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SCIENTIFIC AND TECHNICAL 

MATHEMATICAL MODELLING OF ABSORPTION 
OF GASES BY ELECTRODE METAL DROP 

I.K. POKHODNYA and O.M. POR1NOV 
E.O. Paton Electric Welding Institute, ASU , Kyiv, Ukraine 

The mathematical model is composed from a combined solution of the system of equations of gas mass transfer in metal , 
in the near-surface Knudsen layer , adjacent to metal, and in the atmosphere of arc discharge. Modelling of metal 
evaporation and gas absorption is based on a combined solution of Boltzmann kinetic equation for Knudsen layer and 
system of equations of continuum for the ambient atmosphere using numerical methods. The effect of gas content in 
atmosphere and drop temperature on the kinetics of the absorption process has been investigated. 

Keywords: arc welding, gas absorption, mathematical 
modelling, mass transfer equation, kinetics of absoption of 
gases, Knudsen layer 

Initial gas content in electrode metal is low, but in 
the period of its location in arc gap the molten drops 
of electrode metal absorb gases intensively from the 
arc atmosphere [11. Due to this, the content of gases 
in electrode metal drop is increased many times. Al­
most all gas, absorbed by the drop from the gas at­
mosphere, enters the welded joint metal. 

Absorption of gases by the drop occurs over the 
entire area of free surface of metal, being in contact 
with arc discharge atmosphere. The absorption flow 
depends on metal temperature and arc discharge, par­
tial pressure of gas in atmosphere, drop size and time 
of its location in the arc gap. Gas evolution occurs 
simultaneously with absorption. Desorption flow is 
defined mainly by temperature of metal and concen­
tration of dissolved gas. In Knudsen layer the gas 
parameters arc compared with equilibrium values at 
the distance of several lengths of a free run of atoms 
in atmosphere due to collision of atoms of forward 
and reverse flows. 

Figure 1. General scheme of metal drop arrangement in arc column 
in welding at straight polarity current: 1 - consumable electrode; 
2 - electrode metal drop ; 3 - cathode spol; </ - arc disc harge 
column ; 5 - weld pool 

© I.K. POKIIODNYA and O.IVI. POifiN OV, 2003 

Modelling was performed for the process of ab­
sorption of hydrogen or nitrogen by the drop of molten 
metal locating in arc column. Atmosphere of arc con­
sists of argon with a controllable content of gas being 
absorbed. Low-carbon steel is selected as a material 
of electrode metal. General scheme od metal drop 
arrangement in arc column in welding at straight po­
larity current is presented in Figure 1. In this mathe­
matical model the results of 121 on study of absorption 
of gases by weld pool metal were used. 

There arc some differences in processes of absorp­
tion of gases by weld pool and electrode metal. Tem­
perature of weld pool docs not exceed 2200 K. Iron 
evaporation at this temperature is neg I igible and docs 
not influence the process of absorption of gases. Tem­
perature of electrode metal at drop transfer is ap­
proaching the boiling temperature. Due to high heat­
ing the electrode metal is evaporated intensively. Con­
centration of atoms of evaporated metal in plasma 
atmosphere occurred to be comparable with concen­
tration of atoms of gas absorbed that causes the de­
crease in absorption of reactive gas by metal. Experi­
mental investigations showed a great effect of the 
metal evaporation process on content of dissolved gas 
in it 11 - 3]. 

Mathematical model. It is composed of systems 
of equations of mass transfer in atmosphere and equa­
tion of spreading gas dissolved in metal. The first 
system descri bcs the process of evaporation of metal 
without allowance for effect of gas absorption process 
on it, while the second system describes gas absorption 
with allowance for interaction of gas atoms with atoms 
of evaporated metal. 

It is assumed that electrode metal drop has a 
spherical shape of radius Ro. The problem is conside­
red in spherical system of coordinates, whose begin­
ning is located in the drop center. Gas concentration 
in drop is designated C(r, t), where r is the space 
coordinate directed from the drop center to gas phase; 
tis the time . The rate of metal surface motion due to 
evaporation is much lower than the rate of kinetic 
processes in gas, therefore, the drop size is considered 
unchanged. 

Evaporation of metal. Kinetic analysis of metal 
evaporation into atmosphere of perfect gas is given 
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in 14]. By making a system of equations on the basis 
of law of conservation of mass, pulse and energy for 

· vapour flow through the Knudsen layer for plane one­
dimensional flow of gas, the author obtained the so­
lution in the form of a shock wave spreading in the 
space of vapour-gas mixture. As the author noted, the 
obtained solution is not suitable for the case of dif­
fusion evaporation, typical of welding process. Equa­
tions, linking the thermodynamic parameters at the 
boundaries of Knudsen layer obtained from the solu­
tion of system of equations of transfer for moment 
characters m , m<.•, ml•2, have the following form 141: 

Tkn ([ (y -1 V11J

2

]

1 2 

-= 1 +7t ---
T, y + 1 2 

where l 'h is the ratio of mean flow rate of atoms in 
radial l 'r direction to heat rate of atoms; T,

11 
is the 

temperature at external boundary of Knudsen layer; 
Ts is the temperature of metal surface; y = 1.4 is the 
relation between isobaric and isochoric heat contents 
of gas; n,"' is the total density of atoms of vapour and 
gas at the external boundary of Knudsen layer; n, is 
the density of atoms of metal vapour at the metal 
surface. The latter value is determined by equation 

of[~l(apcy~~TJ1~-Ciausius . [S] Ps ==Po exp x 

~ kT':._ 1 - T, and equation of perfect gas condi­

tion p- n T. Her', h. Lv arc the constants of material 
taken from handbook IS I; p0 is the standard pressure 
equal to 0.1 MPa; m11 is the mass of metal (iron) 
atom; k is the Boltzmann's constant. 

System of equations ( 1) cannot detcrm inc the ge­
neral flow of evaporated atoms of metal and compo­
sition of atmosphere at the external boundary of 
Knudsen layer. Therefore, it should be added by a 
system of equations, dcscri bing the vapour flow be­
yond the Knudsen layer. U n I ike the process , analyzed 
in [41. let us consider the case of steady evaporation 
when the shock wave went away for a finite large 
distance and time dcri vaLi vcs arc equal to zero. Taking 
into account the assumption that vapour-gas mixture 
is a perfect gas, we shall write the following system 
of equations consisting of equations of continuity, 
Navier-Stokcs and perfect gas condition 1 fi 1 in spheri­
cal coordinates: 

d(m·,) 2(m•,) 
--+--=0 

dr r ' 
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where l ' is the rate of metal I ic vapour; Pis the pressure 
of vapour-gas mixture; n = n9 + nP is the density of 
vapour-gas mixture; nr; and nP is the density of atoms 
of gas and metallic vapour , respectively. System (2) 
describes gas-dynamic processes in the region of hy­
drodynamic flow in diffusion condition. Combined 
solution of systems (1) and (2) makes it possible to 
determine the flow of evaporated atoms. 

Absorption of gas. Equation of gas spreading in 
drop metal by a diffusion mechanism is written in 
spherical coordinates 

ac = 1_ ~ (D<T)r ac} at r dr dr 
(3) 

Initial distribution of gas in drop C(r, 0) = Co. 

m ~ IJ) l&e ki,JA9~~-IIi~llll.l'~ · 
D(T) is the coefficient of diffusion; T = T(r, t) is the 
metal temperature . Temperature relationship of coef­
ficient of gas diffusion in molten iron is described by 
equation D = Do cxp (- T0 / (RT)), where R is the 
universal gas constant. Values of constants suggested 
by different authors arc collected in [ 71. For calcula­
tion the values Do= 0.016 cm 2/ s, T 0 = 22 kJ / mol 
arc selected as most close to mean values. 

Mass of gas entered per unity of drop surface for 
time unity j(t) is the boundary condition for equation 
(3): 

aC(R0 , t) . 
dr = - ;(t). 

Flow of gas mass j into metal is associated with 
gas flow in atmosphere in the direction, normal to 
metal surface, by the relation given in 121: 

j = m,;~1g{2kT~/m) 1 2S~ , 

where mq is the gas atom mass; T= is the arc tempera­
ture; S= is the mean rate of gas atoms in the direction 
normal to ~1ctal surface which is determined through 
function of distribution of gas atoms by rates f(r, v): 

where v is the vector of rate of gas atoms. 
As the radius of curvature of metal surface is much 

larger than the length of a free run of particles in gas, 
the drop shape docs not influence the solution of gas 
dynamic problem. Function of distribution is deter­
mined from the solution of gas kinetic equation for 
Knudsen layer adjacent to metal surface 

(4) 

dv, 1 dP 
v .-= - --

' dr n dr' 
(2) 

where MQL) is the integral of collisions between gas 
atoms. 

l',;r (In~)= 0, 
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Equation (4) is solved with allowance for a radial 
change in density of gas atoms n

9 
in Knudsen layer 

caused by metal evaporation. 
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in [4j. By making a system of equations on the basis 
of law of conservation of mass , pulse and energy for 
vapour flow through the Knudsen layer for plane one­
dimensional flow of gas, the author obtained the so­
lution in the form of a shock wave spreading in the 
space of vapour-gas mixture. As the author noted , the 
obtained solution is not suitable for the case of dif­
fusion evaporation, typical of welding process. Equa­
tions , linking the thermodynamic parameters at the 
boundaries of Knudsen layer obtained from the solu­
tion of system of equations of transfer for moment 
characters m, mv, mv2

, have the following form 141: 

T kn [[ (Y- 1 v,,J
2 

:

1 2 

-= 1 +n ---
T, y + 1 2 

where Vft is the ratio of mean flow rate of atoms in 
radial v, direction to heat rate of atoms; Tk 11 is the 
temperature at external boundary of Knudsen layer; 
T, is the temperature of metal surface; y = 1.4 is the 
relation between isobaric and isochoric heat contents 
of gas; nkn is the total density of atoms of vapour and 
gas at the external boundary of Knudsen layer; n, is 
the density of atoms of metal vapour at the metal 
surface. The latter value is determined by equation 

of[mnL~llapcy;~nl~-Clausius I 5 I p, =Po cxp x 
X ---L-..:... 1 -- and equation of perfect gas condi-

kT5 T, 
tion p = n T. Her , Tb, Lv are the constants of material 
taken from handbook [5]; p0 is the standard pressure 
equal to 0.1 MPa; mP is the mass of metal (iron) 
atom; k is the Boltzmann's constant. 

System of equations ( 1) cannot determine the ge­
neral flow of evaporated atoms of metal and compo­
sition of atmosphere at the external boundary of 
Knudsen layer. Therefore, it should be added by a 
system of equations, describing the vapour flow be­
yond the Knudsen layer . Unlike the process, analyzed 
in [4], let us consider the case of steady evaporation 
when the shock wave went away for a finite large 
distance and time derivatives arc equal to zero. Taking 
into account the assumption that vapour-gas mixture 
is a perfect gas, we shall write the following system 
of equations consisting of equations of continuity, 
Navier-Stokes and perfect gas condition 161 in spheri­
cal coordinates: 

d(nv,) + 2(nv,) = 
0 

dr r ' 

dvr 1 (JP 
v,Tr = - -:;; ar· (2) 

v,;r (ln~ J= 0, 
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where vis the rate of metal I ic vapour; Pis the pressure 
of vapour-gas mixture; n = nq + nP is the density of 
vapour-gas mixture; nq and n11 is the density of atoms 
of gas and metallic vapour, respectively. System (2) 
dcscri bcs gas-dynamic processes in the region of hy­
drodynamic flow in diffusion condition. Combined 
solution of systems ( 1) and (2) makes it possible to 
determine the flow of evaporated atoms. 

Absorption of gas. Equation of gas spreading in 
drop metal by a diffusion mechanism is written in 
spherical coordinates 

ac = 1_ ~ (D(T)r ac) at r dr dr 
(3) 

Initial distribution of gas in drop C(r, 0) = C0. 

In equation (3) the following designations are used: 
D(T) is the coefficient of diffusion; T = T(r, t) is the 
metal temperature. Temperature relationship of coef­
ficient of gas diffusion in molten iron is described by 
equation D =Do cxp ( - T 0 / (RT)), where R is the 
universal gas constant. Values of constants suggested 
by different authors arc collected in [71 . For calcula­
tion the values Do = 0.016 cm 2 / s, T 0 = 22 kJ / mol 
arc selected as most close to mean values. 

Mass of gas entered per unity of drop surface for 
time unity j(t) is the boundary condition for equation 
(3): 

(JC(R0 , t) . 
dr = - ;(t). 

Flow of gas mass j into metal is associated with 
gas flow in atmosphere in the direction, normal to 
metal surface, by the relation given in l2J: 

· I 2 
; = m9ngC2kT=/ mr) S=, 

where mq is the gas atom mass; T= is the arc tempera­
ture; S= is the mean rate of gas atoms in the direction 
normal to metal surface which is determined through 
function of distribution of gas atoms by rates f(r, v): 

where v is the vector of rate of gas atoms. 
As the radius of curvature of metal surface is much 

larger than the length of a free run of particles in gas, 
the drop shape docs not influence the solution of gas 
dynamic problem. Function of distribution is deter­
mined from the solution of gas kinetic equation for 
Knudsen layer adjacent to metal surface 

(4) 

where MQ 1) is the integral of collisions between gas 
atoms. 

Equation (4) is solved with allowance for a radial 
change in density of gas atoms n9 in Knudsen layer 
caused by metal evaporation. 

3 
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[Hl, cm3j100 g 

16 

12 
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0.02 0.06 0.10 

Figure 2. Comparison of calculated dependence of hydrogen con­
tent in metal drop on its partial pressure in atmosphere with ex­
perimental data (.&.) [9) 

Mathematical model of solution of system of equa­
tions of mass transfer is realized in the form of program 
in language c ++_ Algorithm of solution of equations 
of mass transfer is constructed from functionally in­
dependent modules. To solve the equations of diffu­
sion the method of finite differences was used by ap­
proximation of a variable symmetrical Crank-Nichol­
son scheme 181 with a pitch resettablc in space and 
time coordinates. 

Results and discussions. The performance of the 
presented mathematical model was checked by calcu­
lation of gas absorption in the conditions for which 
rcl iable experimental data arc available. 

The comparison of results of calculation of depen ­
dence of gas concentration in a metal drop on its 
partial pressure in atmosphere with experimental data 
for iron sample, subjected to holding in plasma of 
inert gas and with a controllable content of hydrogen 
191, is presented in Figure 2. Experimental data arc 
obtained with allowance for gas loss in sample due 
to process of desorption in cooling. Calculated time 
of absorption was 1 s. Results of calculations of hyd­
rogen absorption in the conditions of thermodynamic 

[H] , cm3/100 g 

50 

40 

30 

20 

2 

10L---------L-------~--------~ 
1800 2200 2600 T, K 

Figure 3. Dependence of hydrogen absorption on temperature under 
the conditions of thermodynamic equilibrium at partial pressure 
of gas 0.1 MPa: .&. - experimental data [3) (here and in Fi­
gures 4-6 1 and 2 - calculated data with and without allowance 
for metal evaporation, respectively) 

4 

2 

2000 2200 2400 2600 2800 T, K 
Figure 4. Calculated dependence of hydrogen absoption on iron 
temperature in case of contact with plasma at 5000 K temperature 
(atmosphere composition - Ar + 0.1 % H2) 

equilibrium, when iron is in contact with pure gas at 
atmospheric pressure having a temperature similar to 
that of metal, are given in Figure 3. The data of 
experimental investigations of hydrogen absorption 
made at the same conditions that were described in 
131, arc also given there. Calculations were made both 
with and without allowance for metal evaporation. 
Figure 4 presents results of calculation of hydrogen 
absorption from the plasma atmosphere. 

Mechanism of absorption of hydrogen and nitrogen 
from atmosphere and arc discharge is similar. Work 
171 gives experimental data about absorption of ni­
trogen from atmosphere of pure gas at 10132.5 Pa 
pressure in the conditions of thermodynamic equilib­
rium . Comparison of experimental and calculated re­
sults is given in Figure 5. There arc reliable experi­
mental data of temperature relation of gas absorption 
from plasma atmosphere for nitrogen [9 I, while the 
calculation of nitrogen absorption from atmosphere 
of arc discharge was also made to confirm the sug­
gested model. Comparison of experimental and cal­
culated data is shown in Figure 6. 

Kind of temperature relation of gas absorption is 
also important. In contact with usual atmosphere the 
gas content in iron has maximum in the range of 
approximately 2600 K. Increase in gas content up to 

0.2 2 

0.1 .__ ___ ..................... ___ ........, ____ ..._ ___ ........... 

1400 1800 2200 2600 T, K 

Figure 5. Calculated dependence of nitrogen absorption under the 
conditions of thermodynamic equilibrium at partial pressure of gas 
0.1 MPa: .&. - experimental data [71 
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this temperature is due to increase in degree of gas 
dissociation with temperature increase. Decrease in 
gas content in metal after 2600 K depends on the 
growth of intensity of metal evaporation. In contact 
with plasma the calcu lation shows the monotonous 
decrease in gas content in iron with temperature in ­
crease. This is, probably, due to the fact that in ab­
sorption of gases from usual atmosphere the dissocia­
tion of gas molecu les at the metal surface is a limi ting 
lin k in the absorption process which is increased with 
the increase in its temperature. The degree of disso­
ciation in the process of absorption from the arc dis­
charge is determined by the arc temperature which 
depends negligibly on the metal surface temperature. 

CONCLUSIONS 

1. Mathematical model of absorption of gas by elec­
trode metal drop in the period of its location in arc 
gap has been deve loped. 

2. Using numerical methods the effect of meta l 
temperature, partial gas pressure in atmosphere and 
time of drop location in arc gap on amount of gas 
entered the we lded joint metal was investigated by a 
mechanism of drop transfer. 

3. At duration of metal drop in the arc gap region 
for less than one tenth of second the gas concentration 
in it is greatly differed from equi librium concentra­
tion. Under these cond it ions the calcu lation of gas 
absorption by drop is possible only using the so lution 
of kinetic equation in gas phase. 

4. It is determined that at temperature of metal 
above 2600 K its evaporation influences greatly the 
kinetics of gas absorption. 

S. It was established that in contact with usua l 
atmosphere under the conditions of thermodynamic 
equilibrium a maximum in gas content was recorded 
at temperature of about 2600 K. 
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0.08 
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2200 2400 2600 2800 T, K 

Figure 6. Nitrogen content in metal in welding using wire Sv-
08Kh18N9 in flow Ar + 17°o N2 : .A. - experimental data [ 10] 

6. In contact of metal surface with plasma the gas 
content decrease in drop occurs at in crease in its tem­
perature both with and without allowance for evapo­
ration. 
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METHOD OF EVALUATION OF EFFECT 
OF RESIDUAL STRESSES ON FORMATION 

OF LONGITUDINAL COLD CRACKS 
IN ALLOY STEEL WELDED JOINTS 

L.M. LOBANOV, L.l. MIKHODUJ, V.D. POZNYAKOV, O.L. MIKHODUJ, S.B. KASATKIN, A.A. SERGIENKO 
and P.A. STRIZHAK 

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

Technolog ical sample amd procedure of investigations have been developed that makes it possible to evaluate the effect 
of residual stresses on the resistance of welded joints with multilayer welding to the formation of longitudinal cold 
cracks. The relationship between the level of residual stresses and resistance to the formation of longitudinal cold cracks 
of 14KhGN2MDAFB steel welded joints, made using wire Sv-10KhGN2SMFTYu in 75 % Ar + 25 °o C02 mixture of 
gases, was established. 

Keywords: high-strength steels, u;elded joints, cold 
cracks, method of inc•estigations, shielded -gas ccelding, me­
chanical tensometry, holographic inter{erometry, transverse dis­
placements, residual stresses 

Cold cracks in metal of weld and HAZ arc one of most 
hazardous defects occurring in welded joints of low­
carbon alloy high-strength steels with yield strength 
above 600 MPa. By the location relative to weld axis, 
the cracks arc classified usually into longitudinal and 
transverse. Numerous investigations and experience 
in manufacture of welded structures from steels of 
increased and high strength prove that three main 
factors influence the initiation and propagation of 
cold cracks, namely increased concentration of diffu­
sive hydrogen in all the areas of welded joint; unfa­
vourable quenched structures; high level of residual 
welding stresses. Depending on the definite condi­
tions of effect of cac h of the above-mentioned factors 
on the process of initiation and propagation of cracks 
can be intensified or weakened. 

Many works r1 - 41 arc devoted to the analysis of 
mechanism of effect of hydrogen and structure factors 
on a delayed fracture of joints made from structural 
steels of different compositions. In most cases Lhis 
makes it possible to establish scientifically-grounded 
principles of the developed technologies of welding 
hard-to-weld steels. Role and effect of residual 
stresses on the process of formation of high-level 
cracks and unfavourable distribution in welded joints 
are little studied. This is stipulated greatly by Lhc 
fact that usc of many non-destructive methods of 
evaluation of stress-strain state of welded joints (mag­
neto-clastic, acoustic, ultrasonic, etc.) is difficult due 
to effect of complex phase-structural transformations 
in alloy steel on a final result of investigations. At 
the same time the known methodological approaches 
of in vcstigaLions of wei dabi I ity of steels I 5- 71 en visa­
ge the use of rigid technological samples of small sizes 
(for example, Tckkcn, Lehigh, CTS and others) that 

cannot evaluate the effect of stressed state on the 
process of formation of cracks in them, or excessively 
large sizes (for example, shipbuilding sample), which 
arc complicated for analyzing in the laboratory con­
ditions. 

The aim of the present work is to search for tech­
nological sample which will take into account the role 
of residual stresses and produce experimental data on 
this problem. 

Welded joints of large-sized structures arc located, 
as a rule, in the condition of complex stressed state 
in manufacture. Depending on the product design and 
definite situation both longitudinal and also trans­
verse cold cracks can occur in them. To reproduce 
these conditions during laboratory tests on one tech­
nological sample is difficult. It seems rational from 
the methodological point of view to divide the analysis 
of investigations of these two types of cracks. As re­
gards to evaluation of resistance of welded joints to 
the formation of transverse cracks the investigations 
were already carried out earlier and the methodologi­
cal approach was selected [81. These investigations 
were performed using multipass welded joints in 
which high longitudinal stresses were created, open­
ing the lips of artificial cracks. These approaches, and 
also solutions, used in the development of a rigid 
sample f 41 and samples VMEI-2, VUZ-ERTs I 5] 
served the basis for the creating sample which will 
be able to evaluate the resistance of welded joints 
with multilayer welds to the formation of transverse 
cracks. The same as in samples VMEI-2 and VUZ­
ERTs the principle of a variable rigidity was used in 
iL, the degree of which was changed by varying width 
of clements welded. The length of sample was also 
changed. In the above-mentioned sample it docs not 
exceed 100 mm that docs not make it possible to attain 
a stable formation of residual transverse stresses which 
can Lake place in welding of metal structures in real 
conditions. To form them it is rational to usc the 
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welded joint with a longer weld (not less than 250-
300 mm) for tests. 

The sample, selected as a base of present investi­
gations (Figure 1 ), represents a massive plate 
(400x400 mm size and 50-60 mm thickness), on which 
butt joints of 15- 20 mm thick plates with V-shapcd 
groove, arc mounted and welded-on around the entire 
perimeter (with 10- 12 mm leg). These sizes and de­
sign of the sample prevented the angular deformation 
of the sample, and, thus, avoided the effect of other 
unforeseen factors during investigations. An obliga­
tory gap up to 1.5-2.0 mm is provided in the sample, 
which serves a stress concentrator in welding joints 
with blunting n = 3-4 mm (to provide technological 
lack of penetration). Similar joints with n' = 0.5-
1.5 mm were welded in parallel. From the test con­
ditions this allowed producing welds with a complete 
penetration. 

In accordance with the test procedure it is neces­
sary to weld two copies of sample of width B = 100, 
200 and 300 mm . One of them should have 0.5-
1.5 mm blunting in root weld, the second - 3-4 mm. 
The first sample was used for determination of residual 
stresses in it. From the results of testing the second 
sample the capability of welded joint to resist the 
formation of cold cracks was evaluated. The change 
in width of samples allowed adjusting their rigidity 
and level of residual stresses in welded joints. Con­
ditions of welding should remain unch anged to pro­
vide the constancy of effect of hydrogen and structural 
factors. 

It is supposed that this approach wi 11 promote the 
proceeding of thcrmodcformational processes in 
welded joints (in a wide range), initi at ion and propa­
gation of cold cracks in them, their revealing, and 
also feasibility to establish the limiting values of dis­
placements and tensi lc stresses experimentally. Cri­
terion of these investigations can be in formation about 
the presence (absence) of cracks in weld metal and 
HAZ during definite variant of welding, and also the 
levels of transverse displacements or stresses which 
contribute to this. 

During investigations steel of 14KhGN2MDAFB 
grade of 16 mm thickness was used (ao.2 = 752 MPa; 
8 = 16 %; KCF-40 = 75 J cm2

). Samples were welded 
using welding wire of Sv-1 OKhGN2SMFTYu grade 
of 1.2 mm diameter in mixture of gases on the base 
of argon (Ar + 25% C02). This combination of weld­
ing wire and shielding mixture provide weld metal 
with a bainitic-martcnsitic structure and mechanical 
properties cq ual to those of steel investigated. Content 
of diffusive hydrogen in depos ited metal in the present 
investigations was 3.5- 4.0 ml / 100 g (in determina­
tion of its amount by chromotographic method). 
Welding of samples was realized without preheating 
using the following conditions: Iw = 130- 140 A; Ua = 
= 24-25 V; l 'w = 13- 14 m/ h. Each layer after root 
layer was started after cooling the prior layer to 20-
30 'C. At such conditions the following parameters 
of cooling HAZ metal were provided: rate of cooling 
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Figure 1. Sample «r igid butt>> for evaluation of res istance of high­
strength steels to the initiation of longitudinal cracks (for desig­
nations see the text) 

w6 5 = 26-28 ' C / s; 1:8 1 = 180-200 s (time of cooling 
from 800 to 100 'C). 

The stress-strain state of technological samples 
was evaluated using two methods: mechanical tcn­
sometry and holographic interferometry . Mechanical 
tcnsomctry was used to evaluate the transverse (rela­
tive to weld axis) displacements of welded joints after 
fulfillment of root and next two layers. For this pur­
pose the path for base holes of 1 mm diameter and 
3-4 mm depth were prepared at the face surface of 
samples in the entire length, then they were counter­
bored and subjected to grinding. Measurements were 
made using a three-dimensional deformomctcr with 
0.001 mm accuracy. Measurement base was 25 mm. 
From difference in measurements of changes in dis­
tance between the base holes before (Lo) and after 
welding (L;) the full residual deformation (!:.L w = 

= L; - L 0) was determined at each examining next 
regions of the technological sample. 

Results of investigations (Figure 2) prove that 
during the process of deformation of welded joints a 
significant t ransverse shrinkage of weld metal and 
IIAZ in the entire length of samples takes place. The 
most intensive shrinkage was observed after fulfill ­
ment of the weld root layer. The second and third 
layers of the deposited metal promote the developing 
of this process, however , the shrinkage is greatly re­
duced and equals 50-65 and 15-40 %, respectively , 
of the level of displacements which were observed in 
the fulfillment of a root weld. The highest value of 
displacements in samples with a complete penetration 
is observed in rigid samples of 300 mm width (!:J..L "" 
"" 0.71 mm). In the narrower samples (B = 200 and 
100 mm) the proceeding of the processes of plastic 
deformation is difficult and, therefore, the maximum 
values of transverse shrinkage in them arc lower (sec 
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Figure 2. Transverse displacements of rigid butt joints of width 
100 (a), 200 (b) and 300 (c) mm after fulfillment of first (root) 
( /), second (2) and third (3) layers 
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Figure 3. Distribution along axis Y of transverse cr'l stresses in 
samp les of 100 mm width, welded with a complete penetration(/) 
and embedded crack-like defect (2), in length of joint investigated 
50 (a), 150 (b) and 250 (c) mm 
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Figure 2, a, b) by 24 and 37 %, respectively. This can 
promote the formation of a high level of residual welding 
stresses in these samples. The latter were determined 
using the method of holographic interferometry 191. 

The principle of this process is as follows. Holo­
graphic device is mounted on the area of the sample, 
where it is necessary to determine residual stresses. 
Then, a hologram of initial state of the object region 
examined is recorded with the help of a thermoplastic 
camera of instantaneous recording on plates with a 
coating from amorphous molecular semiconductors. 
Then, a shallow dosed removal of metal, i.e. drilling 
a blind hole of 3 mm diameter for 2 mm depth, is 
made. Further, the field of displacements caused by 
hole drilling is recorded again on the same plate with 
coating, where the initial state of object surface was 
recorded . Plate is visualized twice by the exposed 
hologram. The interference fringe pattern, obtained 
here , characterizes the level of stresses in the drilled 
point. 

The investigations showed that in metal of weld 
and HAZ of technological samples with B = 100 mm, 
made with a complete penetration of root we ld, a 
rather high level of longitudinal Ox and transverse 01! 

tensile stresses is formed (Figures 3 and 4, curves 1) 
which can exceed 500 MPa. The presence of lack of 
penetration and also regions of metal with a low-duc­
ti lc or brittle structure in these joints can lead to their 
delayed fracture: in the given case to the formation 
of longitudinal cracks. This is confirmed by the results 
of tests of similar sample made with technological 
lack of penetration. As a result of formation of cracks, 
the level of tensile stresses decreased by more than 
50-60% in weld metal and adjacent areas of we lded 
joints for a width up to 12- 15 mm (Figures 3 and 4, 
curves 2). Here, the total level of longitudinal tensile 
stresses in samples decreased to a lower degree (to 
25-30 %). 

As regards to test conditions of the given techno­
logical sample for initiation and propagation of lon­
gitudinal cracks in welded joints of high-strength 
steel, the presence of maximum high level of tensile 
transverse stresses in weld metal and adjacent areas 
of welded joint at the 12- 15 mm distance can show 
the highest effect. Taking into account these ap­
proaches the stressed state of technological samples 
of different width was analyzed (Figure 5). There­
sults obtained prove that the highest level of trans­
verse stresses in all the samples is observed at the 
beginning and end of the welded joint (in length), 
that can be caused by specifics of fastening on the 
plate. ln the middle part the values u,1 were much 
lower. The highest values of tensile stresses (a.~1 "" 

""570-350 MPa) arc recorded in the narrowest tech­
nological sample (B = 100 mm), that is confirmed 
indirectly by the results of analysis of displacements 
of welded joints, and also by the presence of cracks 
in samples with a technological lack of penetration. 
In samples of a large width (B = 200 and 300 mm) 
the macrocracks were not revealed. 
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Figure 4. Distribution along axis Y of longitudinal cr .. stresses in 
samples of 100 mm width, welded with a complete penetration ( 1) 
and embedded crack-like defect (2), in length of joint investigated 
SO (a), 150 (b) and 250 (c) mm 

Depending on the sizes of technological samples 
the value of longitudinal stresses in welded joints of 
steel 14KhGN2MDAFB is also changed. In thenar­
rowest samples (B = 100 mm) the values crx can be 
equal to 350-550 MPa, while in the widest (B = 

300 mm) - to 70-250 MPa. Moreover, the highest 
values arc concentrated in the joint central part. 
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Figure 5. Maximum transverse cr,, "'"' (a) and longitudinal cr , "'·" 
(b) tensile stresses in welded joints of technological samples of 
width 100 (/), 200 (2) and 300 (]) mm 
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Figure 6. Propagation of longitudinal macrocracks in multilayer 
butt joints of 100 mm width with a stress concentrator (steel 
14KhGN2MDAFB (8 = 15 mm), made with 1.2 mm diameter 
welding wire Sv-10KhGN2SMFTYu in Ar + 20 °o C02 mixture of 
gases 

The resistance of welded joints to the formation 
of cold cracks was evaluated from the results of analy­
sis of sections cut out from technological samples. 
Results of these investigations prove the presence of 
longitudinal cracks in welded joints of steels investi­
gated. In most cases the cracks arc initiated from 
stress concentrators which arc imperfections of the 
welded joints: macro- ( 1 ack of penetration, 1 ack of 
fusion, slag inclusions, etc.) and microdefects (non­
metallic inclusions in the fusion zone, places of con­
centration of coarse and fi nc grains and others). Na­
ture and sizes of cracks arc determined by the pccu-
1 iaritics of formation of joints and level of residual 
(transverse mainly) stresses. Probably, this explains 
that fact that the propagation of cracks in length of 
samples was not uniform (Figure 6). The highest their 
propagation (70-1 00 % of weld section height) was 
observed at the beginning and end of the narrow sam­
ple (B = 100 mm) with a technological lack of pene­
tration. On these areas of joints the highest transverse 
stresses (cr.IJ"' 450-570 MPa) and relatively low lon-

Figure 7. Macrocracks in narrow technological samples made with 
with a crack-like defect (a) and complete penetration (b) (x3) 
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Figure 8. Microcracks in technological sample of 200 mm width (x800) (rectangular fragment of area with microcrack, x2.3) 

gitudinal stresses (ax"" 350 MPa) were formed. Cracks 
were initiated from the stress concentrator (lack of 
penetration). In them idd lc (in length) part of samp lcs 
the length of cracks was smallest (up to 25% of weld 
height). The level of transverse stresses in this area 
of the welded joint was alj"" 340-350 MPa, while the 
level of longitudinal stresses was ax"" 550 MPa. This 
made it possible to conclude that stresses occurred in 
transverse direction relative to weld have a decisive 
effect on the process of initiation and propagation of 
longitudinal cracks in joints of the given technological 
sample. They arc most often initiated and propagated 
at the initial stage in the fusion zone of joints, and 
then they propagate to metal of bainitic-martcnsitic 
welds (Figure 7, a). As the further investigations 
showed, at this and higher level of residual stresses, 
other imperfections of welded joints may be the causes 
of crack occurrence. This is proved by the results of 
analysis of sections made from rigid welded joints 
made with a complete penetration (Figure 7, b). It 
showed that in regions of joints where the level of 
residual transverse stresses is very high (a11 "" 550-
580 MPa, that is about 73-77 %of yield strength of 
stee ls examined), cracks spalls were observed. 
They were initiated in height on average, in weld 
section near the fusion line in the places of imperfec­
tions of microstructure of HAZ metal (non-metal! ic 
inclusions) and propagated mainly in HAZ. It should 
be noted that in these sections of multipass joints the 
value of transverse residual stresses can be higher than 
at the surface of samples and is in the range of 
580 MPa :::; alj :::; 700 MPa. This is proved by investi­
gations of Prof. V. Makhnenko 110 I and also results 
of earlier works with respect to welding of thick-sheet 
high-strength steels 1111. In that case when the 
stresses a.~1 in welded joints do not exceed 300-
350 MPa (that is 40-45 °o from steel yield strength), 

10 

the macrocracks in them arc not observed. However, 
at such level of stresses the microcracks arc formed 
in joints (Figure 8). They arc initiated at the bounda­
ries of grains and propagated both along the bounda­
ries and also in body of grains that is typical of a 
delayed fracture, 

Thus, the results of investigations make it possible 
to widen the conception about the effect of residual 
stresses on the resistance of welded joints of alloy 
high-strength steels to the formation of longitudinal 
cold cracks. The development of these works should 
be realized in f uturc with all owancc for effect of other 
known factors, first of all, phase-structural composi­
tion of welded joints and concentration of hydrogen 
in them on the delayed fracture. 
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INVESTIGATION OF CORROSION FRACTURE 
OF WELDED JOINTS IN Ni-cr-Mo ALLOYS 
IN TITANIA PRODUCTION ENVIRONMENT 

K.A. YUSHCHENK0 1
, T.M. STARUSHCHENK0 1

, A.A. NAKONECHNY1
, L.V. CHERVYAKOVA1

, T.E. SHEPIL2
, 

V.A. KACHANOV2 and Yu.B. DANILOV2 

1E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 
20pen Joint Stock Company << UkrNIIkhimmasll», Kharkiv, Ukraine 

Susceptibility of ThyssenKrupp VDM nickel-chromium-molybdenum alloys to corrosion cracking was evaluated. Samples 
with annular welds made by the argon-arc method using filler wire of the A WS A.S.14ERNiCrMo-13 grade were tested 
in the titania production environment. It is shown that reliable data can be generated from testing experimental models 
or stressed welded samples with an annular weld simulating residual stresses in a structure. 

Keywords: nickel-chromium-molybdenum alloys, welded 
joints, titania, general corrosion, corrosion cracking, structural 
materials, metallography, annular test sample, knife-line corro­
sion, pitting fracture 

Titania finds wide application in many industries 
(paint and varnish, production of synthetic fibres, 
plastics, film-type products, artificial leather, build­
ing materials, paper making, printing industry etc.) 
owing to its high consumer properties. Two methods 
for production of titania arc used in the world prac­
tice - sulphate and chloride ones. The former was 
developed and is widely applied in the European coun­
tries, while the latter is used mostly in the USA. 

Because of high aggressiveness of the processing 
media, the basic process equipment was initially made 
from carbon steel in a protected modification. Later, 
as a result of investigations conducted at the Company 
<<UkrNIIkhimmash>->, recommended for this applica­
tion were stainless steels and alloys, titanium VT1-0 
and zirconium E-11 0 (for the Crimean State Joint 
Stock Company <<Titan>> and for upgrading of pro­
duction at the Sumy Open Joint Stock Company 
<1Khimprom>->) [1, 2]. 

New structures and, therefore, new materials arc 
required to increase titania production capacities. 

Proceeding from the need to use a new generation 
of structural materials for titania production, the 
authors of this study investigated corrosion behaviour 
of welded joints in alloys Nicrofcr 3127hMo (31) and 
Nicrofer 5923hMo (59) developed lately by 
ThysscnKrupp VDM. 

As shown by the general corrosion tests of al Joys 
Ni-Cr-Mo under conditions of preliminary filtration 
(H2S04 - 5 %, TiOS04 - 18 %, FcS04 - 9 %, 
Ti 3+ - 3 g / 1, T = 60 OC), a welded joint in alloy 31 
exhibits an insignificant general corrosion. The rate 
of general corrosion of welded joints is less than 
0.1 mm / ycar. 

Alloys 31 and 59 supplied in the form of plates by 
ThysscnKrupp VDM were used to investigate resis­
tance of the alloys to corrosion cracking caused by 
residual welding stresses. Chemical composition of 
the alloys is given in the Table . 

The annular test samples (Stcklov's test) l3] were 
used to evaluate susceptibility of welded joints in the 
above alloys to corrosion cracking. Plates measuring 
5x130x130 mm with an annular groove for the weld 
with a diameter of 40 mm were prepared and welded. 

Figure 1. Annular test sample: t0 - plate thickness; t, - insert Figure 2. Appearance of the 5 mm thick annular test sample of 
thickness alloy 59 

© K.A. YUS IICIIENKO, T.IVI. STARUSII CIIENKO. A.A. NAKONECIINY, L.V. C IIERVYAKOVA, T.E. SIIEPIL, V.A. KACIIANOV and Yu.H. DANILOV, 2003 
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Chemical composition of materials used 

Conlenl of ('/enwnls. wl. (~ 

1Vi C1 f'p c "'" Si 1\/o Co AI p s 

59 Base 22-24 1.5 0.010 0.5 0.10 15.0-16.5 0.3 0.1-0.3 0.015 0.005 

31* 30-32 26-28 Base 0.015 2.0 0.30 6.0-7.0 0.02 0.010 

Wire Nicrofer Base 22-24 1.5 0.010 0.5 0.10 15.0-16.0 0.3 0.1-0.4 N D 
S5923-FM59 . 

Contains additionally 1.0-1.4 °o Cu and 0.15-0.25 •. N. 

Figure 3. Character of corrosion fracture of alloys 31 (a) and 59 (b. c) after testing at a stage of preliminary filtration at the Company 
<<Titan>> (a, b- x120; c x1500) 

Figure 4. Character of corrosion fractures after testing alloy 31 (a. b) in a bleaching reactor at the Company <<Titan>> and a lloy 59 (c, 
d) at the Company <<Khimprom>> (x125) 

Figure 5. Character of fracture of a lloy 59 after testing in a pep­
tisation reactor at the Company <<Titan>> (x120) 

12 

The samples were made by manual argon-arc weld ­
ing us ing fi ll er wire of the A WS AS. 14.ERNiCrMo-13 
grade (Nic rofer SS923-FMS9) with a diameter of 
2.5 mm. Chemical composit ion of the wire is given 
in the Table. 

Welding was performed in two passes un der the 
folio\\ ing conditions: I"'= 70 A and Ua = 11 - 12 V 
for the root weld, and Iw = HS-90 A and Ua = 11- 12 V 
for filling the groove. Appearance of the annular test 
sample weld in alloy 59 is shown in Figure 2. 

The weld was cleaned after each pass. Quali ty of 
the annular test samp les was evaluated hy visual exa­
mination of their surfaces, and t he presence of defects 
was detected by the dye penetrant inspection method 
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Figure 6. Character of fracture of alloy 31 at the stage of cleaning of waste gases at the Company <<Khimprom~: a - HAZ metal; 
b-d - base metal 

using a set of the penetrants produced by the <<Na mi­
con~ Company (Italy). At the same time, the welded 
joints were examined by the metallography method. 

Comprehensive testing of quality of welded joints 
on the annular test samples showed the absence of 
defects, which made it possible to approve them for 
the corrosion cracking tests. 

Analysis of the tests to corrosion cracking suscep­
tibility under the preliminary filtration conditions 
showed that a welded joint in alloy 31 was sensitive 
to corrosion cracking. The crack initiated in the IIAZ 
subjected to knife-line attack and ended with branch­
ing in the weld metal (Figure 3, a). 

Alloy 59 was subjected at this stage to intensive 
uniform corrosion at a rate of 0.7 mm year with a 
considerable etching of the weld metal. Metallogra­
phy revealed the presence of intercrystallinc corrosion 
(Figure 3, b, c). 

Alloy 31 showed the lack of resistance in a bleach­
ing reactor (94-8 % H2S04, up to 160 g / 1 Ti02, 
hydrogen, zinc metal, T = 95 oC) . The rate of corrosion 
in this case was 1.8 mm / year, and a welded joint 
was prone to knife-line and intercrystalline corrosion 
(Figure 4). 

Having an insignificant general corrosion (the rate 
of corrosion was 0.002 mm year), the welded joinL 
in alloy 59 was susceptible to corrosion cracking when 
testing special samples with an annular weld, cor-ro­
sion cracking being of an intercrystallinc character 
(Figure 4). 

Welded joint in alloy 59 in a peptisation reactor 
(4-10 % HCl, zinc metal , hydrogen , T = 100 OC) 
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exhibited intensive intercrystalline and knife-line cor­
rosion down to 0.5 mm deep (Figure 5). 

The alloy in the vapour-gas phase was susceptible 
to pitting fracture, the corrosion rate being higher 
than 0.12 mm year. 

Waste gases of the baking furnace contain S03 
and S02. Therefore, before ejection into the atmos­
phere, the gases arc washed with water in a scrubber 
at a temperature of up to 70 oc. Investigation of 
corrosion resistance of alloys 31 and 59 showed that 
welded joints in alloy 31 were susceptible to intensive 
intercrystallinc corrosion (Figure 6). The rate of uni­
form corrosion ranged from 0.2 to 0.68 mm / ycar. 

Alloy 59 exhibited insignificant uniform corrosion 
at a rate of up to 0.03 mm / ycar. 

Therefore, as shown by the conducted corrosion 
and mctallographic investigations , the data on resis­
tance of welded joints to uniform corrosion cannot 
serve as the basis to give recommendations whc thcr 
structural materials can be used for development of 
the equipment. For this it is necessary to conduct 
tests on stressed welded samples with an annular weld 
simulating residual welding stresses in a structure, 
and on experimental models. 

1. Kachanov, V.A., Gvozdikova, E.K., Nikitin, D.G. (1985) 
Corrosion-electrochemical behaviour of structural materials 
in sulphuric acid solutions in the presence of reducing 
agents . Zas/Jc/Jita Metallov, 4, 24-25. 

2. Kachanov, V.A., Nikitin, D.G., Gvozdikova, E.K. (1978) 
Examination of corrosion and electrochem ical behaviour of 
06Kh28MDT alloy in titania process media. K/Jim. i Neft. 
Mas/Jinostroenie, 6, 18-21. 

3. (1976) Strength of u.'elded structures in aggressive media. 
Moscow. 
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PECULIARITIES OF EXPLOSION TREATMENT 
OF THE CIRCUMFERENTIAL WELD 

ON PIPE FILLED WITH LIQUID 

V.G. PETUSHKOV 
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

The problem is considered for a case of filling a pipe with water in an assumption of axial symmetry of geometric and 
force parameters of loading, using a stiff-plastic model of a medium and a known method of reflected shock adiabats. 
It is shown that the presence of liquid in the pipe leads to a substantial decrease in its explosion reduction, thus 
preventing the use of a traditional method of treatment with external explosive charges placed at a distance from the 
weld to relieve residual stresses. The effect of liquid is such that it becomes possible to load the pipe directly on the 

weld, the liquid acting as a kind of support. 

Keywords: circumferential welds, pipelines, explosion 
treatment, shock adiabat, shock wave, reduction, residual stress 
relief 

In application of explosion treatment to relieve resi­
dual stresses (RS) in circumferential welds on pipes, 
there may be situations where the above process has 
to be performed on pipelines filled with liquid (oil, 
condensate etc.). In this case it is necessary to csti mate 
to which circumferential strains this treatment may 
lead and to what extent the liquid medium may di­
minish these strains and, hence , the efficiency of de­
creasing RS. Consider in general the method for es­
timation of the degree of reduction of a pipe filled 
with water. Suppose that width of the zone treated 
by explosion is sufficiently large , and shock waves 
formed in the pipe and its shape retain cylindrical 
symmetry during reduction. However, width of the 
reduction zone is much smaller than radius of the 
pipe, and waves reflected from the pipe axis do not 
lead to substantial secondary strains. 

Analysis of disintegration of discontinuity at the 
metal-water interface within the framework of the 
elasto-plastic model of metal. Assume that the state 
of metal before interaction of shock waves at the me-

cr 

u1 

Figure 1. Pattern of interaction of shock waves at the metal- water 
interface (u - radial displacement of the pipe wall; see the rest 
of the designations in the text) 

© V.G. PETlJSIIKOV, 2003 
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tal-water interface corresponds to pointA in the shock 
adiabat of metal (Figure 1 ) . Here OB is the shock 
adiabat of water, which in the first approximation in 
a range of low pressures can be approximated to 
straight lin e OG, the inclination of which to the axis 
of abscissas is determined by the velocity of sound in 
water under normal pressure of detonation wave Dw. 
As follows from [ 1] , the state of water and metal after 
interaction of the shock waves can be determined by 
the method of a reflected adiabat. In this case it cor­
responds to point G. At a sufficiently high pressure 
the energy of a shock wave is distributed in equal 
parts between the kinetic and potential components 
111 . This allows estimation of the energy absorbed by 
the wave during a period of the first interaction of 
the shock waves: 

(1) 

where Pwater is the water density; L'lxw is the thickness 
of the compression wave, and u2 is the mass velocity 
of water. On the one hand , 

Ax D' 
(2) 

where t-.x is the thickness of the shock wave front in 
metal; D is the velocity of propagation of the plastic 
compression wave before interaction of the shock 
waves, which is equal to 

D=~; 
K is the bulk elasticity modulus, and pis the density 
of the pipe metal. 

Us ing ( 1) and (2), and given that £ 1 = pt-.xuy 
(here £ 1 and u1 arc the energy and mass velocity of 
shock waves in metal before their interaction , respec­
tively), we find that 

E" 
2 

P watcrDwU2 (3) 
£1 pDuT 
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It can also be concluded from Figure 1 that 

u2 2pD 
ut pD + PwatcrD". 

(4) 

Formulae (3) and (4) yield 

(5) 

It follows from equation (5) that a docs not de­
pend upon the amplitude of a wave in metal (or upon 
energy E 1) in interaction of the shock waves. This 
fact allows consideration of the set of such disconti ­
nuities at the metal -water interface for a series of 
waves reflected from the external surface of the pipe. 
It should be noted here that energy a.E 11 (here E 11 is 
the energy transferred to the pipe) is transferred to 
water at the nth interaction. 

Displacement of a hollow pipe after explosion 
loading within the framework of the stiff-plastic 
model of metal. Assuming that specific pulse ! 0 (per 
unit surface) is transferred to the pipe at time moment 
T = 0, and further deformation causes stresses in it 
equal to dynamic yield stress GrJ, we find that 

(6) 

where Ec and Eo arc the current and initial energies, 
respectively, absorbed by the pipe; II is the wall thick­
ness; and R is the pipe radius. 

Dependence E(u) at different values of Eo is sche­
matically shown in Figure 2. Maximum reduction of 
the hollow pipe can be determined from the following 
formula: 

I6R 
Um=--.l-. 

2ph" ()d 

(7) 

Displacement of a pipe filled with water. The 
first interaction of shock compression waves at the 
metal-water interface occurs at time moment T = 

= t/2, where t = 2h I Do (here Do is the velocity of 
detonation of an explosive). Let the initial energy be 

equal to E ~- £ 1 (Figure 2, point k). Then, after 

thefirst interaction , the pipe energy wi II become equal 
to E 1(1-a) (Figure 2, point/). 

The second interaction will take place in a period 
of time t after the first one. Here energy E 2 absorbed 
by the pipe, which is lower than E 1(1-a) (Figure 2, 
point m), will decrease to E2(1-a), (Figure 2, point 
n), and so on. Thus, it is necessary to find the radial 
displacement of the pipe, U 11 , corresponding to a zero 
final energy: 

un = L u,u 
n=l 

(8) 

where n· can be determined from the following con­
dition: 
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VII = 0, (9) 

where c:• is the radial velocity of the pipe wall. 
The situation illustrated in Figure 2 allows the 

following recurrent formula to be derived for U 11 : 

(10) 

-~ 1 ? (Jd 
where~='ll-a;s=i-c1-~) pR" 

Simple transformations of formula ( 1 0) yield the 
following expression: 

u" = W' - 1u1 - s(1 + ~ + ... + W' 2
) = 

r:~.u - 1 ( S ) S = 1-' u1- 1=13 - 1 _ ~-
( 11) 

This expression is valid for n > 1. Hence, it follows 
from equation (H) that 

~ sn* ( s ) 1 - W' 
un=uo+,-;:1 un=uo 1 _~+ u1+1=13 ~-(12) 

Here uo = 2p h- R ; Ut =---pi; - s. 
1 (Io t2ar~) ~tlo 

Then it is necessary to determine n· from expres­
sion (9). One can easily sec that the recurrent formula 
similar to equation (10) is valid for c:•/1'· 

l-'n = ~l 'u I - b, ( 13) 

where b = ~t0d/pR. 
Transforming expression ( 13) in a way similar to 

formula ( 1 0) yields 

('II= ~~~- J('t - b(1 + ~ + .. • +~II - 2) = 

=W'-1 (c:·~-1 ~~)-1 ~~, (14) 

where l' = ~ (Io- tad) 1 P h 2R . 
Using expressions (9) and ( 14) , we find that 

W' ~b 
- b - V1 (1 - ~)' 

( 15) 

U 11 can be determined from relationships ( 12) and 
( 15). 

E 

Figure 2. Paths of deformalion of pipe on coordinales E-u (see 
designations in the text) 
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Example. Let R = 0.5 m; h = 10-2 m; ar1 = 
= 7.5 N m2

; p = 7.8 kg / m3; Pwater = 1-103 kg m3; 

Dw = 1.5 rn / s; E = 2.1·1 011 N / m2 (elasticity modulus 
of steel); v = 0.28 (Poisson's ratio); and ! 0 = 
= 5·1 03 N-s / m2

. Using these parameters we find that 
a = 0.15; t = 4.4 ms; n· = 23 and u,t' = 2.3 mm. To 
compare, consider the value of U 11 for the hollow pipe: 

RJ6 
u11 = ---2 = 10 [mm]. 

2adph 

Therefore, it can be concluded that despite a low 
acoustic sti ffncss, compared with steel, the I iqu id that 
fills in the pipe hinders substantially its explosion 
reduction. It follows therefrom that the captive ex­
ternal explosive charges can be used to relieve welding 

stresses in circumferential welds on pipelines filled 
with liquid products. In this case the charges can be 
located directly within the weld zone, as opposed to 
the method described in 12], meaning that the effect 
of reliving RS can be achieved only as a result of the 
basic effective factor of explosion treatment, i .c. the 
stress-strain trace with compressive RS formed within 
the above zone due to explosion [31. 

1. (1975) Explosion physics. Ed. by K.P. Stanyukovich. Mos­
cow: Nauka. 

2. Makhnenko, V.I., Kudinov , V.M. , Petushkov , V.G. et al. 
( 1975) Calculalion of the efficiency of decreasing residual 
stresses in circumferenlial welds by explosion treatment. 
A vtomatich. Suarka, 12, 6- 8. 

3. Petushkov, V.G. , Fadeenko, Yu.I. (1999) Welding stress 
relief be explosion treatment. New York: Backbone. 

TRIBOLOGICAL PROPERTIES 
OF THE Fe-cr-si-Mn-P SYSTEM DEPOSITED METAL 

1.1. RYABTSEV 1
, Yu.M. KUSKOV 1

, V.F. GRABIN1
, G.N. GORDAN 1

, T.G. SOLOMIJCHUK 1 and V.V. POLOTAf 
1E.O. Paton Electric Welding Institute, NAS U, Kyiv, Ukraine 

~I.N. Frantsevich Institute for Materials Science Problems , NASU , Kyiv, Ukraine 

Studies of assimilation of phosphorus in open-arc and submerged-arc (with fluxes AN-26 and AN-348) surfacing using 
flux-cored wires containing up to 2.5 °o P , as well as tribolog ical properties ( sliding friction coefficient and wear 
resistance) and structure of deposited metal of the Fe-Cr- Si- Mn- P alloying system , were conducted. Almost all 
phosphorus was found to be assimilated by the deposited metal in surfacing by the flux-cored wire open-arc and 
submerged-arc (with flu xes AN-26 and AN-348) methods. It is shown that samples of the deposited metal alloyed with 
0.9- 1.2 °o P have a minimum sliding friction coefficient , and a minimum wear of the sample and mating body is provided 
at a phosphorus content of 2.0 °o. 

Keywords: electric arc surfacing, deposited metal, flux 
cored u.'ires, phosphorus in steel, phosphide eutectic, sliding 
friction, u·ear resistance 

The usc of phosphorus as an alloying clement of sur­
facing consumables for repair and hardening of parts 
operating under conditions of friction of metal on 
metal was suggested in 11 1. According to some data 
12- 41, phosphorus raises wear resistance and lowers 
the sliding friction coefficient of Fe-basc alloys con­
taining about 10 % Cu, 0.3-1 .6 % P , 0 .42- 1.36 % S 
and "' 1 ~o C. The phosphide eutectic phases acting 
as a grease arc formed in structure of such alloys. 
However , surfacing and welding consumablcs do not 
contain phosphorus as an alloying element. Therefore , 
the task was to estimate assimilation of phosphorus 
in surfacing by the open-arc method and submerged­
arc method with fluxes AN-26 and AN-348 using flux ­
cored wires containing up to 2.5 % P, study tribologi­
cal characteristics (sliding friction coefficient and 
wear resistance) and examine structure of the deposi ­
ted metal of a matching composition. A flux-cored 
wire which provides deposited metal of the type of 

steel 20KhGS was selected as the baseline one. Wires 
of this type arc applied now in different industries 
for repair and hardening of parts operating under con­
ditions of friction of metal on metal. 

Experimental procedure. Seven experimental 
wires providing deposited metal of the 20KhGS type 
with a design phosphorus content of 0.3-2.5 % (Ta­
ble 1) were made to conduct experimental studies. 
Alloying ranges were selected on the basis of prel imi­
nary investigations of crack resistance of these mate­
rials. The investigations showed that the first cracks 
initiated at a phosphorus content of the deposited 
metal equal to 2.0- 2.5 % in five- and six-layer sur­
fac ing of plates of steel St.3 measuring 
40x1 00x250 mm. Samples for estimation of friction 
coefficient and wear resistance , metallography and 
X-ray microanalysis were taken from the upper layer 
of the deposited metal. Wear resistance and anti-fric­
tion properties of the deposited metal were evaluated 
using the friction testing machine 151 additionally 
equipped with a system for positioning of the samples 
wi t h respect to the rotating shaft used as the mating 
body. The tests were conducted by the method of 

@ I. I. RYAI3TSEV. Yu.M . KLJSKOV, V. F. GRAillN, G.N. GORDAN, T .G. SOLOI'II.JC III I K and \'. \ ' . POLCrl",\1, 2003 

Table 1. Chern 

Wire 
grade 

PP-0 

PP-0.3 

PP-0.6 

PP-0 .9 

PP-1.2 

PP-2.0 

PP-2.5 

'Numerator gi" 

rubbing off 
without any 
The samples 
3x20 mm. 
40 mm india 
hardened st 
HRCe 42. 
testing the i 
wear of a coa 
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Table 1. Chemical composition of the deposited metal samples 

\t\1ire 
grade 

PP-0 

PP-0.3 

PP-0.6 

PP-0.9 

PP-1.2 

PP-2.0 

PP-2.5 

Sample 
No. 

Ia 

1b 

2 

2a 

2b 

3 

3a 

3b 

4 

4a 

4b 

5 

Sa 

Sb 

6 

6a 

6b 

7 

7a 

7b 

Surfacing 
nwthod 

Open arc 

Flux AN-26 

Flux AN-348 

Open arc 

Flux AN-26 

Flux AN-348 

Open arc 

Flux AN-26 

Flux AN-348 

Open arc 

Flux AN-26 

Flux AN-348 

Open arc 

Flux AN-26 

Flux AN-348 

Open arc 

Flux AN-26 

Flux AN-348 

Open arc 

Flux AN-26 

Flux AN-348 

c 

0.23 
0.22 

0.23 
0.16 

0.23 
0.10 

0.23 
0.22 

0.23 
0.16 

0.23 
D.11 
0.23 
0.21 

0.23 
0.19 

0.23 
0.12 

0.23 
0.24 

0.23 
0.18 

0.23 
0.10 

0.23 
0.23 

0.23 
0.17 

0.23 
0.14 

0.23 
0.21 

0.23 
0.17 

0.23 
0.13 

0.23 
0.21 

0.23 
0.18 

0.23 
0.12 
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Coufcnl of elements. rf'l. % 

f\/n Si Cr 

1.30 1.30 1.50 
115 0.88 1.10 

1.30 1.30 1.50 
1.29 1.72 1.04 

1.30 
2.00 

1.30 
1.20 

1.30 
1.21 

1.30 
1.95 

1.30 
1.17 

1.30 
1.27 

1.30 
2.1 0 

1.30 
1.10 

1.30 
1.33 

1.30 
2.05 

1.30 
1.13 

1.30 
1.23 

1.30 
1.98 

1.30 
1. 01 

1.30 
1.34 

1.30 
2.03 

1.30 
1.14 

1.30 
1.48 

1.30 
2.00 

1.30 
1.45 

1.30 
0.92 

1.30 
1.84 

1.30 
1.38 

1.30 
0.95 

1.30 
1.83 

1.30 
1. 73 

1.30 
0.96 

1.30 
1.63 

1.30 
1.65 

1.30 
1.02 

1.30 
1.56 

1.30 
1. 72 

1.30 
0.92 

1.30 
1.68 

1.30 
1.81 

1.30 
0.89 

1.30 
1.67 

1.30 
1. 78 

1.50 
0. 72 

1.50 
1.23 

1.50 
1.10 

1.50 
0.91 

1.50 
1.13 

1.50 
1.06 

1.50 
1.03 

1.50 
1.33 

1.50 
1.14 

1.50 
1.09 

1.50 
1.28 

ISO 
1.13 

1.50 
1.12 

1.50 
1.35 

1.50 
1.22 

1.50 
1.12 

1.50 
1.23 

1.50 
1.25 

1.50 
1.19 

p 

0.30 
0.31 

0.30 
0.30 

0.30 
0.35 

0.60 
0.57 

0.60 
0.60 

0.60 
0.61 

0.90 
1.00 

0.90 
1.00 

0.90 
1.05 

1.20 
1.28 

1.20 
1.36 

1.20 
1.26 

2.00 
1.98 

2.00 
1.94 

2.00 
1.96 

2.50 
2.38 

2.50 
2.34 

2.50 
2.26 

Numerator gives the calculated and denominator - actual content of a corresponding a lloying element. 

rubbing off hollows by the shaft against plane method 
without any addit ional grease fed to the friction zone. 
The samples for tribological tests had plan sizes of 
3x20 mm. The shaft used as the mating body was 
40 mm in diameter and 12 mm high. It was made from 
hardened stee l of the 45 grade and had hardness 
HRCe 42. The following values were est im ated by 
testing the deposited metal samples: friction force, 
wear of a coating on the basis of volume of the hollow, 

6/2003 

and wear of t he mating body on the basis of differences 
in its weight before and after the tests. The fri ct ion 
coefficient was calcul ated as a quotient of t he friction 
force by load, the calcu lation error being not more 
than S %. The volume of the hollow was calcul ated 
from the known formulae on the basis of the mean 
value of its width using a too lm aker's mi croscope with 
an error of not more than 0.01 mm. Weight of the 
mating body was determined using the analytical ba-
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Figure 1. Effect of phosphorus on hardness and tribological characteristics of deposited metal of the 20KhGS type: 1 - friction 
coefficient; 2 - rate of wear of experimental samples of the deposited metal; 3 hardness of the deposited metal; 4 - rate of wear 
of the mating body 

lance with an error of not more than 0.0005 g. The 
total error of estimation of wear of the sample and 
mating body was not in excess of 1 ~o. The following 
testing parameters were selected from the preliminary 
test results: sliding speed 1 m s, load 30 Nand test 
time 600 s. These parameters provided stabilisation 
of tribological characteristics of all the samples. The 
usc of the positioning system allowed testing of each 
sample to be repeated not less than three Limes in a 
new region of the sample friction surface and in a 
new friction strip of the mating body. Metallography 
of the deposited metal was carried out using the op­
tical microscope «NcophoL 22>>, analysis of fracture 
surface of the deposited metal samples was conducted 
using the scanning microscope JSM-840, and distri­
bution of alloying clements in the deposited metal 
was examined using the X-ray microanalyser <<Camc­
bax>>. 

Results and discussion. As shown by chemical 
analysis, almost all phosphorus is assimilated by the 
deposited metal (Table 1 ). In the case of submerged­
arc surfacing with fluxes AN-26 and AN-348 the car-

bon content of the deposited metal decreases because 
of the Si- and Mn-rcduction reactions, the manganese 
and silicon contents changing accordingly. Consider­
ing almost the same assimilation of phosphorus with 
a 11 the surfacing methods under consideration, further 
studies were conducted on the deposited metal sam­
ples produced by using flux AN-26. 

Results of investigations of tribological charac­
teristics of the deposited metal samp les containing 
differing amounts of phosphorus arc shown in Fi­
gure 1. Increase in the phosphorus content is acc·om­
panicd by a uniform increase in hardness from HRCe 
20 (at a phosphorus content of 0.3 %) to HRCe 44 
(at a phosphorus content of 2.5 "o). Other properties 
change following more complicated principles. The 
friction coefficient (Figure 1, curve 1) dcn·eascs with 
increase in the phosphorus content and reaches mini­
mum at a phosphorus content of about 1 "o. Increase 
in the phosphorus content to more than 1 % leads to 
i ncr case in the friction coefficient, and it becomes 
almost equal to that of steel 20KhGS at a phosphorus 
content of 2.5 "o. Curves describing the rate of wear 

Figure 2. Microstructure of steel 20KhGS with a differing phosphorus content: a without phosphorus; b 0.3 •.; c same, dark 
phase inclusion; d - same , light phase inclusion ; e 1.2 •.; ( 1.98 • •. Electrolytic etching in 20 •. solution of chromic acid (a, 
b, e, ( - xSOO; c, d - x800) 

Table 2. R 
metal sampl 
scope JSM-8 

Sample Poi 
No. 

2a Dar 

3a 

4a 

Lig 

Lig 

Phos 
inclu 

Sa Dark 

Ligh 

Matr 

Phos 
inclu 

6a Matri 

Phos 
inclu 

?a Matri 

Phosp 
inclus 

of the sampl 
and 4) arc 
wear of the 
increase in t 
to grow, st 
about 2 °'o. 

Exam ina 
20KhGS wit 
carried out tc 
phosphorus o 
posited meta 
deposited me 
1 itic structur 
acicular fcrri 
a fcrritising 
(Figure 2, b). 
tificd as phos 
at a phospho 
c, d). Inc rca. 
further incrc 
phosphides ( 
about 2 ~o a cc 
is formed in s 
alloy matrix 
phosphide cut 
phorus content 

Analysis of 
samples of the 
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Table 2. Results of analysis of fracture surfaces of deposited 
metal samples of the 20KhGS type using the scanning micro­

, scope JSM-840 

Sample . Coni Pill of elements, li'l. % 
No. Pollll of analysis -------------

Fe Mn Si Cr p 

2a Dark phase 

Light phase 

Matrix 

3a Dark phase 

Light phase 

Matrix 

4a Dark phase 

Light phase 

Matrix 

Phosphide 
inclusion 

Sa Dark phase 

Light phase 

Matrix 

Phosphide 
inclusion 

6a Matrix 

Phosphide 
inclusion 

?a Matrix 

Phosphide 
inclusion 

95.77 0.60 

94.98 1.27 

94.03 0.80 

94.25 1.14 

95.54 0.84 

93.90 1.45 

93.62 1.19 

95.24 1.17 

94.40 1.25 

85.53 2.40 

92.95 0.76 

93.00 1.16 

93.46 1.82 

90.78 1.96 

94.75 1.09 

81.53 3.68 

90.94 1.66 

80.92 3.24 

1.27 1.00 0.41 

1.30 1.10 0.25 

1.32 1.22 0.58 

1.22 1.24 0.70 

1.03 1.21 0.53 

1.27 1.02 0.71 

1.20 0.98 0.60 

1.33 1.01 0.62 

1.44 1.11 0.88 

0.58 2.24 8.46 

1.53 1.10 0.71 

1.30 1.20 0.85 

0.71 1.05 1.45 

0.85 1.74 12.53 

118 1.12 0.98 

0.17 2.45 11.59 

1.45 1.08 1.23 

0.01 2.46 12.47 

of the sample and mating body (Figure 1, curves 2 
and 4) arc of a similar character. First the rate of 
wear of the sample and mating body decreases with 
increase in the phosphorus content. Then it begins 
to grow, starting from a phosphorus content of 
about 2 %. 

Examinations of microstructure of samples of steel 
20KhGS with a differing phosphorus content were 
carried out to reveal causes of an ambiguous effect of 
phosphorus on tri bological characteristics of the de­
posited metal of the type of the above steel. The 
deposited metal containing no phosphorus has a pcar­
litic structure with a small amount of polyhedral and 
acicular ferrite (Figure 2, a). Addition of 0.3% P (as 
a ferritising clement) increases the amount of ferrite 
(Figure 2, b). Isolated dark and light inclusions iden­
tified as phosphide ones by metallography were fixed 
at a phosphorus content as low as 0.3 % (Figure 2, 
c, d). Increase in the phosphorus content leads to 
further increase in the amount of ferrite and 
phosphides (Figure 2, e). At a phosphorus content of 
about 2% a continuous grid of the phosphide eutectic 
is formed in structure of steel 20KhGS, enclosing the 
alloy matrix grains (Figure 2, f). The amount of the 
phosphide eutectic grows with increase in the phos­
phorus content. 

Analysis of fracture surfaces of the deposited metal 
samples of the 20KhGS type was conducted using the 
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Figure 3. Distribution of phosphorus (1), manganese (2) and sili­
con (3) in structure of deposited metal of the 20KhGS type: a -
0.3; b - 1.2; c - 2.5 % p 

scanning microscopcJSM-840 (Table 2). This method 
failed to fix an increased phosphorus content of iso­
lated i ncl us ions oft he I ight and dark phases in samples 
No.2a and 3a, the boundaries of which were marked 
by pins in corresponding sections (sec Figure 2, c, d, 
and Table 2). It is likely to be attributed to the fact 
that size of a spot being analysed was in excess of 
sizes of the inclusions and covered the alloy matrix. 
Inclusions identified as the phosphide ones were fixed 
at a phosphorus content of more than 0.6 % (alloy 
sample No.4a). Considerable amounts of the 
phosphide eutectic were fixed at a phosphorus content 
of about 2 % (alloy sample No.6a). The phosphide 
eutectic was found to contain iron, chromium and 
manganese. In addition, it featured a decreased silicon 
content. Increase in the total phosphorus content was 
accompanied by increase in the phosphorus content 
of the alloy matrix (maximum value is 1.45 %, which 
disagrees with the available literature data on solu­
bility of phosphorus in pure iron). According to 161 
the solubility limit of phosphorus in pure iron is 0.6, 
and according to 121 it is 1.2 %. Therefore, this issue 
requires further investigations. 

Examinations of the deposited metal samples of 
the 20KhGS type with a differing phosphorus content 
were conducted using the X-ray microanalyscr 
<1Camcbax». Samples for the examinations were cut 
from the upper (fifth) deposited layer. Figure 3, a-c 
shows results of these examinations. This method re­
vealed phosphide inclusions at a phosphorus content 
as low as 0.3 %. It was proved that phosphidcs con-

19 



SCIENTIFIC AND TECHNICAL 

taincd manganese and chromium, in addition to iron, 
and that they had a decreased si I icon content. Increase 
in the total phosphorus content was accompanied by 
increase in the phosphorus content of the steel matrix 
and in crease in the amount of phosphidcs. 

Analysis of the data given in Table 2 and shown 
in Figure 3, a-c, indicates to the fact that chemical 
composition of phosphidcs hardly changes with in ­
crease in t he phosphorus content: they contain 2-
3 "o Mn and 2.0-2.5 % Cr, in addition to iron, i.e. 
chemical composition of phosphidcs cannot have a 
substantial effect on tribological properties of steel. 
The total content of phosphidcs in steel exerts a higher 
effect. The data of tribological tests and mctal ­
lograph ic examinations arc ind icat i vc of the fact that 
phosphorus stops to have a favourable effect on the 
friction coefficient of steel 20KhGS after the 
phosphide inclusions form a continuous grid in the 
steel structure. Most likel y that this has the following 
causes . 

The friction coefficient and wear decrease in the 
presence of isolated phosphide inclusions with a 
higher hardness than the ductile matrix. Under con­
tact loading, in this case 171 the load is distributed 
over hard inclusions which provide a low friction co­
efficient and high resistance to adhesion. A relativel y 
ductile base allows the system to acquire the optimal 
geometry of contact within a very short period of 
t ime, thus reducing the probability of formation of 
local centres of high pressure lead ing to formation of 
cleavage or adhesion. Increase in the amount of the 
eutectic and formation of a continuous phosphide grid 
characterised by increased hardness and brittleness 
dramatically decrease ductility of the working layer 
and lead to formation of spalls during wear, which 
act as an abrasive and enhance wear of the sample 
and mating body. 

20 

CONCLUSIONS 

1. In arc surfacing using flux-cored wires containing 
up to 2.5 % P by the open-arc and submerged-arc 
methods with fluxes AN-26 and AN-348 almost all 
phosphorus is assimilated by the deposited metal. In 
this case isolated inclusions of phosphidcs in the low­
alloy deposited metal 20KhGS arc formed at a phos­
phorus content of more than 0.3 %. The content of 
phosphorus dissolved in the steel matrix increases in 
proportion to its total content and may amount to 
1.45 °o. 

2. Samples of the deposited metal alloyed with 
phosphorus in an amount of 0.9- 1.2 %, i.e. until 
phosphidcs remain in the steel structure in the form 
of isolated hard inclusions , providing a low friction 
coefficient and high adhesion resistance, have the 
minimum sliding friction coefficient. 

3. Minimum wear of the sample and mating body 
is provided at a phosphorus content of the 20KhGS 
type deposited metal equal to about 2 %. Further 
increase in the phosphorus content leads to dramatic 
decrease in ductility of the working layer , thus leading 
to fracture of the brittle and hard eutectic component 
and increase in wear. 
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ON THE INFLUENCE OF THE SPEED OF VARIATION 
OF ELECTRODE EXTENSION 

AND ARC LENGTH ON ARC SENSOR SIGNAL 

G.A. TSYBULKIN 
E.O. Paton Electric Welding Institute , NASU, Kyiv, Ukraine 

Physical principles are considered, which underlie the action of arc sensors. Analytical dependencies are given of welding 
current on the current distance between the torch edge and weld pool surface, as well as the speed of variation of this 
distance. 

Keywords: arc u:elding, consumable electrode, welding 
operations, arc sensors 

In connection with arc welding robotisation quite ex­
tensive experience of practical app 1 ication of the so­
called arc sensors has been gained in many industri­
alized countries. These sensors provide to the control 
systems of weld ing robots current informat ion on the 
spatial position of the consumable electrode end rela­
tive to the line of the welded joint. Some interesting 
results have been obtained. On the other hand, analy­
sis of published sources indicates that some issues of 
conceptual nature, arising in des ign of arc sensors, 
are stil l unsolved. In particular, an integral concept 
of the physical principles, underlying their action, 
has still not been established. In keeping with the 
approach, accepted in the majority of recent publica­
tions 11 -4 1, measurements, performed with the arc 
sensors, are based on the dependence of welding cur­
rent on the current distance between the torch edge 
and weld pool surface. This is true, but only in part. 
In reality, the most significant (and sometimes even 
the determinant) is the functional dependence be­
tween the welding current and speed of variation of 
this distance. The nature of this connection, judging 
by numerous publications, is still unstudied. 

In this paper the extent of the influence of each of 
the above two factors on welding current is studied, 
namely current distance from the torch edge to the weld 
pool surface and speeds of variation of this distance. 

Analytical model of the arc sensor. Let us con­
sider equations IS, f) I 

T di . 1 
v" '" d'f, + t = M g • (1) 

(2) 

describing the reaction of welding current i on the 
setting and disturbing actions during gas-shielded 
consumable electrode arc welding of metal items. 

In equations ( 1), (2) V 11 = dnP dt is the speed of 
the torch motion along axis n (Figure 1); ~ = nP- no 
is the current deviation of electrode extens ion from 
the initial position no; T,.. is the time constant of the 

© G.A. TSYIHJLKIN, 200:l 
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welding process; Ve is the speed of motion (feed) of 
the electrode relative to t he torch edge; l'm = vm(i, 
h) is the speed of electrode melting; M = ck 11,/di and 
N = dl' 11,/dh is the slope of speed characteristics of 
the electrode melting by current i and electrode stick­
out h, respectively, at nominal values of i 0 and h0; 

F' = dF / dn, F" = d 2F / dn2
, where F = F(n) is the 

function, characterizing the shape and position of the 
axial line of the joint being welded in plane bn. 

When equations ( 1) and (2) were derived, it was 
assumed that distance H between torch edge and ax is 
n is unchanged, i.e. H = const, and speeds Ve and l' 11 

were also taken to be equal. 
From equations ( 1) and (2) it is immediately seen 

that welding current i at fixed values ofT,", M and 
N is determined not only by the rate of electrode wire 
feed v,, but also by the speed of variation of function 
F(n) at the change of coord in ate n. From the same 
equations it follows t hat welding current i at F' * 0 
depends also on the speed of motion of torch V 11 along 
axis n. This is a highly signifi cant moment, so we will 
consider it in greater detail. 

Let us consider a very characteristic case, when 
line F(n) is in an in clined position rel ative to the 
specified line of t he torch motion. Let initial section 
F(n) up to point n0 coincide with axis n (Figure 2), 
directed parallel to the above I ine oft he torch motion , 

b 

:······-L ..... ·: 

\ ! 

H ----- __ \j____ --
! h o 

~ 
l! 
~; 

0 

F (n) 

Figure 1. Schematic of movement of the welding lorch 
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n 
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b 

0 n 

Figure 2. Reaction of welding current to change of distance H- F 

and starting from point n0 let line F(n) pass al angle 
ex to axis n , i.e. function F(n) is described as follows: 

{
0 [n ~ n0]; (

3
) F(n)-

- K~[n>nol-

Hcrc K = tg(cx), and point n0 on axis n is selected 
so, that by the moment of time t0 = no V 11 the transient 
processes in the welding circuit were practically com­
pletely over. 

From Figure 2 il is seen that at displacement of 
the welding torch in the positive direction of axis n 
distanccH - F(nP) between the torch edge and current 
point of welding P decreases by a linear law , starting 
from point n0 . We will sec, how welding current i 
changes in this case. In this connection let us study 
the solution of equation (1), which, taking into ac­
count (2) , (3) , becomes 

. - ~ K N J:. KI·, (1 - NT ) (1 - -as) (4) 
r- M+ M ..,+ M "' e ' 

where a = 1 I '11T"' . 
Let us consider deviation b = i- I ',, M of welding 

currcnl i from nominal value i nom = I 'e M . Since in 
expression (4) NT,.. << 1, we will present the rela­
tionship for 8 in a simpler form: 

22 

8 = ~ [N~ + v" (1 - e "S )]. (5) 

Let us plot in Figure 2 the graphs of two funclions 

KN 
8;,= M ~; (6) 

(7) 

and thci r sums 8 = 8" + 8,, and fix on axis n point n•, 
where 8,. = 8". 

Thorough consideration of expressions (5) - (7) 
and Figure 2 demonstrates that at a small deviation 
of the electrode from point n0 , when~<~·. the main 
contribution to 8 formation is made by deviation of 
welding current 8,, , caused by a jump-like variation 
in point n0 of the speed of electrode movement M •e = 
= KI'11 relative to the current point of welding P. This 
contribution is the greater , the higher the speed of 
displacement of the torch V 11 • Deviation 8", related to 
decrease of electrode extension h, is small. And only 
at~=~·, both the components arc equal, i .c. 8, = 8". 

Practical value of establishing this fact is deter­
mined by that how effectively it can be used to build 
arc sensors to solve the problems of adaptive control 
of the spatial position of the welding torch. This issue 
can be best clarified by specific examples. 

Examples. Let us first consider a numerical exam­
ple, indicating how the actual <<weights>> of both com­
ponents 8, and 8" arc distributed at torch motion at 
a constant speed I '11 along slanting line F = K~. Such 
a situation may arise, in particular, as a rcsull of 
thermal deformations during robotic arc welding of 
extended clements of a thin material or in case of 
their inaccurate set up for welding. 

Let in the given example K = 0.1 (angle of incli­
nation ex "" 6°), V 11 = 10 mm / s, H = 17 mm, i = 130 A, 
electrode wire diameter d = 1.2 mm. Here M = 
= 0.5 mm / (s·A),N = 0.8s-1

, T,.= 0.1 s. Let us select 
measurement steps of current deviation 8, proceeding 
from such a compromise: steps should be small enough 
to provide minimum deviation 8 over the entire length 
of the joint being welded due to periodical correction 
of the torch motion by the results of 8 measurement, 
and , on the other hand, according to (4), it should 
be nol less than 3I'11T ,,. , so that the transient process 
from the corrective action were practically over by 
the time of the next measurement of 8. 

So, let us assumes = 10 mm. Then, in view of (6) 
and (7) at~= s, we will have 

KN 0.1·0.8 
16 8;, = M s=----o.s-10=. A; 

K<.·, as 0.1·10 10 
2 

A 
8,, = M (1 - e ) = ---o.s- (1 - e ) = . 

(8) 

As was anticipated, deviation of welding current 
8 al s = 10 mm is almost equally due both to the 
change of this distance K , and rate of change of this 
distance K<.'11 • lt should be noted right away that va­
lues of 81, and 8,, , calculated by formulas (8), agree 
well wilh the experimental data. 

Considering formulas (8) it is easy to sec that at 
I '11 = 0, i.e. when current point P (Figure 2) is sta­
tionary relative to the initial point n0, the steady-state 
val uc of welding current differs from its nominal value 
by 8" = 1.6 A. Such a very slight deviation is not so 
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easy to measure under the real conditions of arc weld­
ing, i.e. under the conditions of a rather high level 
of random noise, accompanying the welding process. 
Therefore, the idea, expressed in 131 about using for 
arc welding a pair of electrodes, located parallel to 
each other at small distance (5-10 mm), in order to 
obtain information about shifting of the center of this 
pair relative to the axis of the joint being welded by 
the calculated difference of currents, flowing through 
the above electrodes, is ineffective. 

This way , we come to the natural cone! us ion, that 
in order to obtain a noticeable (measurable) deviation 
of welding current from its nominal value, it is nec­
essary to perform torch motions relative to point 110 
at high enough speed V 11 • 

Let us consider another example. Let the longitu­
dinal axis of electrode extension, passing in parallel 
to coordinate axis 11, make the following harmonic 
oscillations in plane bn (Figure 3) relative to a fixed 
point no: 

s =A sin rot; ro = 2nf (9) 

with a small amplitude A and fixed frequency(. Now 
line F = K'E, is still located at a certain angle a = 
= arctg K to axis 11. 

Such a situation arises in arc welding of bult or 
fi !let (with edge preparation) joints with transverse 
oscillations of the torch, when for some reason the 
middle position of the oscillating torch turns out to 
be shifted by distance On0 from the axial line of the 
joint being welded (passing in Figure 3 through point 
0, normal to plane bn). 

Let us assume, that A < On0. Then, function g, 
according to expression (2), becomes 

g = v, + AK (w cos wt + N sin rot). ( 10) 

Considering expression (10), it is easy to sec that 
at f :2: 1Hz relationship ro >> N is valid , and the 
second addend in parenthesis, charactcrizi ng the 
change of electrode extension, is negligible. Function 
g can be represented in a simpler form: 

g = r•, + AK w cos wt. (11) 

Therefore, speed component ?. '11 = Aro cos rot of har­
monic oscillation (9) at f :2: 1Hz has a dominant im­
pact, which actually is what generates periodical de­
viations of welding current: 

8 (t) = AK wT", cos (rot - arctg wT,,). (12) 
" MT", ..J1 + (wT, i 

Function ( 12) is a partial solution of equal ion ( 1), 
obtained taking into account expression ( 11), as well 
as relationships d~ = t>11dt and 8,, = i - l 'p M. Analysis 
of the above function shows that as frequency ro in­
creases, amplitude of set oscillations of welding current 

AK wT,, 
~ = -M-T-,, ·-;..J=1 =+=(=ro=T=):;;::2 

'" 

(13) 

increases (Figure 4), becoming asymplolically close 
to maximum value 
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vn 

H 

0 

T=1/f 

Figure 3. Schematic of oscillatory motion of the torch 

AK 
~. = max ~ = MT . 

(J) " ' 

n 

This fact has a precise physical explanation: with 
the increase of the frequency of electrode oscillations 
the effect of sci f-rcstoration of the arc becomes 
smaller. At high frequencies ro arc length docs not 
have enough time to restore its previous value in the 
case of a fast change of the distance between the torch 
end and free surf ace of weld pool, as the time, required 
for it, determined by value T"'' is much greater than 
oscillation period T = 2n: / ro. 

Selection of electrode oscillation frequency. As 
follows from expression ( 13) and Figure 4, a! ready 
at roT 11 • = 4 amplitude/::,. comes so closely to its limit 
value t:,.., that further increase of ro is practically not 
needed. Therefore, a quite acceptable value of fre­
quency f of electrode oscillations can be calculated 
by a simple formula 

2 
f""-rtT, . 

Figure 4. Dependence of D. D.. on wT". 

( 14) 
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In particular, at T". = 0.1 s frequency{, according 
to expression ( 14), is approximately equal to 6 Hz. 
Substitutiort of the numerical values of parameters 
A= 2 mm, K = 1, M = 0.5 mm / (s-A), T". = 0.1 s 
and wT". = 4 in formula (13) yields L\ = 38.8 A. 
Maximum possible value L\. (i.e. value L\ at f = oo), 
according to equation (13), is equal to 40 A. Thus, 
simple calculation confirms the conclusion made: 
there is no sense in increasing the frequency of oscil­
lations (or rotation) of the electrode above 6 Hz to 
increase the amplitude of welding current. 

Work (7) also gives other arguments in favour of 
low frequencies of electrode oscillations. In particu­
lar, notable is the fact that in usually used in practice 
modes of consumable electrode C02 welding the mol ­
ten metal drops , depending on the nature of their 
transfer through the arc gap, periodically close this 
gap or change its length without a complete short­
circuit. The frequency of welding current fluctua­
tions, determined by the frequency of the above quasi­
periodic changes of the arc gap, depends on a multi ­
tude of factors, including amplitude A of transverse 
oscillations of the welding tool, and according to 18-
11], it takes up a quite broad band (20-150 Hz). 
These fluctuations of welding currcnl arc external 
d isturbanccs (noise) for arc sensors, preventing cor­
rect assessment of side deviations of the welding tool 
from the axis of the joint being welded. It is much 
easier to filter the above noise, if the working fre­
quency of electrode oscillations is much lower than 
the frequency bands, taken up by the noise. 

On the other hand, at selection of the frequenc y of 
electrode osci !lations, it is necessary to take into account 
also the technological side of the issue, in particular, 
dependence of frequency f on welding speed v, .. It is 
easy to find the nature of this dependence, if we usc the 
notion of spatial period A, equal by definition to the 
distance between closest points, in which transverse 
oscillations of the electrode proceed in the same phase. 
Hence, the known in mechanics relationship A = Vu. l f. 
As welding speed l'n· is pre-set in each concrete case, 
then, using the above relationship, it is always possible 
to dctcrmi nc the frequency of electrode oscillation or 
rotation by a very simple formula: 

(15) 

Period A, apparently, should not be greater than 
the diameter of the arc column. This is exactly the 
case, when a uniform melting of the base metal is 
guaranteed. In robotic arc welding with electrode wire 
of 0.8- 1 .6 mm diameter an experimentally cstabl ishcd 
value A = 2 mm can be recommended . If l'u- < 
< 20 mm s, then frequency{, according to expres­
sion (15), is below 10Hz. 

However , attention should be given to the fact that 
spatial period A is a minimum distance, at which it is 
possible to determine electrode deviation from the line 
of the joint being welded, based on measurement of 
welding current in extreme points of oscillating elec­
trode. Simple calculation shows that distance A= 2 mm 
is quite acceptable at one-time count, i.e. when instanl 
values of amplitude L\ arc measured in extreme points 
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just once per period A. To improve the validity of 
evaluation of electrode deviation from the axis of the 
joint being welded, the incremental method is sometimes 
used , which, essentiall y, consists in that during A the 
above counts arc taken not once, but several times (11 
times). Then the accumulated counts arc averaged. The 
influence of uncontrolled noise on measurement results 
is reduced. It is obvious that frequency {, when using 
the above method of evaluation of the deviation, should 
be selected not from formula (14), but from the follow­
ing relationship: 

Thus, the price to be paid for greater validity of 
evaluation of the measured deviation in th is case is 
increase of lhc frequency of transverse oscillat ion s of 
the electrode 11 times, i .c. more com pi icatcd kinematic 
of the arc sensor and introduction of an additional 
computing device with sufficiently quick response and 
required storage capacity. There exist, however, other 
methods to improve the validity of evaluation of the 
deviation , unrelated to the above complications of the 
arc sensor, for instance, methods of synchronous de­
tection, considered in 1121. 

Thus, when the issue of selection of the frequency 
of transverse oscillations of the electrode is considered, 
it may be stated, that in case of the actually used speeds 
of consumable electrode arc welding, there is no basic 
need to increase frequency f above 10 Hz. 

CONCLUSIONS 

1. It is established that the action of arc sensors is 
based on functional dependencies of welding current 
on the current distance between the torch edge and 
weld pool surface, as well as on the speed of variation 
of this distance. 

2. It is determined that dependence of welding cur­
rent on the speed of variation of the above distance 
predominates at transverse oscillations of the electrode 
in arc welding of fillet (and grooved butt) joints. 
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APPLICATION OF AGGLOMERATED FLUXES 
FOR WELDING OF LOW-ALLOY STEELS 

(REVIEW) 

V.V. GOLOVKO 
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

It is shown that agglomerated fluxes are characterised by higher metallurgical activity, compared with the fused ones. 
Their application fields in fabrication of facilities from structural low-alloy steels are given. It is noted that development 
of these type of welding consumables holds high promise. 

Keywords: welding, low-alloy steels, agglomerated flux, 
metallurgical properties, welded joints, performance 

Growth of volumes of application of low-alloy steels 
during the last quarter of the 20th century was accom­
panied by a continuous increase in requirements to 
the level of their specified properties and manufacture 

tec:flt~(JfcwJ£~·- tR. Ute t1M(1=1lfl<tdfl'e fec,\Jired tncd13R.t­
cal properties of low-alloy steel rolled stock were 
achieved mostly by thermomcchanical treatment, the 
1980s were characterised by increase in output of 
plates with precipitation hardening and controlled 
rolling, whereas the second half of the 1990s featured 
a commercial manufacture of steels subjected to me­
tallurgical and thcrmomcchanical treatments based 
on nano-technologics. 

Improvement of the manufacture technologies al­
lowed the level of performance of low-alloy steel 
rolled products, and primarily their cold crack resis­
tance, to be substantially increased. Such steels pro­
vide safe operation of large-size constructions, bridge 
structures, ship hulls and main pi pel incs [ 1 J. 

The field of welding consumables used for the 
fabrication of structures from high-strength low-alloy 
(HSLA) steels experienced similar transformations. 
Analysis of catalogues and expositions of the leading 
world manufacturers of welding consumables at such 
a respectable forum as the Essen fair, Germany [2, 3] 
shows that automatic arc welding of HSLA steels is 
performed using exclusively agglomerated fluxes. 
This situation is attributable to the fact that fluxes 
of this type arc not melted during manufacture. As a 
result they have a high metallurgical activity. Com­
bined with low-alloy low-pearlite welding wires, the 
agglomerated fluxes make it possible to refine the 
weld metal as to oxygen, hydrogen and other adverse 
impurities, control composition and distribution of 
non-metallic inclusions, microalloy and modify metal 
in the weld pool, and provide its more reliable shield­
ing from the ambient atmosphere owing to affecting 
the gas phase within the welding arc zone. Wide me­
tallurgical capabilities combined with excellent weld­
ing-operational properties led to an extensive usc of 

© V.V. GOLOVKO, 2003 
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the agglomerated fluxes (7-9 % of the total amount 
of metal melted by the arc welding methods) [4]. 

The basic application fields of the agglomerated 
fluxes include manufacture of large-diameter pipes 
used for construction of main pipelines, ship building 
and fabrication of bridge and truss structures. 

L~w-&JJoy §~)§ app);~ in l:tM:·n vf tn& iiBD¥G in-
austrics a·iffcr "in compos'it'ion, manufacture tec1mo1o­
gy, service conditions and levels of requirements to 
mechanical properties. Thus, welding of specific 
grades of steels requires as a rule specific fl uxcs com­
bined with spcci fie grades of welding wires. For exam­
ple, welding of large-diameter pipes under factory 
conditions requires a special combination of welding 
consumablcs, ensuring not only a certain level of me­
chan ical properties of the weld metal and welded 
joints but also the appropriate welding-operational 
characteristics [5]. The use of the agglomerated fluxes 
for these purposes guarantees the specified charac­
teristics at a level of standard API 5L 161 in welding 
of pipes from steels of grades X-70 and X-80, manu­
facture of pipes used for the underwater part of pipe­
lines in the North Sea [7] and construction of drilling 
platforms for production of mineral resources in the 
Arctic shelf l8J. 

Analysis of progress in the world ship building 
performed by foreign specialists 191 showed the ne­
cessity to replace the tanker and bulk-carrier fleets 
may lead to increase in the number of orders in this 
field. High rates of growth of the ship building in­
dustry arc noted in China f 101. The need to replace 
old ships and steady growth of requirements to freight 
turnover of the sea transport led to a marked enhance­
ment of the activity of ship yards in the CIS countries 
111, 121. Given that in the fabrication of ship struc­
tures the volume of welding operations amounts to 
95 %, and the level of mechanical properties of hull 
steels and requirements to performance of the weld 
metal and welded joints continuously grow, we can 
understand that increased attention which is tradi­
tionally given to the choice of welding consumables 
in ship building. 

Investigations into wcldability of modern HSLA 
steels [ 131 for the fabrication of hull and underwater 
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structures show that the agglomerated fluxes, com­
bined with low-alloy welding wires, arc capable of 
meeting the entire set of requirements imposed on the 
weld metal and welded joints by the Lloyd's and Oct 
Norskc Vcritas registers. Excellent welding opera­
tional properties of the high-bacisity agglomerated 
fluxes which, when combined with the appropriate 
grades of welding wires, can provide not only the 
required level of mechanical properties of the weld 
metal, but also its super low hydrogen content, as 
well as an increased resistance of welded joints to 
corrosion in sea water, determined the choice of this 
combination of welding consumablcs for the fabrica­
tion of multi-purpose icc breakers, off-shore icc-resis­
tant stationary platforms and floating drilling rigs 
made from HSLA steels with a yield point of up to 
690 MPa 111, 141. 

The usc of the agglomerated fluxes makes it pos­
sible to solve many problems arising both in factory 
fabrication of bridge metal structures and in field 
welding of span structures of highway and railway 
bridges. Low-alloy steel welded joints in bridge struc­
tures operate under conditions of cyclic alternating 
loading within a wide range of climatic temperatures, 
and arc subjected to intensive atmospheric corrosion 
impact. Such joints arc susceptible to low-tempera­
ture cmbrittlcment I 151. Therefore, they require de­
velopment of a special welding technology and a 
proper choice of welding consumablcs. The usc of the 
increased-basicity agglomerated fluxes for the factory 
fabrication of bridge metal structures 116, 171, as well 
as for welding under field conditions 1181, provides 
a high level of specified properties of the weld metal 
and welded joints. 

Wide application of the agglomerated fl uxcs for 
the fabrication of structures, equipment and construc­
tions of low-alloy steels is attributable to the possi­
bility of ensuring the high level of mechanical pro­
perties of the weld metal and welded joints , which is 
favoured by the excellent welding-operational cha­
racteristics of the fluxes. The latter arc provided by 
the pccu I iaritics of the technology used for their manu­
facture, which does not include the charge melting 
process. This technology forms two basic advantages 
of the agglomerated fluxes - high technological 
flexibility and decreased level of power consumplion 
during manufacture. 

Relatively low (650-750 OC) temperature of heat 
treatment of the fluxes allows fcrroalloys, master al­
loys and pure metals to be introduced into their com­
position. The above materials can get from the flux 
to the weld pool in a non-oxidiscd state during weld­
ing, and enter there into corresponding metallurgical 
reactions. In addition, carbonates, complex fluorides, 
higher oxides of metals and other materials which, 
when heated during welding, evolve gaseous products 
can be added to the charge of the non -fused flux , thus 
controlling the welding arc burning conditions and 
development of reactions occurring in the gas phase. 
Both of these factors determine the technological 
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fl ex ibili ty of the agglomerated fluxes, enable the pro­
cesses of microalloying, modifying and refining of the 
weld pool metal to be contro ll ed with a high accuracy 
and reliability, and conditions of the reactions of oxi­
dation and deoxidation of molten metal at the drop 
stage, as well as the gas content of the weld metal, 
to be affected. 

Power consumption in the manufacture of agglo­
merated fluxes is 5 times as low as that in the manu­
facture of fluxes produced by melting in electric fur­
naces. In addition to a substantial reduction in power 
consumption, the agglomeration technology allows a 
decrease in wastes (not more than 5 % of the entire 
output) causing pollution of the environment. 

Large amount of information has been accumu­
lated up to now concerning the effect of alloying on 
structure and mechanical properties of the weld metal 
in low-alloy steels. This makes it possible to develop 
mathematical models and usc them to predict compo­
sition of welding consumablcs to ensure the required 
level of properties of the weld metal 11 9, 201. The 
usc of such models for the agglomerated fluxes allows 
prediction of the level of alloying and modifying of 
the weld metal, and control of composition, amount 
and distribution of non-metallic inclusions in the weld 
mcta\1211, thus providing high mechanical properties 
of metal of the welded joints [221. 

The most pressing problem in submerged-arc weld­
ing of low-alloy steels is the risk of formation of cold 
cracks in a welded joint. It was estab li shed that one 
of the basic causes of cold fracture of we lded joints 
is the presence of diffusible hydrogen in the weld 
metal. The nature of its effect on conditions of for­
mation and propagation of this type of defects has 
been studied for many years, and by now it has been 
described in detail 123-25 1. Basic methods for elimi­
nating this phenomenon have been developed. They 
include the usc of the welding technology with pre­
heating and concurrent heating, and the application 
of austenitic welding consumablcs. 

In submerged-arc welding the flux is the main 
source of hydrogen entering into the weld pool. Mois­
ture can be contained both in granul es of the flux and 
in air contained in gaps between the flux granules. 
Whereas it was bel icvcd in the middle of the 1970s 
that the main amount of moisture is concentrated in 
air 126 1, later studies proved that not more than 20% 
of air concentrated between the flux grains takes part 
in saturation of molten metal with hydrogen 1271 . 

One of the main methods for decreasing hydrogen 
in submerged-arc welding using fused fluxes is to raise 
the baking temperature 128-30]. Baking of the ag­
glomerated fluxes also favours decrease in the hydro­
gen content of the weld metal [31]. Moreover, in the 
case of using this type of the flux the option of means 
for controlling the behaviour of hydrogen in welding 
joints is much wider. Firstly, if in the case of using 
the fused fluxes the role of fluorine is limited to its 
effect on the arc stabi li ty [321, in the case of the 
agglomerated fluxes the arc stability can be substan-
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tially increased through adding the appropriate com­
pounds (e.g. alkali metal oxides) to the flux compo­
sition, while the reactivity of fluorides may be very 
high [331. Secondly, complex fluorides having a more 
intensive effect on the composition of the gas phase, 
compared with calcium fluoride 134 J, then carbonates 
which dissociate to evolve carbon dioxide to the arc 
atmosphere, thus affecting the hydrogen content of 
the deposited metal 127 J, and metallic components 
promoting formation of the «traps>> and arresting hy­
drogen during its diffusion in the weld metal 1231. 
can be added to the flux. Owing to such a wide spec­
trum of metallurgical capabilities for controlling the 
behaviour of hydrogen, the agglomerated fluxes arc 
widely applied in such cases where it is necessary to 
ensure the minimum hydrogen content of the weld 
metal [35, 361. 

Combination of an increased diffusible hydrogen 
content of the weld metal and a high level of residual 
stresses in a welded joint is especially dangerous in 
terms of formation of cold cracks. Stresses in welded 
joints arc determined by the level of thermal defor­
mation of metal welded as a result of thermal effect 
exerted by the arc, as well as by deformation of metal 
overheated to temperatures above A c

3 
during refining. 

In the first case it is recommended for decreasing 
stresses that submerged-arc welding of low-alloy 
steels be performed with a limited heat input (q" ~ 
~ 18 kJ / cm) , combined with preheating to 130 oc 
137], which leads to a substantial decrease in produc­
tivity of the process and increase in power consumed 
for performing it. Stresses formed in the second case 
arc caused by changes in the amount of structural 
components during the y- o. transformation occurring 
in the overheated metal. Therefore, to decrease the 
level of these stresses, it is necessary to limit the 
content of alloying clements which determine the in­
tensity of such reactions in the weld metal 13RI. 

The agglomerated fluxes make it possible to con­
siderably diminish the risk of brittle fracture of 
welded joints under the effect of residual stresses. 
Interaction of thcrmocapi ll ary and capi llary-concen­
tration convection of molten metal results in the mode 
of auto-oscillatory flow established in the weld pool. 
This leads to concentration oscillations and , hence , 
to a layered heterogeneity of the weld mctal[391. A 
high level of stabilising properties of the agglomerated 
fluxes enables conditions of the submerged-pulsed-arc 
welding (SPAW) process to be varied over wide 
ranges. As a result, it is possible to form the weld 
with a smaller thickness of the solidification layers 
and intcrlaycr gaps. This provides improvement in 
mechanical properties of the weld metal without the 
need to decrease welding heat input or usc preheating 
1401. 

Thermal cycle of the SPA W process is such that 
it is possible to markedly reduce the time of heating 
and cooling of the HAZ of a welded joint in a range 
of temperature above 1000 oc, and the time of cooling 
in a range from 800 to 500 oc 141 - 431. Results of 
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modelling and experimental studies of structure of 
the HAZ metal of low-alloy steel welded joints made 
by the SPAW technology showed the possibility of 
varying both width of individual regions and entire 
HAZ of a welded joint and its metallurgical charac­
teristics [44, 451. The above pccul iaritics of the SPA W 
process make it possible to increase resistance of low­
alloy steel welded joints to brittle fracture and avoid 
the need of using preheating of workpicccs 146, 471 . 

Of high importance in the case of multi-pass weld­
ing of thick plate products is the set of welding-ope­
rational properties of the flux , allowing formation of 
the weld metal without surface defects, as well as 
easy and full removal of slag from the surface of root 
passes. The ability of the flux to form the weld surface 
of a regular shape with smooth transition to the base 
metal and having no scales is determined by its such 
physical-chcm ical properties as melting point, visco­
sity and interface tension 148, 491. Given that the 
length of the weld pool zone in which slag may affect 
formation of the weld surface is very limited [50 J, 
viscosity of welding slags changes by two orders of 
magnitude in a narrow temperature range 151 J, and 
that the slag layer should be non-uniform through 
thickness to provide good slag crust detachability 
1521. it becomes clear how important is the possibility 
of varying the chemistry of slag, synthetic and me­
tallic compositions making up the base of the flux. 

Several studies were carried out to solve this prob­
lem by using fused fluxes. The improved technology 
of melting the fluxes in double-bath furnaces [531 
was developed and introduced into production, the 
technology for the manufacture of synthetic sintcrcd 
fluxes I 541 was elaborated , and it was suggested that 
the system of the fused flux plus electrode wire with 
a fi llcr f 551 should be used for this purpose. Each of 
the above technologies has its capabilities and advan­
tages. However, as shown by practice, none of them 
can replace the agglomerated fluxes in terms of flcxi­
hi I ity and economic efficiency. As proved by the ex­
perience of application of the agglomerated fluxes for 
welding low-alloy steels, they are capable of ensuring 
a combination of good welding-operational properties 
and a high level of specified characteristics of the 
weld metal and welded joints [56, 571. That is why 
they receive wide acceptance in welding fabrication 
of industrialiscdi5R I and CIS countries. It is planned 
to upgrade the available facilities for the manufacture 
of welding consumables in order to substantially in­
crease the output of the agglomerated fluxes [59, 601. 
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DIFFUSION BONDING OF TITANIUM STRUCTURES 
(REVIEW) 

I 2 2 2 L.S. KIREEV, V.V. SHURUPOV, V.V. PESHKOV and A.A. BATISHCHEV 
1E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

2Voronezh State Technical University, Voronezh, Russia 

Analysis of modern concepts of the mechanism of formation of the welded joint, produced by diffusion bonding, was 
used demonstrate that this welding process is a promising technology to produce titanium structures with developed 
surfaces in terms of geometry, which permits making high-quality precision joints. 

Keywords: diffusion bonding, thin-walled laminated 
structures, titanium, mechanical properties, microstructure 

Diffusion bonding is a promising technology in mo­
dern mechanical engineering 11 - 31. It is currently 
widely used to produce joints of dissimilar difficult­
to-weld materials 14- 7 etc. I However, the possibili­
ties of diffusion bonding arc not limited by it. As 
described in the work of local, as well as foreign 
researchers 18-18 etc. I it may be effectively used also 
to produce titanium structures and semi-finished pro­
ducts. The latter should be considered as a separate 
class . These arc hollow thin-walled laminated struc­
tures, characterized by a developed surface , great 
length and small cross-section of the welded clements. 
Thin-walled laminated structures in most cases have 
considerable overall dimensions. They arc a combina­
tion of load-carrying shells with a filler , which acts 
as a stiffener. Such structures may have one- or two­
sided shells, may be two- or multi-layered, flat , or 
with a large radius of curvature. Used fillers can be 
honeycomb, square, tubular, finned, forming tee­
joints with the shell, or box-type corrugated, forming 
overlap joints with shell (Figure 1 ) . The main re­
quirement, made of the technology of making these 
structures, is provision of a high strength of the joint 
of load-carrying shells with a filler without loss of 
stabi 1 ity of the latter. 

Thin-walled laminated structures of titanium arc 
effectively used in the engines of flying vehicles and 
gliders, in order to lower their weight 1191. 

In th e opinion of foreign authors 1201, in economi c 
terms even 10 to 20 times higher initial cost of tita­
nium products, compared to those of other materials, 
is justified in aircraft-making . 

A great number of local and foreign publications arc 
devoted to studying both the process proper of diffusion 
bonded joint formation, and the possibility of its actual 
application. However, despite the higher interest to this 
process actual application of diffusion bonding in tita­
nium structure fabrication is still quite limited. This is 
clue to a whole number of objective causes: availability 
of other more versatile and well -studied conventional 
processes and technologies (machining , fusion wcldi ng, 
resistance welding, brazing) ; relatively high labour con­
sumption and complexity of the technological process 
of diffusion bonding; absence of special izcd equipment 
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for this welding process and quality control of the 
joints; absence of any actual experience of producing 
and performance of welded joints, made by this pro­
cess . In this connection the designers quite often do 
not take into account the potential possibilities of this 
welding process and do not specify its application 
even, when it is advantageous. 

The aim of this review consists in demonstration 
of the capabi 1 itics of diffusion bonding in fabrication 
of titanium structures and attracting the attention of 
technologists and designers to this process. 

The problem of producing sound diffusion honding 
of titanium alloys on the level of samples for mechanical 
testing can be regarded as solved [ 18, 21, 221, although 
complete clarity and scientifically-grounded common 
opinion have been reached by far not on all the issues 
(inc I ucling those, related to welded joint formation). 
The need to use compressive pressure in welding, on the 
one hand, and existing limits on the values of residual 
deformation of the clements being welded, on the other , 
make the task of producing a sound welded joint not 
at all simple. In the case of precision thin-walled lami­
nated structures it becomes a problem. 

Depending on stresses, causing metal deformation 
in the contact zone and determining the conditions of 
joint formation, it is rational to make a distinction 
between high- (P = 20- 100 MPa) and low-intensity 
(P :::; 2 MPa) force action. 

In welding with highly intensive force action, the 
welding pressure in most cases is applied using a press, 
fit ted wit h a vacuum ch a mher and heating device. 
Batch-produced units of UDS-2 type arc also designed 
along this principle . The working space of the vacuum 
chamber allows welding only small parts. The same 
schematic can be used to develop units, which allow 
welding large-sized parts . In a number of cases <<open >> 
processes can be used. Before placing the parts to be 
welded into the press , they are assembled in air-tight 
contai ncrs (retorts), which arc degassed and heated 
up to the welding temperature. Other equipment is 
also in place (gasostats , rolling mills , etc.), which 
allows performing the process of diffusion bonding. 

In order to prevent the possible loss of stability 
of the clements being welded, transferring the pres­
sure to the welding zone and creating the conditions 
for locally directed deformation of the material being 
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Figure 1. View of thin-walled laminated structures 

welded in the butt zone, diffusion bonding is per­
formed in special devices, using process steel inserts 
and blocks to fill the cavities (inter-stiffener spaces) 
(Figure 2) [23, 241, which arc dismantled or removed 
by chemical etching after welding. 

In welding with highly intensive force action the 
local deformation of metal in the butt zone, as a rule, 
reaches several tens of percent 161, and exceeds mini­
mal deformation, required to implement the processes 
of joint formation. For this reason, welding with 
highly intensive force action provides a stable quality 
of the welded joint. The problem of making titanium 
structures by this technology is related not so much 
to the conditions of implementation of physical­
chemical processes, influencing the formation of a 
diffusion bond, as to development of unique specia­
lized equipment and fixtures. Application of diffusion 
bonding with highly intensive force action allows pro­
ducing semi-finished products and finished items with 
tee and overlap joints (beams, panels of turbocom­
pressor wheels, etc.). 

According to the data, given in a number of works 
l14, 15, 25-271, some US companies, for instance 

a 

2 

d 

b 

Rockwell International, Whitney Aircraft, etc. apply 
diffusion bonding, using presses for making batch and 
pilot samples of specialized large-sized titanium struc­
tures for aircraft engineering. There arc currently 
more than 60 types of such structures: elements of 
the system of airing the windshield of strategic bomber 
B-1B; middle part of the fuselage, including the wing 
middle-section of 1016x4190x(254-710) mm size; sin­
gle-module structure of the rear part of the fuselage; 
stabilizer support frame; landing gear beams for Boe­
ing-747; helicopter rotor hubs; engine cryogenic im­
peller; hollow hubs of a fan, etc. 

Works 110, 12, 13, 17, 18 etc. I report that diffu­
sion bonding may be applied for fabrication of three­
layer structures with honeycomb filler. When making 
flat panels (or those with a large curvature radius), 
the compressive force can be provided using atmos­
pheric pressure, applied to the external surface of 
process fixtures at lower gas pressure in the joint zone 
(Figure 3). 

Availability of auxiliary elements, for instance, 
process gaskets etc., located on the external part of 
the clements being welded, prevents loss of stability 
of the shell in the form of sagging of unsupported 
sections, and values of working pressure Pare 1 imitcd 
by limit stresses of the loss of stability of the filler 
128, 291. In this case it is possible to produce a sound 
joint of structural clements (Figure 4). 

In fabrication of structures of a complex curvili­
near profile a technological sequence is used (Fi­
gure 5), where the pressure of a neutral gas is applied 
directly to the external elements of the structure 
proper, for instance, load-carrying shells. During 
welding the shells deform in unsupported sections and 
loose stability. In this case pressure Pis limited by 
stresses of the loss of stability in unsupported sections 
of the shell. In should be noted that since welding is 

c 

e 

g 

Figure 2. Process sequence of diffusion bonding with highly intensive force action: a - required structure; b - blanks for welding; 
c - technological elements-inserts; d - assembly; e - welding process; f - dismantling; g - finished structure; 1 - technological 
inserts; 2 - process container; 3 - press 
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a b 
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Figure 3. Process sequence of diffusion bonding with a low-intensity force action: a - required structure; b 
c - assembly; d - welding process; e - finished structure; I - load-carrying shell ; 2 honeycomb filler; 3 

blanks for welding; 
process sheets; .J -

membrane (P pressure ; crr - loss of stab ility of the filler) 

performed at a low specific compressive pressure, 
when solving the problem of fabrication of precision 
thin-walled structures, one of the prominent positions 
is taken up by the problems of a systematic study and 
analysis of physical-chemical processes , proceeding in 
welding and affecting the interaction of the titanium 
sample surfaces being welded, for optimization of the 
technological process. 

Analysis of the data derived on the mechanism of 
welded joint formation, obtained by other authors 12 , 
4, H, 10, 18 , 30-3H etc. I gives an idea of this welding 
process as a complex physical-chemical process, in 
which formation of such a bond depends on the ther­
mally activated diffusion processes, such as creep, 
metal interaction with gases, and recrystallization. 

As-delivered titanium alloys feature diverse mi­
crostructural conditions. Mechanical properties of a'­
and (a' + a)-alloys depend on the produced micro­
structure of the joint 134-401. While the difference 
in the values of ductility characteristics, due to the 
microstructure, may be in the range of several percent 
or several tens of percent, the difference in the rate 
of high-temperature creep, underlying development 
of physical contact, is equal to several orders of mag­
nitude 141,421 . 

The lowest resistance to high-temperature defor­
mation is characteristic of alloys with an cquiaxed 
fine-grained microstructure, and the highest is found 
in those with coarse-grained plate-like microstructure. 
Thus, microstructural state of the clements being 
welded may be regarded as a factor, which allows 
controlling the process of making the welded joint 
143, 441. as well as its quality. 

In annealing of titanium alloys in the temperature 
range of polymorphous transformations, a local de­
formation of the welded surfaces of the titanium sam-
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Figure 4. Microstructure of the zone of the joint of the shell with 
honeycomb filler (a x200; b - x500) and nature of fracture of 
the joint in testing for fracture in the filler (c x200) 
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Figure 5. Process sequence of diffusion bonding with low-intensity force aclion of complex-shaped structures: a - required structure; 
b blanks for welding; c - welding process; d - nature of deformation of structural elements in welding; 1, 2 - outer and inner 
shells , respectively (cr,h - residual stress of shell deformation in unsupported sections of the structure) 

pic is found, wh ich is accompanied by formation of 
a substructural relief in the form of parallel slip lines. 
The latter arc the points of escape of dislocations, 
which form under the impact of inherent (internal) 
stresses and under the conditions of welding act as 
active zones with a high reactivity 118, 45 etc. I. In­
ternal stresses, due to restructuring of the hexagonal 
a'-phasc into a cubic a'-phasc during polymorphous 
transformation, should be regarded as a source of ac­
tivation of the welded surfaces of a titanium sample, 
which docs not lead to macrodcformation of the 
welded clements. 

Another important feature of titanium is its abi I ity 
to dissolve most of the oxygen, and, as a result, 
quickly clean the surface from oxides, thus lowering 
oxygen concentration in the surface layers. Titanium, 
however, is a thermodynamically unstable element, 
and oxidizes readily even in deep vacuum 118, 46, 
471, i .c. two competing processes proceed simultane­
ously in welding, namely those of growth and disso­
lution of the oxides. Therefore, the physical-chemical 
condition of the contacting surfaces of the titanium 
sample, and, therefore, their reaction ability, will he 
determined by the kinetics of growth and dissolution 
of gas-saturated oxides. 

Analysis of the processes, proceeding in welding 
in the contact zone, demonstrated that the composi­
tion of the gas phase between the surfaces being 
welded, significantly differs from that in the welding 
chamber. Partial pressure of oxygen drops in the di­
rection from the peripheral zone of welding to the 
central zone. Therefore, oxidation processes, which 
arc accompanied by increase of the thickness of oxi-

32 

dizcd metal , may proceed in the zone of the clements 
being welded, and conditions for surface cleaning 
from oxides arc created in the central zone 1481. 

Deformation £ of contact surfaces in diffusion 
bonding is a mandatory condition of formation of a 
sound joint, and its required magnitude depends on 
a multitude of factors. 

In the presence of oxidized metal on the surfaces 
being welded, which is revealed as an cmhrittled layer 
1491. £value, required for realization of the processes 
of development of physical contact and activation of 
the surfaces being welded, rises abruptly and may 
reach 15- 20 "o . 

A significant influence on£ values is produced by 
the sequence of implementation of the stage of the 
process of joint formation. If the stage of development 
of physical contact goes ahead of activation of the 
surfaces being welded, then£> 10% 1501. and if the 
physical contact develops between the already acti­
vated surfaces, then £ < 1-3 %. 

Elements of precision thin-walled structures (filler, 
load-carrying shells) arc manuf acturcd, as a rule, of 
sheet material, having a fine-grained microstructure in 
as-delivered condition, which is characterized by a low 
resistance to h igh-temperaturc deformation. 

In welding panels with honeycomb filler of OT4-1 
alloy the admissible limit comprcssivlc pressure drops 
from 4.0 to 0.1 MPa at temperature increase from 800 
to 925 oc. Strength of the joint, produced by diffusion 
bonding at such a pressure, is not more than half of 
that of the base metal. This is due to the fact that 
the process, limiting the formation of a joint, in this 
case is activation of the surfaces being welded, which 
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is realized only on part of the surface, because of 
insufficient deformation of the metal in the contact 
zone under the impact of external stresses. 

Process of joint formation in diffusion bonding 
can be intensified either by additional annealing at 
temperature above that of the end of polymorphous 
transformation (which leads to a certain deterioration 
of ductility characteristics of the material proper), or 
by soaking before pressure application at the tempera­
ture of polymorphous transformation of titanium sam­
ple surfaces, welded with a small gap. This, on the 
one hand, promotes a more intensive cleaning of the 
surfaces from oxides formed during heating, which 
leads to smaller deformation required for activation, 
and on the other hand, provides activation of the 
surfaces under the impact of internal stresses. It 
should be noted that because of low P values such a 
technological procedure does not ensure stable me­
chanical characteristics of the joint. When going over 
from the laboratory samples to production structures 
a number of difficulties arc encountered, which arc 
related to separation of the surfaces being welded. 

Proceeding from even such a short review, it can 
be seen that diffusion bonding is a complex physical­
chemical process, despite its great potential capabili­
ties. Its usc for fabrication of titanium structures re­
quires additional research in each concrete case. 
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WELDING OF TITANIUM INGOTS 
USING DISPERSED MELT 

G.V. ZHUK, N.P. 1RIGUB and V.N. ZAMKOV 
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

It was established that it is possible to weld titanium alloys using a flow of dispersed mell. In this case lhe welded 
joint possesses mechanical properties at the level of appropriate properties of joints made by fusion welding. It is shown 
that this method of joining can be applied for enlargement of titanium ingots. After deformation of welded ingots the 
structure and properties of weld metal do not differ from sim ilar characteristics of the rolled ingot. 

Keywords: dispersed melt, welded joint, titanium alloys. 
enlargement of ingots, rapid crystallization, electron beam in­
stallation, prospects 

Increase in mass and sizes of ingots is one of the actual 
problems of metallurgy of titanium 111. To solve it 
the high-capacity melting furnaces arc created, spe­
cifics of formation of ingots is investigated and tech­
nology of melting ingots of large sizes is developed . 
All this requires significant expenses and docs not 
always provide the necessary quality of metal of in ­
gots, produced, in particular , from medium- and high ­
alloy titanium alloys. However , another way of solu­
tion of this problem is possible. Using welding it is 
possible to produce large-s ized titanium ingots of com­
paratively small-sized ingots. However , in this case 
one more specific requirement should be specified to 
the quality of welded joints, except absence of cracks, 
pores, lack of fusion and other defects in welds. As 
the ingot is an initial link in the technological chain 
of manufacture of semi-products, so it is necessary 
that as-deformed metal in the zone of the former weld 

Figure 1. Scheme of EBDM method: 1 
consumable bi llel; 3 - substrate 
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had the same crystalline structure, chemical compo­
sition and properties as the metal of the ingot itself. 
After analyzing the known methods of welding tita­
nium, it is possible to state that none of them can 
provide fulfillment of these requirements. 

The present work is devoted to the evaluation of 
feasibility of usc of a flow of dispersed melt for weld ­
ing and to the development of fundamental techno­
logy of enlargement of titanium ingots on the basis 
of this process. 

At the E.O. Paton Electric Welding Institute t he 
method of producing ingots (including those of tita­
nium) and coatings using electron beam dispersion of 
melt (EBDM) has been developed 12 , 31. It combines 
advantages of refining electron beam melting and 
h igh-spccd solidification of molten metal (rate of cool­
ing is 1·1 01 K s). The principle of this process is as 
follows . A layer of molten metal is formed under the 
action of electron beam at the surface of a cylindrical 
billet. At definite technological parameters, the flow 
of dispersed melt as a result of centrifugal spraying 
from a rotating billet is directed to a substrate (Fi­
gure 1) . Its fine drops , colliding the substrate, arc 
spread along its surface, solidified and form a thin 
layer of metal. Using this layer-by-layer spraying it 
is possible to form ingot of preset sizes or to deposit 
coating of the required thickness on the part. First of 
a ll, it is necessary to establish a principal feasibility 
of joining parts by filling the gap between them (or 
groove of appropriate shape) with a dispersed melt 
for welding ingots. 

Plates of 300x1 00x1 0 mm size, made from com­
mercial titanium of VT1 -0 grade and PT3V alloy, 
were used for investigations. From them the butt 
joints with V-shaped edge preparation were assembled 
(Figure 2). Cylindrical billets of 200 mm diameter , 
made from the same alloys, were used to produce the 
flows of dispersed melt. To provide the interaction of 
drops of dispersed melt with the surface of plates and 
formation of a metal bond coat between them before 
welding beginning , the metal at groove site and ad­
jacent regions of plates was preheated by a dcfocuscd 
electron beam. Parameters of electron beam, directed 
to the rotating billet to create molten metal pool at 
its surface, had the following values: beam current 
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Figure 2. Scheme of groove preparation for welding with dispersed 
melt 

I = 2.6 A; accelerating voltage Uacc = 20 kV; j = 
= 1.04·1 08 W / m2

. At selected rate of billet rotation 
a flow of dispersed melt in the form of drops of about 
0.8 mm diameter was created. The rate of their flight 
was "" 15 m I s. Here, the efficiency of the process of 
melt dispersion reached 16 kg / h , and the time of 
groove filling (time of welding) was 20 s. 

In examination of macroscctions of joints produced 
by filling grooves with a dispersed melt, no visible 
defects in weld metal, and also at weld-parent metal 
interface were revealed. However, the macrostructure 
of welded joint produced by this procedure had a 
number of peculiar features (Figure 3): the absence 
of a visible zone of fusion and presence of an abrupt 
interface between the weld metal and parent metal, 
clearly repeating the shape of groove (sec Figure 2). 
The weld metal grain is finer than that in parent 
metal. Crystalline structure of weld metal is not as­
sociated with advantageous heat removal to the parent 
metal, that takes place in welds made by fusion weld­
ing . In the HAZ, adjacent to weld, the presence of 
overheating zone, typical of fusion welding, was not 
revealed on macroscctions. All the visible part of HAZ 
metal structure consisted of relatively coarse recrys­
tallized grains. 

The examination of microstructure of welded joint 
confirmed that the interface between HAZ and parent 
metal is the transition from structure of the recrys­
tallized metal to the structure of the deformed metal 
(Figure 4, a, b). At the same time in the region located 

Figure 3. Macrostructure of welded joint produced by EBDM 
method 

in HAZ ncar weld a microstructure of metal, typical 
of overheating zone in commercial titanium, is formed 
(Figure 4, c, d). Width of this zone does not exceed 
two-three diameters of grain and therefore, probably, 
it is not possible to reveal it on macrosection at small 
magnifications. It should be also noted that the fusion 
zone, typical of welded joints made by fusion welding, 
is absent (Figure 4, d). Joining of parent metal with 
weld metal in this case has a form of clear lines sepa­
rating two regions of welded joint with microstruc­
tures quite different one from another. This proves 
that in filling groove by a flow of dispersed melt the 
parent metal is not prcfused. Microstructure of weld 
metal, presented in Figure 4, e, is typical of welds 
made on commercial titanium by fusion welding. 

It is necessary to note the high strength of welded 
joints. At static tensile test the samples, cut out across 
the weld, were fractured, as a rule, along the fusion 
line of weld and parent metal. Ultimate strength of 
joints was 470 and 723 MPa for alloys VT1-0 and 
PT3B, respectively, from results of testing five sam­
ples of each alloy. 

To clarify the mechanism of joint formation, fur­
ther special investigations will be required. It can be 
only stated that the preheating of edges is an obliga­
tory clement of the technological process, as in weld-

. .. , -~ 
• - • • I ·~ 

· .. 

Figure 4. Typical regions of microstructure of welded joint produced by EBDM: a - parent metal-HAZ interface; b - l-IAZ; c -
l-IAZ area near weld; d - weld boundary; e - weld metal (x1 00) 
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Figure 5. Pores at weld-parent metal interface in welding without 
preheating of edges (x100) Figure 6. Macrostructure of as-rolled plates 

Parent I Zone of I Parent 
metal I welded joint I metal 

I I 

§ ~ § ~ § 
[J] [J] [J] [J] [J] 

Figure 7. Microstructure of as-rolled ingot-slab , welded with dis- I I 

persed metal: a - parent metal; b - welded joint zone (x1 00) Figure 8. Scheme of samples cut out for mechanical tests 

ing without preheating of the parent metal the defects 
arc appeared in welded joint (Figure 5). 

To evaluate the suitability of welding with dis­
persed melt for enlargement ingots by this method , 
samples (100x100x70 mm) were cut out from ingots­
slabs of alloy VT1-0. Welded joints were subjected 
to rolling first at temperature 950-920 oc (reduction 
degree 40 %), and then at 850-800 oc (reduction 
degree 75 "o). Final thickness of plates after rolling 
(Figure 6) was 10 mm. 

Comparative examination of microstructure of 
metal shows its homogeneity in the plate length. After 
rolling of welded ingot the microstructure of the de­
formed metal of weld and HAZ had no differences in 
microstructure of metal of slab-ingot itself (Figure 7). 
In all the regions of plate the microstructure of metal 
represented primary ~-grains elongated along the roll ­
ing direction, inside of which the decay products arc 
seen: fine acicular o.'-phasc. Mechanical properties of 
metal were characterized by uniformity in the plate 
length. Results of static tensile tests of samples cut 
out from different plate regions (Figure 8) arc pre­
sented in the Table. They indicate that welding with 
the directed flow of dispersed melt is challenging for 
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Mechanical properties of as-rolled ingot-slab welded by dis­
persed melt 

Oirertiolt of 
sample cut out 

Along 
rolling 

Across 
rolling 

U/1 imate 
sf rP!lgth a" 

f\1 Pa 

479-486 
483 

495-512 
505 

\'ield 
strength a v, 

MPa . 

435-441 
438 

459-483 
472 

EloNgation 
0, % 

22-28 
24 

19-23 
21 

Reduction 
in area \V. % 

53-68 
59 

48-57 
52 

Note. In numerator the maximum and minimum values are given, 
while in dominator the mean values from results of testing 15 sam­
ples are given. 

en largcmcnt of ingots. The further investigations arc 
necessary to usc this method for enlargement of ingots 
of medium- and high-alloy titanium alloys. 

1. Eylon, D., Seagle, S.R. (2000) Advances in titanium tech­
nology - an overview. ]ILM, 50, 359-370. 

2. Tikhonovsky, A.L., Pap, P.A., Kozlitin, D.A. et al. (1993) 
Electron beam casting method from dispersed melt. 
Problemy Spets. Elektrometallurgii, 3, 35-39. 

3. Zhuk, G.V., Trigub, N.P. (2002) New method for dispers­
ing the melt in electron beam units and equipment for its 
realisation. Advances in Electrometallurgy, 4, 15-16. 
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IMPROVEMENT OF THE GUIDE CHANNEL 
AND ROLLER FEED ASSEMBLY 

OF SEMI-AUTOMATIC MACHINES 
FOR WELDING ALUMINIUM AND ITS ALLOYS* 

V.A. LEBEDEV 
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

A new approach is proposed to design of elements of the system of electrode wire feed, which is practically completely 
based on selection of materials, which perform in the most effective manner in the specific assemblies of this system, 
or on a combination of these materials with the design solutions for the mechanism of transfer of motion from the rollers 
to the wire. The above technical solutions and the above approach on the whole can be widely applied both in the 
currently used equipment for mechanized welding of aluminium and in the semi-automatic machines being developed. 

Keywords: arc tee/d ing, aluminium alloys, semi automatic 
machine, u·ire feed, pulsed feed. rollers, guide channel, electric 
drir·e 

Improvement of the technology of welding aluminium 
and its alloys involves difficulties, which arc due to 
the physico-chemical properties of the materials being 
welded, as well as the degree of functional perfection, 
reliability and fatigue life of processing equ ipment. 

Several types of scm i-automatic mach i ncs for 
welding aluminium and its alloys arc batch-produced 
in Ukraine. These arc PDI-304 with VDGI-302 power 
source and PDG0-509 with VDU-506S and VDU-
601 S power sources. The only manufacturer of these 
semi-automatic machines in Ukraine is SELMA Com­
pany (Simfcropol). PDI-304 semi-automatic machine 
is designed for pulsed-arc welding with aluminium 
electrode wires of 1.2-2 .0 mm diameter, and PDG0-
509 for welding with steel solid wires of 0.6-1.6 mm 
diameter, as well as aluminium and flux-cored wires 
of 1.0-3.2 mm diameter. The above semi-automatic 
machines arc usually fitted with hose holders of Binzcl 
Company (Germany) with steel or brass replaceable 
guide channels. 

In order to obtain sound welds in welding alu­
minium and its alloys semi-automatic machines with 
synergetic principle of controlling the electrode metal 
transfer of Fronius (Austria) and KEMPPI (Fin land) 
arc used in Ukraine. However, they have a limited 
application, because of their high cost and problems 
with repair (which, as rule, is not possible outside 
special service centers). 

Ukraine docs not yet have its own production of 
hose holders for welding aluminium alloys. And this 
is so, despite the fact that similar products , namely 
hose holders for feeding steel solid and flux-cored 

Engineers I.S. Kuzmin and V.G. Novgorodsky took part in per­
formance of the work. 

© V.A. LEBEDEV, 2003 
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wires arc manufactured by Ilnitsky Plant of Mechani­
cal Welding Equipment. 

Analysis of the problems, which can be solved in 
the most effective manner only with application of 
semi-automatic machines for welding aluminium and 
its alloys, as well as anum bcr of effective enginccri ng 
and technological solutions for different systems of 
the semi-automatic machine at optimal cost arc given 
in 11 - 41. 

The aim of this paper was dcterm ination of the most 
perfect designs of the semi-automatic machines for weld­
ing aluminium and its alloys (in particular, guide chan­
nels and electrode wire feed system). All the design 
solutions, used in the semi-automatic machines, were 
considered only in terms of implementation of the arc 
process, using batch-produced smoothly adjusted or 
step-switched rectifiers (as the simplest and least ex­
pensive) for two types of electrode wire feed systems: 
undisturbed (smooth) motion and disturbed pulsed mo­
tion (changed by a certain law). 

In the first case all the disturbances in electrode 
wire motion arc introduced via the feed line and affect 
the technological process of welding and to a certain 
extent also the indices of reliability of the semi-auto­
matic machine as whole. In the second case the influ­
ence of disturbances in the feed line is much less 
pronounced I 51. It is obvious, that disturbances of a 
lower level (if Lhesc arc not emergency situations, 
related to jamming of electrode wire) arc absorbed 
or compensated by specially introduced mechanical 
disturbances of a higher level. Influence of external 
disLurbanccs with two kinds of electrode wire feed on 
the technological process of arc welding of aluminium 
and its alloys may be evaluated by analyzing oscillo­
grams of arc current, shown in Figure 1. They were 
obtained at maximum identical conditions (one dis­
mantablc hose holder, same modes, etc.). Evaluation 
of process stability was performed by measurement 
of arc current Ia during time periods t;. In this case 
in order to facilitate calculations for undisturbed wire 
feed, time t; was selected to be equal to the time of 
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u. Ua 

a '· 
'· 

u. 

u. 

t; = 2 ms t; = 5 ms 

b 
Figure 1. Oscillograms of current {{, = 200 A) and voltage ( Ua = 22 V) in welding aluminium: 1 - undisturbed; 2 - pulsed feed of 
electrode wire without (a) and with (b) rings in the flexible guide channel 

conductivity of each of the valves of the welding 
current rectifier, and the current equal to its ampli­
tude value I am· For pulsed feed (frequency of 38Hz, 
2.4 mm step), the time was set equal to the period of 
repetition of the feed pulse, and the current was equal 
to its amplitude value I apm in the feed pulse. Then 
the osci llograms were used to perform calculations of 
the coefficient of current variation v of the arc process 
current for the number of realizations N = 500 by the 
following formula: 

V=<J i m, (1) 

where cr = W is the mean root square deviation of 
current. 

Values of variance D and mathematical expecta­
tion m can be calculated from the following expres­
sions: 

NP l 

m = L fc(i) NP, 
i: 0 

D = L (tc(i) - m) N 1, 

i: 0 

(2) 

(3) 

where Nl' is the number of realization samples; fc is 
the cycle time. 

Table 1 

CuidP clwnuel 
/;ends 

None 

One coil 
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Coefficients of Nlrialion v bij welding current 
for motion\· 

undislur!Jed 

0.196 

0.283 

dislutbed 

0.102 

0.105 

Coefficients of variation for the above processes 
arc given in Table 1. Results were obtained with ap­
plication of welding process analyzer. Investigations 
showed that the process of welding with pulsed feed 
of electrode wire is much more stab le than the process 
of undisturbed motion. Results of technological im­
pact of pulsed wire feed on the process of welding of 
aluminium and its alloys were described earlier in 161. 

In this paper the design of a hose holder was stu­
di ed (in particular, its flexible guide in the form of 
a metal spiral or plastic tube through which the elec­
trode wire passes). In 13, 41 some approaches were 
proposed to solving the problem of lowering the feed 
resistance of electrode wire of aluminium alloys. In 
this case a fluoroplastic tube or tube of reinforced 
polyethylene is recommended to be used as the guide 
channel. The same solutions arc also found in a number 
of hose holders , which arc batch -produced abroad. 
Experience of operation of holders with plastic guide 
channels of a relatively small length (1.7-1.8 m) 
showed that they arc justified for feeding wires of 
different rigidity with a diameter not greater than 
2.0 mm. Such an evaluation was conducted by two 
criteria, namely stability of wire movement (move­
ment without jerks or jamming) and reliability 
( mcan-t i mc-betwccn-fai lures). In this case a relation­
ship, determined in 171 on the basis of Euler equation, 
between the electrode wire characteristics, channel 
material and force of resistance to wire movement is 
valid. With large wire diameters (3.0 mm and more) 
this forc e may be greatly increased , which often leads 
either to dist urbance of the welding process, or crush­
ing of the wire and complete feed failure. 

Experimenting with different types of guide chan­
nels allowed determination of the mechanism of this 
phenomenon. Figure 2 shows a section of a flexible 
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Figure 2. Schematic of section of guide channel, containing the electrode wire: 1 - undeformed guide channel of diameter d, llc; 2 -
sheath, enclosing the guide channel; J - electrode wire of diameter d, ; 4 - deformed guide channel of diameter d 1x: 

guide channel, holding the electrode wire at high va­
lues of feed force Fr characteristic of displacement 
along the guide channel of aluminium electrode wires 
of diameters higher than 3.0 mm. Because of the high 
values of feed resistance force Fr, the wire is trying 
to take up a position in the channel, close in its shape 
to a spiral with a great helix angle, which may result 
in its jamming. This is related to increase of pressure 
Fp of the wire on the walls of guide channel and 
deformation of the guide channel in the radial direc­
tion, respectively, with formation of an ellipsoidal 
shape of the inner section of the channel and defor­
mation of the guide channel walls. In both the cases 
the angle of helix, formed by the electrode wire in 
the channel, is abruptly decreased, and the angle, at 
which the wire contacts the guide channel walls, in­
creases. 

This may occur by a number of reasons, namely 
bending of the guide channel, its internal defects and 
sheath defects (although the latter is usually made of 
a steel spiral). An abrupt increase of the angle of 
contact of the wire with the guide channel walls re­
sults in its value rising up to the level of the jamming 
angle. Wire jamming, arc elongation and burning of 
the nozzle take place, and the feed is completely in­
terrupted. 

A possible method of controlling the above phe­
nomenon, when using electrode wires of larger diame­
ters of aluminium alloys, and, therefore, the basis for 
designing the feed lines and flexible guide channels 
may consist in synthesis of three conditions, namely 
a low coefficient of wire friction against the channel 
walls, radial strength of the guide channel, and ab­
sence of the phenomenon of metallization of the in­
ternal surface of guide channel with the aluminium 
alloy (characteristic, when feeding the above wire 
along spiral channels of steel wire and abruptly in­
creasing the coefficient of wire friction against the 
channel walls). 

A number of technical solutions is known, where 
a spiral of brass wire is used as the channels. Its usc 
yields a good result in terms of the characteristics of 
stability of electrode wire movement and reliability 
indices. Procedures of 181 were used to analyze the 
causes for such a behaviour of aluminium wire in the 
guide channel. It was established that in this case not 
the lowering of the coefficients of friction of the wire 
against the channel walls, hut a significant reduction 
of channel metallization by the aluminium alloy has 
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a more important role. It is foud, that adhesion of the 
aluminium wire material to the Cu-containing mate­
rial of the channel results in that the wire brings to 
the arcing zone tiniest particles of the channel wall 
material (guide channels of en-containing alloys arc 
quite expensive for a component, the service life of 
which is 200 h to GOST 18130-79). 

In view of the above, a quite simple technical 
solution is proposed, allowing solving at a much lower 
cost the problem of development of the guide channel 
for electrode wires in practically the entire range of 
their dimensions. This solution consists in that the 
flexible guide channel is made in the form of a spiral 
of steel wire, on which a layer of copper is first de­
posited. In the simplest case, conventional Cu-plated 
electrode wire (GOST 2246-70) can he used for the 
channel material. A guide channel, made of Cu-plated 
electrode wire Sv-08G2S of 1.2 mm diameter, is ap­
plied in a number of gun-type holders for semi-auto­
matic machines PSh 1 07V A, developed using the basic 
PSh 1 07V model along the modular design principle 
and designed for welding aluminium and its alloys 
with electrode wires Sv-AKS of 2.0-3.15 mm diame­
ter. Comparative testing of such semi-automatic ma­
chines with different types of channels and determi­
nation of coefficients of variation from expressions 
(2), (3), and arc current oscillograms (by analogy 
with Figure 1) for welding processes with undisturbed 
and pulsed motion of electrode wire of Sv-AKS type 
of 2.0 mm diameter arc presented in Table 2. 

Analysis of the results, given in the Table, points 
to a positive influence of application of a flexible 
guide channel, made of Cu-plated steel spiral. In this 
case this effect is more pronounced for pulsed feed 
(pulsed feed mechanism, given in 191, was used), 

Table 2 

Guide channel type 

Plastic tube 

Cu-plated steel spiral 

Plastic tube 

Cu-plated steel spiral 

G11ide 
channel 

henr/5; 

None 

Same 

One coil 

Same 

Coefficients of 
narialion v by n•eldiny 

current for motions 

find is dis 
lnrhed lurhed 

0.196 0.102 

0.154 0.085 

0.283 0.105 

0.172 0.071 
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Figure 3. Schematic of a feed roller with a combination of materials: 
1 - press-down roller; 2 - electrode wire; 3, 4 - steel parts of 
the roller; 5 - ring of aluminium alloy (PP, - press-down force; 
M, - torque) 

which is the result of a smaller degree of attenuation 
of the amp! itude of the motion pulse of electrode wire 
of aluminium alloys in thcflcxibleguide channe111 01. 
Another feature of feeding through a Cu-platcd steel 
spiral consists in that at considerable external distur­
bances, simulated by coils of the guide channel, no 
interruption or even any significant change of the 
speed of motion of greater diameter wire is noted 
(unlike the cases of feed failure, when plastic guide 
channels were used). The requirements of GOST 
18130- 79 as to reliability indices (mean-time-be­
tween-failures) can be met with appropriate usc and 
maintenance of the guide channel of the above spiral 
(its periodic cleaning, change of the position of sec­
tions, undergoing the most intensive wear by axial 
turning of the channel or changing its position with 
a change of the start and end). 

It is known that the roller feed mechanism, which 
is used both for undisturbed and pulsed feed, is the 
most important clement, determining the quality of 
electrode wire feed 191. Various technical solutions, 
based on the design of the rollers proper and the 
clamping mechanisms, are used to provide a reliable 
feed of aluminium wires. 

As a rule, feed mechanisms with two pairs of steel 
rollers with a special profiling of grooves arc used, 
which provides a lowering of specific pressure applied 
by the rollers on the wire and increase of their drag 
force. In semi-automatic machines of modular design 
for welding aluminium and its alloys a number of 
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effective proposals are implemented, where the ideas 
of lowering the specific pressure and increasing the 
drag force are realized in original solutions 13, 111. 
However, looking for solutions for further improve­
ment of the drag force of roller feed mechanisms, 
including increase of the length of the hose holder 
(according to GOST 18130-79 the minimum length 
of the hose holder for aluminium wire is 1.5 m) ne­
cessitates increasing the friction between the above 
rollers and the wire. A solution has been proposed 
and technically implemented, in which part of the 
roller, contacting the wire, is made of aluminium al­
loys (Figure 3). Coefficients of friction of steel over 
aluminium (non-friction pair) and aluminium over 
aluminium (friction pair) according to r12] differ 1.5 
to 2.5 times. The roller consists of three rings, fixed 
on one axle. Electrode wire 2 interacts with ring 5 
(third point of contact on the feed roller), which is 
made of an aluminium alloy. Roller testing showed 
that at other conditions being equal, the drag forces 
arc increased 1.2- 1.7 times, compared to steel rollers. 

Thus, application of new materials for the compo­
nents of the wire feed system in combination with 
certain design solutions is one of the promising trends 
in improvement of the roller feed mechanisms. 

1. Paton, B.E., Lobanov, L.M., Grigorenko, G.M. et al. 
(2001) Energy- and resources-saving technologies and equip­
ment in welding of aluminium busbars for graphite carbon 
production. Svarochn. Proizvodstvo, 1, 31-35. 

2. Ishchenko, A.Ya., Dovbishchenko, I.V. , Budnik, V.P. et al. 
( 1994) Current methods of aluminium alloy arc welding 
(Review). Avtomatich. Svarka, 5/ 6, 35-37. 
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EFFECT OF EXTERNAL ELECTROMAGNETIC ACTION 
ON HYDROGEN CONTENT IN WELD METAL 

IN WET UNDERWATER WELDING 
I I 2 2 S.Yu. MAKSIMOV, E.A. PRILIPKO, R.N. RYZHOV and V.A. KOZHUKHAR 

1E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 
2National Technical University of Ukraine «!(Ph, Kyiv, Ukraine 

It was established that application of electromagnetic action is an effective method of degassing welds. The presence 
of extremum in experimental curves will make it possible to optimize the parameters of controlling magnetic field. 

Keywords: underwater arc u:elding, low-carbon steels, 
electromagnetic stirring, diffusion and residual hydrogen, heat­
affected zone, structural transformations 

High content of hydrogen dissolved in weld pool melt 
is the main cause of occurrence of pores and cold 
cracks in welded joints in wet underwater welding 
111. Most methods of decreasing the amount of the 
mentioned defects is based on adding gas-forming cle­
ments, reducing a partial pressure of hydrogen in a 
vapour-gas bubble, and elements, binding the hydro­
gen into compounds insoluble in weld metal, to the 
composition of electrode coatings and charge of flux­
cored wires 12, 31. It is possible to improve the quality 
of welds in underwater welding by a combined usc 
of the above-mentioned chemical methods with exter­
nal physical actions allowing us to control the hydro­
dynamic pool and transfer of the electrode metal. 

Thus, in air we lding with consumab le clcctrocle 
in mixture of shielding gases the usc of high-speed 
rotation of the electrode could reduce the amount of 
hydrogen in welds by 2S% due to metal pool stirring 
and refining of electrode metal drops 141. Taking into 
account the technical difficulties in reali zat ion of this 
technological procedure in the conditions of water 
medium, the application of electromagnetic stirring 
(EMS) of the weld pool metal seems to be more promi­
sing, as its use can reduce significantly the hydrogen 
amount in the weld metal IS 1. In addition, there arc 
no mechanical rotating clements in the zone of weld­
ing , and the three-dimensional force action on melt 
is created in interaction of natural electrical field of 
the weld pool with external axial controlling magnetic 
field ( CMF). Analysis of 1 itcraturc sources showed 
that today there is no experience in usc of this action 
in underwater welding, therefore, the aim of the pre­
sent work was to evaluate the feasibility of decreasing 
hydrogen content in weld metal in wet underwater 
welding by the usc of electromagnetic action on the 
we 1 d pool. 

Automatic welding of St.3 samples was made by 
flux-cored wire PPS-AN2 at 0.3 m depth at current 
of straight and reverse polarity using the following 
condition: Iw = 1R0-200 A; Ua = 36 V; <:'w = 10m h. 

© S.Yu. tviAKSlMOV, E.A. PK.lLli'KO, H.N. HYZllOV and V.,\. KOZill i KIIAI{, 20o:l 

6/2003 

Axial CMF in the zone of welding was generated 
using an electromagnet, mounted over the weld pool 
coaxially to a nozzle and consisting of a ferromagnetic 
core and four-layer coil. Parameters of electromag­
netic action were controlled using unit F-91 161. Total 
amount of hydrogen in welds was considered equal 
to the sum of its diffusive and residual components: 
[Hh: = JHidiff + I Hires· Content of JHldiff was deter­
mined by chromatographic method using recommen­
dations of 171 , I HIres was determined by the method 
of melting in a flow of gas carriers (instrument RH-2 ). 

It was established that dependences of hydrogen 
content in welds on induction of CMF have a form 
of curves with extremum, reached at B = 10 mT (Fi­
gure 1 ). At this condition the most noticeable reduc­
tion in I Hh in welds was recorded in welding at 
current of straight polarity, i.e. 2.2 times, while at 
reverse polarity it was 2.S times . At all t he conditions 
of EMS the reduction in [Hh: was mainly due to the 
decrease in I Hldiff value. Under the conditions of ex­
periment both in welding at conventional technology 
and also using electromagnetic action the change in 
polarity of welding current from straight to reverse 
polarity led to the decrease in I H ld iff by 10- 12 %. 
Here, the content of [HJres in samples welded by the 
conventional technology decreased by 14 %, and with 
usc of EMS it decreased by SO%. 

Nature of experimental curves can be explained as 
follows. During underwater welding a large part of 
dissolved gases has no time to escape from the pool 
melt due to high rates of crystallization. Specifics of 
welding with EMS is the fact that the flows of molten 
metal formed at its top part arc stirred periodically 
along the lateral edges of the pool, that accelerates 
the detachment and removal of gas bubbles forming 
as a result of thermodiffusion at the crystallization 
front. In addition, during metal pool stirring both 
averaging of temperature 181 and also significant de­
crease in chemical inhomogeneity of melt arc occurred 
lSI . These factors promote levelling of concentration 
of dissolved hydrogen in the pool volume. In combi­
nation with typical increase in area of pool surface 
181 it has a favourable effect on weld degassing. Rc-
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Figure 1. Effect of induction of axia l CMF on hydrogen content 
in welds in welding at current of straight (a) and reverse (b) 
polarity: 1 - [Hh; 2 - [HLhff; 3 - [H],., 

duction in I Hh;, recorded during experiment (Fi­
gure 1 ), can be explained by increase both in intensity 
of EMS and in induction of CMF. 

In the field of welding the value of CMF induction 
is directly proportional to the magnetizing current 
and inversely proportional to the distance to the elec­
tromagnet edge. It was established in measurement 
of CMF parameters that the magnetic field induction 
at the axis of electrode wire in the region of formation 
of drops is approximately 2 times higher than that in 
pool mirror plane, and with changes in magnetizing 
current in the range of 1-3 A it is 12-35 mT. It follows 
from the relationship given in 191 that in conventional 
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Figure 2. Kinetics of evolution [H]d,rr from samp les in welding 
using conventional technology (a) and EMS (b) (solid curve 
welding at straight polarity ; dotted line - at current of reverse 
polarity) 
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welding the frequency of transfer of drops is 10-
15 liz, while with usc of electromagnetic actions the 
induction of longitudinal CMF is increased from 10 
to 35 mT with increase in frequency of transfer from 
35 to 45Hz. Taking into account that during experi­
ments the parameters of welding and wire diameter 
were not greatly differed from those given in 191. it 
can be assumed that time of metal duration in over­
heated state at the drop stage decreased from 0.1 to 
0.026 s. It is shown in 11 0] that saturation of drops 
with hydrogen occurs for 0.1 s. Consequently, in the 
conditions of experiments the drops of metal had no 
time to be completely saturated with hydrogen that, 
finally , cou ld influence positively the degassing of 
welds. It is known that the change in polarity of 
welding current docs not influence greatly the effec­
tiveness of EMS, however , in welding at current of 
reverse polarity the process of electrode wire melting 
is intensified. This circumstance promotes also the 
reduction in I H h: in welds. 

It is known that excessive in crease in induction of 
CMF leads to the increase in spattering, that dete­
riorates the processes of formation of welds I 51. Simi­
lar effect was observed also in conductance of the 
present experiments that can explain the increase in 
IH h: in welds during welding with EMS under the 
conditions at which the induction of CMF in mirror 
plane exceeds 10 mT, and in the field of formation of 
drops it exceeds 20 mT. Analysis of kinetics of evo­
lution of I I-I lctiff from samples shows that in welding 
using conventional technology the change in polarity 
of welding current docs not influence the rate of de­
gassing (Figure 2, a). These relationships differ by 
amount of I H lctiffo evolved during first 10 min. In 
welding with EMS (B = 10 mT) the maximum evo­
lution occurs a little later that can be explained by a 
lower concentration of hydrogen and due to intensive 
stirring of melt by its levelling in the entire volume 
of t he weld. Samples welded at current of reverse 
polarity arc characterized by higher rate and intensity 
of evolution of I H lct iff (Figure 2, b). 

The underwater welding is used in erection and 
repair of structures, in which the welds arc located 
in all spatial positions , and often in hard-to-reach 
places. Taking into account the specifics of surround­
ing medium this causes a wide application of manual 
methods of welding. In this case the effectiveness of 
application of electromagnetic actions can he de­
creased due to instability of induction values in the 
zone of welding, caused by changing the distance from 
pool surface to magnetic core edge. Nature of experi­
mental relationships, given in Figure 1, shows that 
in welding at current of reverse polarity the zone of 
optimum values of CMF induction is a little wider 
than at current of straight polarity. Consequently, 
technological disturbances typical of manual methods 
of welding will influence the degree of degassing of 
welds to a less extent. 

Thus, the usc of external electromagnetic actions 
in the process of wet underwater welding on hydro-
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dynamics of weld pool melt and electrode metal trans­
fer made it possible to 2.2-2.5 times decrease the 
hydrogen content in weld metal. The highest effect 
is attained in welding at current of reverse polarity 
with CMF induction in the 8-12 mT range. It can be 
expected that the usc of EMS as a result of changing 
induction and polarity of welding current will enable 
us to control the hydrogen diffusion in HAZ metal 
with allowances for structural transformations, pro­
ceeding in it, that is very important from the point 
of view of prevention of cold crack formation. 
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