of different 
modifications, depending upon the type and service 
conditions of the transformer. It is advisable to make 
it from a coiled tough-pitch copper sheet 2-4 mm 
thick, having the form of a cylinder. For cooling, the 
rectangular copper tubes arc brazed in a certain se­
quence on the outside of the cylinder. 

To minimise the magnetic flux leakage, it is ex­
pedient to make the primary winding with height as 
close as possible to that of the secondary winding. 

9/2002 

Figure 3. The use of a group of transformers of the P-139 type to 
supply power to the careless induction furnace 

Power of the transformer can be doubled by dou­
bling the number of the core sections. This leads to 
a doubled width of the transformer. 

Transformers can be used with the primary or se­
condary windings connected in groups. Figure 3 shows 
an example of using two transformers of the P-139 
type to supply power to the core less induction furnace , 
the secondary windings of the transformers being con­
nected in this case in series. 

Transformers of the P-139 type arc appl icd in ma­
chines for induction butt braze-welding of pipes 114-
325 mm in diameter (based on the flash butt welding 
machine K-584 M), those of the P-144 type arc applied 
for joining pipes 57-114 mm in diameter and the P-145 
type ~ for pipes 114-325 mm in diameter. Machines 
P-144 arc commercially employed at the Tatarstan 
enterprises for joining oil pipes [1 ]. 

Another application of transformers of the P-139 
type is as part of the unit for induction heat treatment 
of welded joints in pipes with a diameter of up to 
426 mm. 

The high-power high-frequency transformer of the 
OB-2030 type (Figure 4) has the following specifica­
tions: 

Voltage, V 
primary ..... . 
secondary (max) 

Transformation ratio .... . 
Load power, kV·A ..... . 
Current frequency, Hz .. 
Weight, kg ................. ..... . . . ....... . 
Overall dimensions, mm 

length .. . .............. . 
width 
height .............. . 

750 
300 
15-2 
4000 
2400 
355 

665 
620 
515 

Such transformers arc used in special induction 
melting furnaces, machines for separation of pipes 
into measured lengths in lines for high-frequency 
welding of medium-diameter pipes, as well as other 
process units. 

The transformers comprise a shell-type magnetic 
circuit, which is characterised by more favourable 
cooling conditions compared with the core-type one 
121. The steel set of the magnetic circuit for cooling 
is separated through thickness into several stacks, 
between which the copper radiator sheets with the 
cooling water tubes brazed to them arc located. 

Transformer has a disk system of windings cha­
racterised by a low leakage resistance and direct 1 iquid 
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Figure 4. High-power (4000 kY.A) high-frequency transformer of 
the OB-2030 type 

cooling of each of the winding sections. The transfor­
mation ratio can be varied over wide ranges by con­
necting the disks of the primary and secondary wind­
ings into appropriate groups. 

Primary coils in these windings arc a multi-turn 
flat spiral of an oval shape, made from a hollow copper 
tube. Such a tube has terminal blocks at its ends, used 
for connection to the circuit. 

One-turn secondary disk coils arc open disks made 
from copper sheets. Parts of the disk adjoining the 
cut have terminals at their ends, the terminals having 
the form of blocks or plates for joining the coils into 
a winding. 

As each disk of the primary winding is placed be­
tween two disks of the secondary winding, leakage of 
the entire system is improved. The current is distributed 
not along one side of the tube, like in the single-layer 
cylindrical windings, but along both sides, which leads 
to a substantial increase in utilisation of copper. This 
is provided by a two-times increase in cross section of 
the wire, other conditions being equal . In addition, with 
this design it is possible to place windings of a com­
paratively small height with a large number of turns in 
the magnetic circuit window (4- 1 5 in the primary wind­
ing and 1- 2 in the secondary one). 

Both high- and commercial-frequency transform­
ers can be employed in some technological processes 
as power supplies. 

It can be concluded by comparing the commercial­
frequency power transformers with the high-fre­
quency ones that in many cases the latter exhibit 
higher efficiency in application. For example, the use­
ful power of a high-frequency welding transformer of 
the P-139 UKhL4 type is 2.55 kW per kilo of its 
weight , whereas that of the commercial-frequency 
transformer TSS-400 / 0.5 used for heating and supply 
of electric furnaces is 0.2 kW. 

A high degree of compactness of the high-fre­
quency transformers promotes their utilisation in re­
mote units applied for heat treatment of parts. 

To illustrate, consider design of the unit for in­
duction heat treatment of pipes under field conditions 
(UIHT). In a working position the unit is located on 
a jib suspension of the hoisting mechanism of the 
system for heat treatment of pipes, connected via ca-
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Figure 5. External characteristics of transformers of the P-139 
UKhL4 (1) and TSS-400/ 0.5 (2) types 

blcs to the high-frequency current source and process 
control unit, as well as via hoses to the duct for forced 
liquid cooling of current-conducting parts of the in­
ductor and transformer. UIHT consists of a rigid in­
ductor with a static connector to ensure preset local 
heating of the weld zone (developed by the PWI), 
high-frequency transformers of the P-139 type 
(2 pes), mechanism for drawing the inductor together 
and apart, mechanism for fixation of UIHT on a pipe 
and sensors of the heat treatment parameters. 

The inductor is comprised of two symmetric semi­
inductors, each having a removable induction turn, 
magnetic circuit stacks and current conductors. The 
inductor has such a design that it provides a uniform 
local heating of the welded joint on the entire pe­
rimeter of the pipe, fast installation in site of per­
formance of heat treatment and dismantling, as well 
as the absence of the electric contact in the location 
of the semi-inductor connector, which offers a sub­
stantial improvement in performance and operational 
reliability of equipment. Design of the inductor pro­
vides for installation of sensors for the heat treatment 
parameters. 

Specifications of the inductor 

Maximum power, kW ......................... 160 
Rated current frequency, Hz .................. 2400 
Pipe heating temperature, ·c ...... any, 

within the specified HT conditions 

Another very important parameter of the trans­
formers is their external characteristic, i.e. depend­
ence of secondary voltage U2 of the transformer upon 
load current / 2, which determines in many respects 
the range of the effective utilisation of. a required-fre­
quency transformer in technological .processes. 

Appearance of the external characteristic (Fi­
gure 5) depends upon the character of transformer 
load (cos <p2). As seen from the Figure, the external 
characteristic of a high-frequency welding trans­
former is drooping with a high slope, which provides 
stable operation of the transformer when applied in 
electric arc technologies. This is achieved through 
increasing inductive resistance of the transformer and 
electric load circuits (in proportion to the current 
frequency). 

1. Pismenny , A.~:• Shinlov M.E., Buzhenetsky .. A.L (1995) 
Appl!catwn of mductwn braze-weldmg for JOmmg ml p1pes. 
Avlomatich. Suarka, 12, 35-38. 

2. Tir 1 L.L. (1961) Transformers for induction heating devices 
of zncreased frequency. Moscow-Leningrad: Gosenergoizdat. 
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BRIEF INFORMATION 

DISTRIBUTION OF INDUCTION 
OF CONTROL LONGITUDINAL MAGNETIC FIELD 

IN WELDING T-JOINTS 

S.M. SIDORENK0 1
, A.D. RAZMYSHLYAEV2 and V.R. MAEVSKY3 

1Priazovsky State Technical University, Mariupol, Ukraine 
2Company <<Azovmash!>, Mariupol, Ukraine 

In welding ofT-joints from ferromagnetic steels a longitudinal component of control longitudinal magnetic field in the 
arc zone is 2-3 times lower than that in surfacing on flat surface. Optimum sizes of solenoid, generating a longitudinal 
magnetic field, are defined at which the required level of induction in the welding arc zone in ferromagnetic steel T-joint 
welding is provided. 

Key words: submerged-arc welding, ferromagnetic steels, 
T-joints, magnetic field, induction. solenoid, calculations, in­
vestigations 

distance from solenoid edge to point 0 within 20-
50 mm. 

In automatic SAW ofT-joints of sheet structures from 
ferromagnetic steels the use of longitudinal magnetic 
fields (LMF) to control the formation (shape) of weld 
is problematic. This is connected with the fact that 
the magnetic power lines of LMF will be shunted by 
the sheets welded, and in the zone of welding arc 
(Figure 1, a, point 0) the longitudin al component of 
induction of field B2 will decrease as compared with 
surfacing on the flat plate (Figure 1, b). 

To achieve maximum values B 2 in the zone of mat­
ing sheets ofT-joint (Figure 1, a, point 0) it is rational 
to decrease the outside diameter d 0 of a ferromagnetic 
core of a solenoid which generates LMF. As to the 
design the inside diameter of a hole in this core pro­
viding passing a current-carrying nozzle and electrode 
wire (being often also of a ferromagnetic material of 
diameter de= 3-5 mm) should not be less than 12 mm. 
In further experiments and calculations the value do = 

= 12 mm, diameter of electrode wire de= 5 mm, dis­
tance from electrode end to point 0 (Figure 1, a) ~ = 
= 5 mm. Coil from a copper insulated 2 mm diameter 
wire with a number of turns w = 20 was arranged on 
the core. The alternating current of I= 42 A of SO Hz 
frequency was passed in the coil. 

The aim of the present work was to study the level 
of induction of LMF in the welding arc zone to find 
the feasibility of the LMF usc for control of weld 
formation in T-joints from sheet structures made of 
ferromagnetic steels, and also to define the optimum 
sizes of solenoid elements as regards to welding of the 
above-mentioned joints. 

The calculation investigations of components of 
induction were made using a procedure described in 
[ 11, and experimental investigations were made using 
a milliteslametcr of F4356 type with a Hall sensor 
having a 4x4 mm measuring base. During investiga­
tions the sizes of core were varied: height H within 
20-80 mm, outside diameter d0 within 20-50 mm, 

© S.M. SlDORENKO, A.D. RAZMYSIILYAEV and V.R. MAEVSKY, 2002 
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b 4 

Figure 1. Scheme of welding T-joint (a) and surfacing (b) with 
use of LMF: 1 - core; 2 - eleCtrode wire; 3 - coil turns; 4 -
plate 
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2 

1.5 

0 2 4 6 8 X, mm 
Figure 2. Distribution of induction of LMF along the axis OX for 
T-joint (1, 2) and flat plate (3): 1, 3 - B,; 2 - B , 

It should be noted that there is a good correlaton 
of experimental (points) and calculated (curves) data 
in Figures 2-4 . With increase in values of coordinate 
X (it should be taken into account that values of 
coordinates Z are increased, respectively, by the same 
value; see Figure 1, a) the component of induction 
B2 is increased (Figure 2, curve 1). Similarly, a normal 
component of induction Bn is increased (measure­
ments were made along surface of plates (Figure 2, 
curve 2). In this case the value of horizontal compo­
nent of induction Bx is high (see Figure 1, a). In use 
of the flat plate from the same ferromagnetic steel 
(St.3 (killed) of 20 mm thickness) as a product, a 
component of induction B2 along OX locating in plane 
of a diametrical section of the cylindrical solenoid is 

6 
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Figure 3. Distribution of component of induction B, along the axis 
OX at different values d 0 (H = h = 40 mm): 1-4 - T-joint , do= 
= 20 , 30 , 40 , SO mm; 5-7 - flat plate , do = 20, 30 , 40 mm 

decreased (Figure 2, curve 3). Horizontal (radial) 
component of induction B x is negligible 121 . 

Significant differences in structure of LMF in 
these cases are caused by a high shunting of the mag­
netic field with near-by plates ofT-joints to a ferro­
magnetic core of solenoid and weakening of induction 
B 2 in the zone of an expected location of a welding 
arc (approximately at values X~ 4 mm). It follows 
from Figure 2 that at X = 4 mm for T-joint B z = 
= 1 mT, while at location of this solenoid over the 
flat plate B z = 2 mT, i.e. induction B 2 is 2 times 
weakened. For region X= 2 mm the induction is much 
more weakened (3 times). 

With increase of d 0 the induction Bz is signifi­
cantly increased (Figure 3). If to increase the height 
of solenoid H (at fixed ampere turns), then induction 
B 2 in corresponding points (at equal values of coor­
dinate X) is decreased significantly (Figure 4, curves 
1-3). With increase in parameter h and unchanged 
values of parameter H the induction B z is also de­
creased in appropriate points (Figure 4 , curves 4-6) . 
Thus , to increase the level of induction B 2 in the arc 
zone in welding T-joints (from ferromagnetic steels) 
it is necessary to decrease the values of parameters H 
and h, and to increase the outside diameter d 0 , how­
ever , within such ranges that coil turns were not short­
circuited on the plate. 

The following values should be considered, prob­
ably, optimum: d 0 = 30 mm , H = 20-40 mm, h = 

= 30 mm. If to take H = 20 mm , then it is necessary 
to have a double-layer variant of the solenoid coil for 
w = 20 (2 mm wire diameter) . 

In welding T -joints it is possible to attain (at equal 
magnetizing force of coil) the same level of induction 
B in the arc zone (X= 2-4 mm), which is observed z 
in surfacing on the flat plate (Figure 3, curves 2, 3, 
5), in spite of a significant weakening of component 
of induction B 2 of LMF only due to the selection of 
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Figure 4. Distribution of component of induction B, along the axis 
OX (d

0 
= 30 mm): 1-3 - h = 40 mm, H = 80 , 40 , 20 mm; 4-6 -

H = 40 mm, h = 20 , 30, SO mm 
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BRIEF INFORMATION 

a 
Figure 5. Macrosections ofT-joints in welding without (a) and with (b) LMF effect (xl.S) 

rational sizes of ferromagnetic core (and coi I) of so­
lenoid, such as d 0 , H, h. 

Welding ofT-joints from steel 3 (killed) (wt.%: 
0.14-0.22C; 0.3-0.6Mn; 0.12-0.3Si; :::;; 0.3Cr) was 
performed with S mm diameter wire Sv-12GS ( wt.%: 
0.12C; 0.8Mn; 0.4Si) under the flux AN-348A ( wt.%: 
41-44Si02; 34-38Mn0; S-7.SMgO; 4- S.SCaF2) 
without and with effect of LMF of SO Hz frequency. 
Welding of plates (20 mm thickness) was performed 
under the condition Uw = 730-7SO A, Ua = 27- 29 V, 
Vw = 40 m / h), at which a convex weld is formed l31. 
Solenoid of the following sizes was used: do= 40 mm, 
H = SO mm (see Figure 1, a), magnetizing force of 
coil is 3000 ampere turns, electrode stickout h = 

= 40 mm. The measured longitudinal component of 
induction of LMF in plate under the electrode (in 
point 0 in Figure 1, a) is SO mT. 

In conventional welding the weld has a convex 
shape (FigureS, a), while in welding with LMF effect 
it has a favourable concave shape (FigureS, b) (from 
the point of view of decrease in coefficient of stress 
concentration) with a smooth transition of weld to 
the parent metal at the absense of undercuts. 
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Thus, it is possible to use LMF for control of the 
shape ofT-joint welds. Further, it wiil be rational to 
study the interrelation of LMF parameters (induction, 
frequency of LMF) with a weld shape, its sizes in 
section and service characteristics of-welded T-joints. 

CONCLUSIONS 

1. In welding of T-joints from ferromagnetic steels 
the longitudinal component of LMF in the arc zone 
is 2-3 times lower than that in surfacing on the flat 
surface. 

2. With selection of optimum sizes of the solenoid 
in welding ofT-joints it is posiible to attain the same 
level of LMF induction in the arc zone, as in surfacing 
on the flat plate at equal magnetizing force of the coil. 
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VACUUM PERCUSSION WELDING 
OF ALUMINIUM TO COPPER 
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Features of mass transfer in vacuum percussion welding of aluminium to copper were studied. A process of joining 
without formation of intermetallics in the butt was developed. 

Key words: percussion welding, mass transfer, bimetal, 
intermetallic 

Bimetal joints of aluminium to copper have a high 
heat conductivity, electric conductivity, and are ex­
tensively used in different industries. Explosion weld­
ing (in view of a number of its features) is one of the 
most effective methods of producing Cu-Al transition 
pieces. Subsequent cold rolling, cutting out of flat or 
extrusion of complex-shaped composite transition 
pieces allows producing sound Cu-Al contacts for 
various purposes [ 1]. 

Bimetal overlap joints in the form of washers may 
be also made by diffusion bonding in vacuum, which 
greatly simplifies the technology of manufacturing 
Cu-Al contacts. During welding, however, a continu­
ous interlayer of intermetallics is formed in the butt, 
having dielectric properties, which gives the bimetal 
contact a high electric resistance. In connection with 
the fact that the incubation period for intermetallic 
formation at the temperature of 500 'C, is not longer 
than several seconds [2], it may be stated that the 
traditional processes of diffusion bonding will not 
provide formation of a joint of aluminium to copper 
without an intermetallic interlayer. 

It appears to be promising to apply for welding 
the above metals the process of vacuum percussion 
welding (VPW), during which the time of high-tem­
perature deformation is equal to "" 10-2 s, i.e. much 
less than the incubation period of intermetallic for­
mation. The authors established that VPW process is 
the most promising for joining dissimilar metals, hav­
ing a limited mutual solubility and short duration of 
the incubation period of intermetallic formation. Ex­
amples of joining refractory metals to steel [3] were 
used to establish that in VPW at the stage of high­
speed upsetting intensive diffusion processes proceed 
in the butt, which lead to formation of an extensive 
zone of bulk interaction in the form of solid solutions 
of the metals being welded without intermetallic for­
mation. 

The purpose of this work consisted in producing 
an overlap bimetal Cu- Al joint in the form of washers 
without intermetallic interlayer by VPW process. 
Copper M1 and commercial aluminium alloy AD1 in 
the form of billets of 30 mm diameter and 2 and 4 mm 
thickness were welded. Before welding the billets 
were degreased, and the abutted surfaces were 
scraped. Billets were welded in U-394M unit. VPW 
process parameters were as follows: welding tempera-

ture of 500 'C, impact energy of 2-3 k]. Ring-shaped 
electron beam heaters were used for heating. The 
striker mass and speed of its displacement provided 
the required energy, consumed in formation of the 
welded joint. During preheating copper and alu­
minium samples were in a separated condition (the 
gap was 2-3 mm). Pulsed load eliminates the gap 
between the samples and shifts them into the cold 
forming matrix, where solid-phase welding proceeds 
with a simultaneous forming of a bimetal contact of 
the required configuration [ 41. Deformation of copper 
and aluminium samples by thickness is 10 and 40 %, 
respectively, which is responsible for mechanical frac­
ture of the oxide film in aluminium during welding. 
Metallographic examination and X-ray microanalysis 
of the welded joint showed the absence of interme­
tall ics in the butt. Micro hardness ( 10 g load) of cop­
per, aluminium and the butt was 680, 350 and 
400 MPa, respectively. 

Features of mass transfer were studied in VPW of 
aluminium to copper. Before welding 63Ni isotope was 
applied onto copper (coating thickness was 1-2 jlm). 
It was established that 63Ni moves into aluminium 
and copper for a distance of up to SO jlm. Mass transfer 
coefficient can be up to 10-2 cm2 /s, which once more 
confirms the earlier discovered phenomenon of anoma­
lous acceleration of the diffusion processes in solid 
metal at highly intensive force impact [5]. 

Comparative testing of bimetal contacts, having 
an intermetallic layer in the butt or without it was 
conducted. To form an intermetallic layer 10-15 jlm 
thick, the joints produced by VPW were further an­
nealed at the temperature of 500 'C for 45 min. It is 
established that bimetal contacts, containing no in­
termetallics in the butt, have higher indices of heat­
and electric conductivity. 
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