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TAKING INTO ACCOUNT OF HIGH-FREQUENCY
MECHANICAL PEENING INFLUENCE ON CYCLIC
WORKING LIFE OF WELDED JOINTS
AT DOUBLE-FREQUENCY LOADING

V.S. KOVALCHUK
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Methodology, analytical dependences and nomograms for determining area of efficient use of hardening of the 09G2S
steel welded joints by high-frequency mechanical peening and estimation of its influence on increase of cyclic working

life at double-frequency loading are proposed.

Keywords: arc welding, welded steel structures, double-
frequency loading, welded joints, increase of cyclic working
life, high-frequency mechanical peening

Increase of cyclic working life of welded metal struc-
tures at the stage of their manufacturing and after
repair and restoration of joints by means of welding
is an important and actual task. There are different
methods for increasing resistance to fatigue of welded
joints. As a rule, they are based on removal of tensile
or artificial induction of favorable compression resid-
ual stresses in the area of the weld transition to the
base metal.

One of the most efficient, productive and economi-
cal methods of creation of residual compression
stresses, reduction of stress concentration and surface
hardening of the weld metal or area of the weld tran-
sition to the base metal is high-frequency mechanical
peening (HFMP) with application of ultrasonic con-
verters [1--3]. At single-frequency loading such addi-
tional treatment may increase 2--10 times cyclic work-
ing life of welded joints of structural steels depending
upon a type of the joints, class of the material strength
and asymmetry of the cycle. However, a real loading
spectrum of many elements of structures consists of
two and more simultaneously acting variable compo-
nents of different amplitude and frequency. Previously
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Figure 1. View of specimen for assessment of HFMP efficiency in
increase of resistance to fatigue of welded joints at loading cycles
of simple and complex forms (arrows show position of zones treated
by peening)
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obtained results of experimental investigations
showed that cyclic working life of materials and
welded joints at double-frequency loading depends
upon amplitude and frequency ratios of stresses, as
well as mechanical characteristics of the metals [4],
whereby by means of increase of the latter working
life significantly reduces. As far as in mechanical peen-
ing surface hardening of the metal occurs due to elas-
tic-plastic strain [3], one may expect reduction of
efficiency of this kind of treatment of the items, which
operate under conditions of variable loading with ad-
ditional stresses from vibrations.

For assessing influence of HFMP on enhanced re-
sistance to fatigue of welded joints under conditions
of double-frequency loading, experimental investiga-
tions of large-scale specimens from the 09G2S low-al-
loy steel with longitudinal ribs (Figure 1), having
high values of concentration of stresses and level of
residual tensile welding stresses in initial state, com-
parable with those in real structures, were carried out.
Welds on longitudinal ribs of the specimens were pro-
duced by manual arc welding using the UONI-13/55
stick electrodes with full penetration.

For obtaining initial data on resistance to fatigue
of the joints at single- and double-frequency loading
the samples were tested in the post-welding state. For
estimating influence of hardening on enhancement of
working life of the joints under similar conditions of
tests, areas of the weld transition to the base metal
within 70 mm length from edge of ribs of the specimens
were additionally treated by HFMP. Fatigue tests
were continued under the same conditions of loading
till formation of new cracks of the same size. On the
specimens in initial state, after they were tested at
double-frequency loading till formation of fatigue
cracks of critical size, role of forging was determined
on the repaired welds. For this purpose metal around
the cracks was removed by the finger-type cutter, re-
cesses were welded up by the UONI-13/55 electrodes,
and transition zone from the weld to the base metal
was treated by HFMP.
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Figure 2. Form of loading cycle: s, /s, — amplitudes of low-

and high-frequency stresses, respectively; s, — total amplitude of
stresses; s,, — mean stress of cycle; t — time

Fatigue tests of the specimens were carried out
under mild conditions of zeroed single- and double-
frequency axial extension on the URS 200/ 20 servo-
hydraulic machine. In process of the tests fatigue
cracks, as a rule, originated over fusion line of the
end-lap weld with the base metal. Criterion for ter-
mination of the tests was a developing fatigue crack
of 20 mm length.

Fatigue tests at a single-frequency loading were
carried out at frequency f; = 5 Hz, frequency of ad-
ditional vibrations under conditions of a double-fre-
guency loading (Figure 2) was f, = 10 Hz. Low-fre-
guency component of the double-frequency loading
with ratio of frequencies f,/f; = 100 was f; = 0.1 Hz.
Tests at the double-frequency loading were carried
out at ratio of amplitudes of high- and low-frequency
components s,/ Sz » 0.2 and 0.4.

The results obtained of the fatigue tests at a sin-
gle-frequency loading of the specimens in initial state
1 and after HFMP 2 are presented in Figure 3. Com-
parison of these data shows that HFMP of the 09G2S
steel welded joints with longitudinal stiffening ribs
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Figure 3. Resistance to fatigue of welded joints of 09G2S steel
with longitudinal stiffening ribs at zeroed single-frequency exten-
sion in initial state (1) and after HFMP (2)

N, cycle

increases cyclic working life at a single-frequency
loading 5 times:

Kawir = N1/ Ng;, (€Y)

where Ky is the coefficient of working life increase
at single-frequency loading after forging of the joint;
Nin, Nyj, is the cyclic working life (number of cycles)
at a single-frequency loading of a welded joint hard-
ened by peening and in initial state, respectively.

Results of investigations of resistance to fatigue
at double-frequency loading of similar 09G2S steel
specimens in initial state and after HFMP of the areas
of transition from the weld to the base metal of the
joints in initial state and after welding repair are pre-
sented in the Table.

Coefficient of the cyclic working life reduction of
the welded joints at double-frequency loading in in-
itial after the welding state and after high-frequency
peening was determined using previously obtained for
steels of different classes of strength and types of
joints analytical dependence, invariant to concentra-

Resistance to fatigue of 09G2S steel welded joints with longitudinal stiffening ribs under conditions of axial zeroed double-frequency

tension
State of specimen Msai(imal’\;tg:ss $10/5a1 Number of loading cycles aenf;(&elgi- J Ig:cljc)u- J (mean)

max: N,2073 N,2078

Initial after welding 202.8 0.177 25.396 97 3.82 1.60 1.4
206.0 0.193 22.492 90 4.00 1.53
203.6 0.380 8.700 95 10.92 1.37
210.3 0.430 7.105 76 10.70 1.19

After peening in initial state 230.0 0.220 36.646 300 8.19 2.10 2.1
206.0 0.193 79.916 500 6.26 2.00
222.5 0.190 26.200 340 13.00 2.80
203.6 0.380 17.270 530 30.68 1.96
210.3 0.430 14.825 430 29.00 1.70

After welding repair and peening 230.0 0.200 37.250 300 8.10 2.20 2.0
206.0 0.193 71.400 500 7.00 2.18
203.6 0.380 19.890 530 26.60 1.87
210.3 0.430 15.330 430 28.10 1.67
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Figure 4. Nomograms for determining coefficient of cyclic working
life reduction of welded joints of 09G2S steel at double-frequency
extension in initial state (a) and after hardening by HFMP in
initial state and after welding repair (b), obtained at different
raticzls of frequencies: 1 — f,/f, = 140; 2 — 1x0% 3 — 140°; 4 —
140

tions of stresses, residual stress level, temperature,
cycle characteristic, kind and level of loading, and a
number of other factors [5]:

&)

where & = N1/ N, is the coefficient of cyclic working
life reduction at a double-frequency loading deter-
mined by ratio of working lives under conditions of
single- and double-frequency loading at the same lev-
els of low-frequency stress, coefficient of the cycle
asymmetry, residual stresses, temperature and other
parameters; N is the working life (number of cycles)
of a welded joint at a single-frequency loading; N is
the same at a double-frequency loading estimated by
the number of the low-frequency component cycles;
J is the correction coefficient, depending upon me-
chanical properties of the material.

As one can see from the Table, the J values for
hardened by peening welded joints are higher than

o= (f/f,) /S,

Kywir = n/ei

9+
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Figure 5. Nomogram for determining coefficient K, g Of relative
working life reduction at double-frequency loading of welded joints
hardened by peening (1-4 are the same as in Figure 4)
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al

for the joints in initial state. On basis of these data
nomograms are built using dependence (2) for deter-
mining coefficients of working life reduction of the
09G2S steel welded joints at a double-frequency load-
ing in initial state (Figure 4, a) in the form of the
ratio of working lives:

®

and after hardening by HFMP of the joints in initial
state or after welding repair (Figure 4, b):

a‘ =N;/N,;,

& = N/ Ny, (O]
where N, and Ny, are the working life at the double-
frequency loading of a welded joint, calculated by
number of cycles of the low-frequency component in
initial state and after hardening of the joint by high-
frequency peening, respectively.

As one can see from Figure 4, at fixed values of
ratios of amplitudes and frequencies, values of the
working life reduction coefficient ag, of welded joints,
strengthened by high-frequency peening, are in initial
state or after repair welding higher than of the coef-
ficient &g of welded joints in initial state without hard-
ening. As far as coefficients of the working life reduc-
tion at the double-frequency loading &g and &g in the
considered cases are determined by the analytical de-
pendence (2) and differ only by values of coefficient
J, coefficient Korwir Of relative working life reduc-
tion at the double-frequency loading of welded joints
after their hardening by HFMP may be presented in
the following form:

Korwir = @/ a = (Fo/ 1) =/%)0 9, )

Taking into account obtained values Jy, and Jj,
this analytical dependence in graphic form is presented
in Figure 5. One can see from this Figure that by
means of growth of the amplitude and frequency ratios
of the double-frequency loading components, cyclic
working life of the 09G2S steel welded joints, treated
by HFMP, reduces more intensively than of the joints
in initial state. Due to this efficiency of the peening
reduces and beginning from certain values of the dou-
ble-frequency loading parameters HFMP may become
useless or even harmful.

Evidently, at double-frequency loading additional
peening is efficient only in case, when values of coef-
ficient Ky | of working life increase under conditions
of a single-frequency loading are higher than coeffi-
cient of relative working life reduction K,gwir under
conditions of double-frequency loading.

Real values of the efficient coefficient of cyclic
working life increase at the double-frequency loading
Koewr of hardened by HFMP welded joints of the
09G2S steel may be found from the dependence

©)

having substituted into it actual values from expres-
sions (1) and (5).

Kaeww = Kawoi/ Korwir:
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For the investigated welded joints of the 09G2S
steel, J, = 2.1, J; = 1.4 and Ky = 5 were experi-
mentally determined. After substitution of these data
in expression (5), efficient coefficient of working life
increase by HFMP of welded joints of the 09G2S steel
at the double-frequency loading is determined from
the analytical expression

Koeww = 57(fo/ )" 76", ©)

or from its dependences, presented in Figure 6.

It is evident that additional high-frequency peen-
ing of welded joints at the double-frequency loading
is expedient, if value Kyewy significantly exceeds 1.
However, proceeding from technical and economic
reasons one may recommend using its minimal value
at the level Kyewy) = 1.5 (in Figure 6 this level is
indicated by the dashed line).

At values of efficient coefficient of the working
life increase Kygwy ) = 1.5, 1.0, HFMP gets ineffective,
and at Koew < 1 -— harmful. As one can see from
Figure 6, in this case in the area of efficient use of
HFMP, maximal value s;,/s,; reduces from 0.9 to
0.2 for the purpose of increasing working life of the
09G2S steel welded joints when ratio f,/f, increases
from 130 to 1:20*.

On basis of the results obtained of the investiga-
tions one may recommend for increasing cyclic work-
ing life at the double-frequency loading the following
procedure for determining the need and taking into
account hardening by HFMP of welded joints of the
09G2S steel in initial state or after repair welding:

- proceeding from the preset parameters of the
double-frequency loading, values of efficient coeffi-
cient Koewy of the working life increase by HFMP
of welded joints of the 09G2S steel are determined
by analytical dependence (7) or a nomogram presented
in Figure 6 for the investigated type of a joint or
taking into account values Ky for other types of
joints and asymmetry of the loading cycle;

- application of HFMP is considered expedient,
provided coefficient of cyclic working life increase by
high-frequency peening Kygw | = 1.5 or more;

- using fatigue curve 1 (see Figure 3) for investi-
gated type of the joint or respective dependences or
fatigue curves of other types of joints and asymmetry
of cycle of stresses, number of cycles Nj; is found at
single-frequency loading by the level of stresses, cor-
responding to the low-frequency component of the
double-frequency loading;

- coefficient of the cyclic working life reduction
& is calculated using formula (2) or nomogram (see
Figure 4, b), where coefficient, depending upon prop-
erties of the material for welded joints of the 09G2S
steel after HFMP, equals J = 2.1;

- calculated number of the low-frequency compo-
nent of the stress cycles at double-frequency loading
of a welded joint, hardened by high-frequency peen-
ing, is found, taking into account influence of the

3/2008
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Figure 6. Nomogram for determining area of efficient application
of HFMP for purpose of increasing working life of welded joints
of 09G2S steel at different parameters of double-frequency loading
(1--4 are the same as in Figure 4)

high-frequency component from the expression Ny, =
= Nli/a\-

CONCLUSIONS

1. Coefficient of the cyclic working life reduction at
the double-frequency peening of welded joints of the
09G2S steel after HFMP is determined by the same
analytical expression, which is used without peening,
but with different values of correction coefficients J.

2. Inanalytical expression of reduction of the cyclic
working life coefficient, index of the power for the
joints treated by peening, is 1.5 times higher than for
the untreated ones. Due to this cyclic working life of
welded joints of the 09G2S steel, hardened by HFMP,
reduces under conditions of double-frequency loading
to a greater degree than without peening; this differ-
ence increases by means of increase of the ratios of
amplitudes and frequencies.

3. Depending upon ratio of frequencies of the dou-
ble-frequency loading components f,/f; (from 140 to
120%) area of efficient application of high-frequency
peening for the purpose of increasing working life of
welded joints of the 09G2S steel is limited by ratio
of the s,,/S4; stresses from 0.9 to 0.2 respectively.

4. For additional high-frequency peening of welded
joints of the 09G2S steel to be justified, recommended
minimal value of efficient coefficient of the working
life increase Kyew should be not less than 1.5.
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CALCULATION PREDICTION OF OVERALL
DISTORTIONS IN LASER WELDED BEAMS

0.V. MAKHNENKO! and P. SEYFFARTH?
'E.0. Paton Electric Welding Institute, NASU, Kiev, Ukraine
ZIMG, Germany

Mathematical model is described, which was developed for prediction of overall bending distortions of long beams in
laser welding to optimise the distance between the fixing supports, at which deviation of the laser beam from the joint

site is not in excess of the admissible value.

Keywords: laser welding, welded beams, overall bending
distortions, fixation system, numerical investigation

Intensively widening application of laser technologies,
in particular, in fabrication of welded structures, made
it necessary to address new problems, one of which is
ensuring a high accuracy of positioning of the weld.
A beam is distorted during welding, and deviation of
the laser beam moving along the preset path may ex-
ceed the admissible value. Allowance for deviation of
the laser beam in welding beams with a wall thickness
of 4--19 mm is approximately +0.3 mm. Fixations are
used to limit distortions of the beams during welding.
In welding long beams (up to 6000 mm long), a large
number of fixations increases the labour intensity and,
correspondingly, decreases the productivity of the
technological process. Under conditions of modern
flexible small-lot (at the customer’s request) manu-
facturing of different profiles of welded beams, ex-
perimental setting of optimal distances between the
fixations is unprofitable. That led to the need to de-
velop a mathematical model, which would allow pre-
diction of temporary and residual welding bending
distortions of different profiles of beams, as well as
optimisation of a distance between fixations along the
length of a beam at a preset allowance for deviation
of the laser beam.

Application of a general approach of 3-D modelling
by the finite element method to determine overall
distortions of long beams is time-consuming and re-
quires substantial computer resources. Therefore, the
following assumptions were made in the calculation
model used.

To calculate temperature fields, the use is made of
an assumption of a fast-moving heat source, where the
3-D problem is reduced to a set of 2-D problems solved
by the finite element method for the cross sections
considered along the length of a beam.

The mechanical problem for determination of
stresses and strains in the cross sections considered at
a preset temperature field is solved by the finite ele-
ment methods within the framework of a beam hy-
pothesis of plane sections using the thermoplasticity
theory methods [1]. It is reported [2] that the use of
the beam hypotheses or hypotheses of plane sections

© O.V. MAKHNENKO and P. SEYFFARTH, 2008
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for determination of stresses and strains in long welded
beams makes it possible to achieve the satisfactory
results, compared with the results obtained by 3-D
modelling. The results may differ to some extent in
regions of the beginning and end of the beam. At the
same time, the calculation model can be substantially
simplified. The solution is found by successive tracing
of development of elasto-plastic strains in each section
of the beam. At each tracing stage, physical non-linear-
ity related to plastic strains is realised by means of
the iteration process with respect to material state
function y (X, y, z, t) at each considered point of the
beam at time moment t. Therefore, the non-linear
problem at each tracing stage is replaced by a set of
the successively solved linearised problems.

To determine the «shrinkage function» for a case
of bending distortions in welding of the beams hinged
at the ends, or preset axial forces at the edges and
bending moments, it is usually enough to consider
characteristic section x = const, within which the
known temperature field of heating and cooling is
T(y, z, 1), as well as the external axial force is Ny (t)
and moments are My, (t) and M, (t). This is a stati-
cally determined problem, where at each tracing stage
the increments of curvature Dky,(t) and Dk, (t), and
those of longitudinal shortening De),(t) = Dew(0, 0,
t), are determined within the framework of the beam
hypotheses from the following equilibrium equations

[1l:

DLy + DKLy, + Dk Ly + Py =My (1=1,2,y), (1)

where Liq = o4 dF(i, g = 1, 7, y); Pj = Obx aF .
r B1 F By

" ( =1, z, y); Fis the cross section area of the beam;
M is the external load, i.e. atj = 1 it is force Ny(t),
and at j = z, y these are moments M, (t) and My, (t),
respectively, which act in a given section at time mo-

2y +K | . .
mentt; B, = 3 ; ¥ is the material state function;
1-2n, . .
andK = E IS the volumetric compression modulus

for the plane stressed state.
At normal stresses other than zero, sy also corre-
sponds to the plane stressed state, i.e.
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1 0
Sy — =S + .
XX 37xx Syt ) 88,,0 ) (2)
D = FKEL Lp=g®s -D.
2G 3 94 o D &E 4 o D

Stresses sy (Y, z, t) are determined by the follow-
ing relationship:

Suly, 2, 1) = Bi [DEX,(t) + Dkyu(t)z + Diyy(®)Y — brod. (3)

State function y (y, z, t) is found by the iteration
method using the known algorithm [1]. At each itera-
tion by y, it is necessary to solve the system of equi-
librium equations (1), the matrix of which is symmet-
rical and positively defined, which is a sufficient con-
dition for existence and uniqueness of the solution for
this system at preset M;.

In the case of a multiple-support beam (Figure 1),
the forces at the supports, Q;i(t) =y, z, i=0, 1,
2, ..., N), depend upon the stressed state, providing
that at the supports the increments of displacements
are

DU; =0 =V, 7

i=0,1, .., N). 4

As the solution with respect to function DU;(x, t)
at each iteration by y is determined at the preset
values of y (X, vy, z, t), it is more convenient to find
it in the form of a sum

®

Accordingly, the increment of curvature, Dk;j(X,
t), can be represented by the following sum:

DU;(x, t) = DU{"(x, t) + DU{Q(x, 1) (j = Z, y).

Dk;;(x, 1) = Dk{(x, 1) + Dk{P(x, 1). (6)

In this case, Dk{J)(x, t) satisfies the equilibrium
equations in section x = const at M; ° 0, and Dk{?(x,
t) can be determined, accordingly, from equations (1)
in the following form:

DKL, + DkiLjy = M(Q)( =Y, 2), )
i.e.
Q - LzZMy - MZI—ZY = MYA - MZD1
A I A Y
L M, —~ M L ®
xS = w =M,A, - M,D,
LoLy — Ly

where M, and M; are the bending moments in section
x = const by caused unknown forces Qy;i(t), Qi(t)
(i=0,1, ..., N) at the supports

L, L

——N

L
A= D=5 A=5 D=Ll

—-12
vy T lzy

Considering the static equation for forces Q;i(t),
i.e.
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Figure 1. Conditions of fixation of multiple-support beam (n =
=Y, 2)

N N
a Q;i=0, a qQ;li=0,

0 i=0

®
where I; is the distance from the i-th support to the
Zero one, it can be written down that

L Mj(X) = Qqils + Qyj(x — 1y) for Iy <x <1,
Mj(X) = QX + Qgj(X — 1) + Qy(x 1) for I, <x <ls,

andsoon,ie. forlj<x<lj+1

M(x, 1) = A Qu(t)(x ~ 1) (10)

n=0
atj=vy,z;i=1,2,..., N-1;lg=0.

Using condition (4), as well as dependencies
Dx;j = --(ﬂZDUj)/(ﬂxz), integration allowing for ex-
pressions (1), (7), (8) yields a system of two (N --
-- 1) equations with respect to known Qj; and inte-
gration constant Cy;:

l X i

Coyli + 00DK(t, )dxdx+ A [Qu(OF Y ~ QuRix] = 0,

00 n=0

'i\ x i (11)
Co,l; + O0DXD(t, x)dxdx + A [Qu(t)F {7 - QuRi] =0,

00 n=0

where

(A

F=0 bAj(X, t)(x - ;- )dxdx;
Ii—l Ii-1
(.
Ry, =0 OD(x, t)(x — I, _ )dxdx
| |

i-1%i-1

The rest of the four equations yield static rela-
tionships (9).

Upon determining the Q;(t) values from (11) al-
lowing for (9), at presety (z, y, t), calculate moments
M; from (10), and then M;Dely, Dkxx and Dk, from
(1) allowing for M. After that, calculate stresses
Syx(t, X, y, z) from expression (3), and specify state
function y (t, X, y, z) from the instability condition.
If the condition of convergence by y is not met at
least at one point, the iteration process for time mo-



Figure 2. Schematics of different profiles of welded beams: a, b — T- and H-shaped sections, respectively; ¢ — box-shaped section

ment t is continued, i.e. integrals L;q, Pj (1), etc. are
calculated. Parameters of shrinkage function in the
form of Delx(X, y), Dkyy (X, t) and Dk,,(x, t) after the
iteration process by y are used to calculate variables
DUy (%, t), DU,(x, t) and DU,(X, t), the integration
of which by time, starting from t = 0, gives a com-
prehensive information on displacements U, (X, t),
U.(X, 1), Uy(x, t) of points x = const at the beam
axis during the heating and cooling processes.

The calculation algorithm was used to determine
displacements U, and U, of points of the axial line
of the beam passing through the centre of gravity of
the sections in laser welding of longitudinal welds.
Considered were the welded beams 4000 mm long,
made from stainless steel and having different profiles
(Figure 2): T-, H- and box-shaped sections, with dif-
ferent distances between the fixing supports. An ef-
fective power of the laser source was 8.5 kW, and
welding speed was 1.3 m/min.

Maximal displacements of points of the axial line
of the beam were investigated at the moments of pass-
ing of the heat source, which is important for optimi-
sation of distances between the fixing supports along
the length of the beam at a preset allowance for de-
viation of the laser beam. The effect of distances be-
tween the fixing supports, welding speed and rigidity
of the beam on residual distortions of the beam after
removal of fixation was also studied. Maximal forces
formed at the fixing supports were determined de-
pending upon the distance between the supports and
beam rigidity.

The calculation algorithm was supplemented with
the possibility of allowing for the effect of preliminary
bend and bend after welding, induced by the fixing
supports. That made it possible to investigate the ef-
fect of preliminary bend and bend after welding on
residual overall distortions of the beam.

To illustrate, Figure 3 shows the calculation results
on the kinetics of displacements Uy of points of the
axial line of the beam passing through the centre of
gravity of the sections in laser welding of longitudinal
weld. The calculation was made for a beam of the
T-shaped profile (H1, H2 = 80 mm, D1, D2 = 8 mm,
S = 36 mm). The beam profile and welding heating
were symmetrical about axis Y. Hence, displacements
U, were equal to zero. Five fixing supports were cho-
sen, which corresponded to a distance of 1000 mm
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between them. The calculation results showed that
maximal displacements of points of the axial line of
the beam at the moments of passing of the heat source,
Uy max w, Were --0.34 mm, which is a bit larger than
the allowance for deviation of the laser beam
(£0.30 mm) and requires that the fixing supports be
increased in number. Residual bend of the beam after
removal of the fixing supports was 25.8 mm over a
length of 4000 mm. It is apparent that the beam should
be subjected to straightening to decrease its bending.

Figure 4 shows the calculated values of maximal
displacement Uy of the beam 4000 mm long at the
moments of passing of the heat source at different
distances between the fixing supports. To compare,
the results were determined for five T-shaped beams
with one longitudinal weld and different ratios of
beam flange H1 to wall height H2: 80 © 160, 80~ 80,
80~ 40, 80 © 25, 40 © 40 mm, as well as for three
H-shaped beams with two longitudinal welds: 80 ~
" 160 © 80,80 80 80 and 80 ~ 40 ~ 80 mm.
Thicknesses of all elements of the beams were equal:
D1 = D2 = D3 = 8 mm. Welding conditions and
materials of the beams were identical. As shown by
the results, the maximal displacement of the beam at
the moments of passing of the heat source substantially
decreases with decrease in the distance between the
fixing supports. At a distance between the fixing sup-
ports equal to 500 mm, the maximal displacements of
all the beams under consideration were not in excess
of the 0.3 mm allowance. For the beams with profiles
of 80 ~ 80 and 80 ~ 40 mm, requirements for the
allowance were met at a distance between the fixing
supports equal to 800 mm, and for the beams with
profiles of 80 © 160 and 80 ~ 160 ~ 80 mm — at a
distance of 1000 mm. Therefore, the higher the rigidity
of the beam, the lower is the maximal displacement
at the moment of passing of the heat source.

Figure 5 shows the calculated values of maximal
displacement U, of the beam 4000 mm long at the
moments of passing of the heat source at different
welding speeds v,, and constant heat input. The results
were obtained for the T-shaped beam (H1 = H2 =
=80 mm, B1 = B2 = 8 mm) with one longitudinal
weld, as well as for the H-shaped beam (H1 = H2 =
= H3 =80 mm, B1 = B2 = B3 = 8 mm) with two
longitudinal welds. Results for the T-shaped beam
show that the maximal displacement of the beam in-
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Figure 3. Calculation results on the kinetics of displacements U, of points of the axial line of the T-shaped beam in laser welding of a
longitudinal weld: a — t = 28; b — 85; ¢ — 130; d — 176 s; e — after complete cooling; f -— after removal of fixing supports

significantly decreases at the moments of passing of
the heat source with increase in the welding speed.
For a beam of the H-shaped profile, the welding speed
has almost no effect on the maximal displacement of
the beam at the moments of passing of the heat source,
as the second weld is made after the beam has acquired
residual welding distortions caused by the first weld,
which determine maximal displacements of the beam.

Figure 6 shows the calculated values of maximal
residual bend U, of the beam 4000 mm long after
removal of the fixing supports at different distances
between them during welding. The results were ob-
tained for the same T- and H-shaped beams. For the
T-shaped beams with profiles of 80 ~ 80 and 80 ~
~ 40 mm, values of the maximal residual bend hardly
depended upon the distance between the fixing sup-
ports. However, for the rest of the beams, the effect
of the distance between the supports on the maximal
residual bend was more substantial. Thus, for the T-
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shape beam with a profile of 80 © 25 mm and all the
H-shaped beams, the maximal residual bend first de-
creased, and then increased with decrease in the dis-
tance between the supports. For the beam with a pro-
fileof40” 40 mm, the maximal residual bend increased
with decrease in the distance between the fixing sup-
ports. This is the confirmation of the fact known from
practice that fixation of a beam during welding is an
inefficient technique to decrease residual bend of the
beam. Moreover, for the H-shaped beams, welding
with fixation causes a dramatic increase of the residual
bend, compared with a beam in a free state (two fixing
supports and L, = 4000 mm). Also, it can be seen that
rigidity of the beam promotes decrease in the maximal
residual bend. However, the distance between the cen-
tre of gravity of the beam profile and weld has a high
effect on the residual bend. Thus, in a case of the
T-shaped beam with a profile of 80 ~ 25 mm, the
centre of gravity of the profile is close to the weld.
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Figure 4. Dependence of maximal displacement of the beam at the
moments of passing of the heat source upon the distances between
the fixing supports: a, b — T- and H-shaped beams, respectively
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Figure 5. Dependence of maximal displacement of the beam at the
moments of passing of the heat source upon the welding speed at
Q;, = 380 J/mm: a — T-shaped beams 80~ 80 mm; b — H-shaped
beams 80~ 80 © 80 mm
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Figure 6. Dependence of maximal residual bend U, of the beam
4000 mm long after removal of the fixing supports upon the distance
between them during welding: a, b — T- and H-shaped beams,
respectively

Therefore, despite a low rigidity of the beam in direc-
tion Y, residual bend Uy has a low value.

Figure 7 shows the calculated values of maximal
forces at the fixing supports during welding and cool-
ing of a beam at different distances between the sup-
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Figure 7. Dependence of maximal forces Q, at fixing supports
during welding and cooling of the beam upon the distance between
the supports: a, b — T- and H-shaped beams, respectively
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Figure 8. Optimal preliminary bend induced by using fixing supports, at which residual bending distortions of the T-shaped beam are
minimal: a — bend before welding; b — bend after welding and removal of fixing supports

ports for beams with a different rigidity. The results
show that the maximal forces at the fixing supports
tend to increase with decrease in the distance between
the supports and increase in the beam rigidity. It
should be noted that the forces at the fixing supports
in welding of beams may reach high absolute values,
which should be taken into account in development
of fixation devices.

In addition to principal functions, the mathemati-
cal model allows estimation of the effect of a prelimi-
nary bend and bend after welding induced by fixation
on the residual overall distortions of a beam. Bend of
the beam after welding simulates the process of me-
chanical straightening. Moreover, the optimal values
of the preliminary bend and bend after welding are
determined automatically by the method of successive

approximations at a preset allowance for the longitu-
dinal bend. Figure 8 shows an example of calculation
of the optimal preliminary bend induced by five fixing
supports, where residual bending strains of the T-
shaped beam (H1 = H2 = 80 mm, D1 = D2 =8 mm)
4000 mm long are minimal at the given quantity of
the supports. Welding and cooling of the beam in such
a bent state, where the bend is --62 mm, lead to the
situation where, after removal of fixation, the maxi-
mal residual bend of the beam is approximately
1.4 mm. To compare, in the case of welding without
preliminary bending (see Figure 3), the bending de-
flection of the beam is much higher, i.e. 26 mm. Fi-
gure 9 shows an example of calculation of the optimal
postweld bend induced by five fixations, where resid-
ual bending strains of the T-shaped beam are minimal

Figure 9. Results of calculation of optimal postweld bend: a — distortions after welding; b — distortions after removal of fixing
supports; ¢ — optimal posweld bend; d — distortions after bending and removal of fixing supports
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(H1 = H2 =80 mm, D1 = D2 = 8 mm). Bending to
--68 mm decreases the residual maximal bend of the
beam to 1.15 mm.

It should be noted that such bends of the beams
that cause formation of plastic strains require that
high forces be applied at the fixing supports, which
makes fixations more complicated. However, this
technology for producing welded beams with minimal
distortions can find application in certain cases of
small-lot production. The model developed can be sup-
plemented with the possibility of determining optimal
parameters of thermal straightening of the beams, e.g.
by using a defocused laser beam. Thermal straighten-
ing does not require any complication of fixation de-
vices, and in this case it is possible to use a welding
heat source.

Therefore, application of the developed mathe-
matical model allows:

- prediction of both temporary bending distortions
in laser welding of beams of different profiles with a
large number of fixing supports, and residual welding
distortions after removal of fixations;

- optimisation of distances between the fixing sup-
ports to allow for the maximal displacement of the
beam at the moments of passing of the laser heat
source;

- determination of a value of the optimal prelimi-
nary bend and bend after welding, induced by using

12

the fixing supports, at which the residual bending
distortions of the beam are minimal.

The above calculations show that:

- the maximal displacement of the beam at the
moments of passing of the heat source dramatically
decreases with decrease in the distance between the
fixing supports;

- the higher the rigidity of the beam, the lower is
the maximal displacement of the beam at the moments
of passing of the heat source;

- the maximal displacement of the beam at the
moments of passing of the heat source insignificantly
decreases with increase in the welding speed for the
T-shaped beam;

- the welding speed has almost no effect for the
H-shaped beam;

- fixation of the beam during welding is inefficient
for decreasing residual bend of the beam;

- forces at the fixing supports in welding of the beam
may reach high absolute values, which should be taken
into account in development of fixation devices.

1. Makhnenko, V.l1. (1976) Calculation methods for investiga-
tion of kinetics of welding stresses and strains. Kiev: Nau-
kova Dumka.

2. Ma, N.X., Ueda, Y., Murakawa, H. et al. (1995) FEM
analysis of 3-D welding residual stresses and angular distor-
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EFFECT OF LONGITUDINAL MAGNETIC FIELD
ON CHARACTERISTICS OF THE ARC IN TIG WELDING
IN ARGON ATMOSPHERE

A.D. RAZMYSHLYAEV, M.V. MIRONOVA and A.A. DELI
Priazovsky State Technical University, Mariupol, Ukraine

It is demonstrated experimentally, using the split anode method, that diameter of the active (anode) spot on a workpiece
decreases with increase in induction of the longitudinal magnetic field within the arc zone, while distribution of density
of the current along its radius is more uniform than in welding without the longitudinal magnetic field. It is shown by
the probe method that gas-dynamic pressure at the arc centre decreases under the effect of the magnetic field.

Keywords: TIG welding, tungsten electrode, longitudinal
magnetic field, arc anode spot, current density, gas-dynamic
pressure of the arc

Application of the longitudinal magnetic field (LMF)
widens technological capabilities of TIG welding in
argon atmosphere and submerged-arc welding using
electrode wire [1--3]. In addition to refining of struc-
tural components of the weld metal, it improves weld
formation, changes sizes of the weld pool (length,
width, depth), which are determined to a considerable
degree by diameter of the active spot of the arc on a
workpiece and distribution of the current density and
arc pressure in it.

The simplest welding process for investigation is
TIG welding in argon atmosphere. However, even for
this process without the application of LMF, the above
characteristics of the arc are insufficiently studied,
and data on them are often contradictory. For exam-
ple, as reported in [4--7], current density in the anode
spot of the arc on a workpiece decreases along the
spot radius following the law close to normal, and at
the centre its maximal value ranges from 5 to
100 AZ/mm? for a welding current of about 100--
200 A. According to study [8], the current density is
distributed in the active spot of the arc on a workpiece
almost uniformly, and amounts to about 3--5 A/mm?.
And only study [9] shows that with constant LMF
applied to the arc, the current density at the centre
of the arc spot on a workpiece decreases to some extent
(from 5 to 4.2 A/mm? at induction of 20 mT, and to
3.4 A/mm? at induction of 50 mT).

With constant and pulsating LMF applied to such
an arc, pressure along the arc axis decreases, unless
induction within the arc zone is more than 30 mT [10,
11], while vacuum is formed along the arc axis at
substantial inductions of LMF (about 80 mT) [3]. As
shown in [12], this is associated with rotation of the
arc about the longitudinal axis and its transformation
into the bell-like (conical) shape. The data of studies
[10, 11], which are of a fundamental importance, and
which were generated by the gating hole method, re-
quire a more detailed study and more accurate defi-
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nition using other investigation methods, such as the
method involving introduction of a probe into the arc
[13], which allow determination of distribution of a
gas-dynamic component of the arc pressure (velocity
head) and, accordingly, rate of the plasma flow in
some section of the arc per measurement. As shown
in [14], it is the gas-dynamic (some authors call it
gas-kinetic) pressure of the argon arc, which is much
higher than the magnetostatic one, as well as the rate
of the plasma flows associated with this pressure, that
are the most important factors determining depth and
shape of the welds.

This study is dedicated to experimental investiga-
tions of the effect of LMF on such characteristics of
the arc in TIG welding in argon atmosphere as diame-
ter of the anode spot of the arc on a workpiece and
distribution of the current density in this spot, as well
as distribution of pressure in a cross section of the
arc.

Welding in all the experiments was performed at
a straight polarity using the 4 mm diameter electrode
of the VL grade. To ensure minimal penetration of
the base metal, the electrode was made with a taper
angle of 90° (without blunting). Rectifier of the
VSZh-303 type was used as a power supply. Ballast
resistors of the RB-301 type were employed to form
a drooping characteristic of the welding station and
regulate the welding current. Argon of the A grade
(GOST 10157--73) was used to shield the arc, the
argon flow rate being 5--7 1/min. Solenoid with a
carbon steel core was mounted on the tip of the weld-
ing torch in alignment with the electrode. The solenoid
coil consisted of 104 turns of the 2.0 mm diameter
copper wire. Diameter of the anode spot on a work-
piece and distribution of the current density along the
spot radius were determined by the split anode
method, the diagram and description of which are
given in studies [5--8]. Two copper plates 6 mm thick
with a gap between them equal to 0.2 mm were used
as an anode. The current flowing through each of these
plates, arc voltage, and current in the solenoid coil
were recorded with an oscillograph of the K-115 type.
The oscillograph paper speed was 250 mm/s (some-
times 125 mm/s). The current flowing through the
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Figure 1. Dependence of diameter of the active spot on a workpiece
upon the distance between electrodes (a) and welding current (b)
atl,=3 (1) and 1 (2) mm

split anode plates was recorded, and the oscillograms
were processed on the basis of the recommendations
given in [4, 8].

It should be noted that, like in study [8], delay
of the active spot of the arc was sometimes observed
at the first plate in transition through the gap. In this
case, part of the current was short-circuited through
the second plate earlier than the active spot of the arc

d, mm

3 1 1 1 1 1 1
0 20 40 60 B,, mT

Figure 2. Effect of induction of LMF on diameter of the arc spot
on a workpiece and diameter of the arc pressure: 1, 2 — constant
and alternating, 50 Hz frequency LMF, respectively, at |, = 1 mm;
3, 4 — same as 1, 2 but at I, = 3 mm; 5 — maximal diameter of
the arc column at I, = 3 mm; 6, 7 — diameter of the arc pressure,
respectively, for constant and alternating, 50 Hz frequency LMF
atl,=3 mm
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passed to it. These phenomena were of a random char-
acter, i.e. they were not observed in most experiments.
In this connection, in every experiment, the moment
of passing of the arc through the gap between the
plates was recorded with a video camera «Panasonic»
at a frequency of 50 frame/s. Oscillograms that
clearly showed the above phenomenon were rejected
(ignored). Hence, this required that not less than 5--7
experiments be conducted in each mode, and resulted
in a certain scatter of the data obtained (Figure 1).
According to the recommendations of study [4],
conditional diameter of the anode spot of the arc was
determined from the surface area, through which 95 %
of the arc current flew. It was established that in
welding without LMF an increase in distance between
the electrodes, |,, led to increase in diameter of the
anode spot (Figure 1, a), and that this diameter grew
in the same way with increase in the welding current
(Figure 1, b). With constant and alternating, 50 Hz
frequency LMF applied to the arc, at a distance be-
tween the electrodes equal to 1 mm, the axial compo-
nent of induction grows to 15--20 mT, thus leading to
some increase in diameter of the anode spot of the arc
on a workpiece (Figure 2, curves 1 and 2), while with
further increase in induction B, the diameter decreases
to some extent. In this case, constant LMF gives a
higher effect than the alternating one with a frequency
of 50 Hz. If the distance between the electrodes is
3 mm, increase in induction of LMF leads to a mo-
notonous insignificant decrease in diameter of this
spot (Figure 2, curves 3 and 4). According to the data
of video recording (at a frequency of 50 frame/s),
with increase in induction of both constant and alter-
nating, 50 Hz frequency LMF, the maximal diameter
of the arc column observed at a distance of 1.0--1.5 mm
from the plate (anode) surface and at I, = 3 mm in-
creases to some extent (Figure 2, curve 5).
Distribution of the current density in the arc spot
on a workpiece was determined by processing oscillo-
grams using the procedure described in studies [5, 6]
(Abel transformation). The oscillograms were
scanned, their enlarged images were processed on a
computer, and radial distribution of the current den-
sity in the arc spot was calculated using the specially
developed software. As induction of constant and al-
ternating, 50 Hz frequency LMF increases, the current
density at the centre of the anode spot substantially
decreases, and distribution of the current density along
the spot radius becomes more uniform than in welding
without LMF. The current density in the peripheral
part of the anode spot under the effect of LMF is
higher than without LMF (Figure 3). For a shorter
arc (I, = 1 mm), the above variations in distribution
of the current density are more substantial than for a
longer arc (I, = 3 mm). Under the effect of LMF, the
centre of the anode spot of the arc is not free from
the electric carriers (electrons), as it might be sup-
posed on the basis of the shape and behaviour of the
arc in LMF [12], as well as the presence of vacuum
in the axial region of its column at considerable in-
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ductions of LMF [3, 11]. With LMF of the 1.0--
12.5 Hz frequency applied to the arc, diameter of the
anode spot had intermediate values relative to the
observed ones at constant LMF and 50 Hz frequency
LMF, which are shown in Figure 2. The similar effects
were observed at the centre of the anode spot and in
the current density distribution curves.

To study distribution of the gas-dynamic compo-
nent of the arc pressure (velocity head of plasma)
along the radius of a section normal to the arc axis,
as well as diameter of this section (pressure diameter),
the use was made of the procedure similar to that
described in [13]. The cylindrical probe of a heat-re-
sistant non-magnetic material served as a pressure sen-
sor. Schematic of the measurement device” is shown
in Figure 4, a. Probe 2 was rigidly attached (normal)
to elastic string 9 with a diameter of 0.4 mm. The
string was tension mounted on supports 10. With the
arc pressure affecting probe 2, string 9 twisted, and
the beam directed from laser pointer 4 reflected from
light mirror 3 and went to screen 5, which was in-
stalled at a substantial distance (about 2 m) from
mirror 3 to increase sensitivity of the device. To avoid
oscillations of probe 2 under the effect of the arc,
damping device 6 was provided for in the system. The
process of deviation of the beam (image on the screen)
when arc 8 passed through probe 2 was recorded with
the video camera (at a frequency of 50 frame/s).

Tungsten, quartz and graphite probes with the
1.5 mm diameter were tested. In welding under con-
ditions: 1, = 200 A, I, =3 mm, and v,, = 75 m/Zh,
the maximal heat resistance was exhibited by tungsten
(it was not melted by the arc). In this case, the maxi-
mal deviation of the beam on the screen was identical,
i.e. the probe material did not affect the parameter
investigated. It turned out that the tungsten probe
with the 1.0 mm diameter was also not melted by the
arc under the above conditions. Therefore, considering
the expediency of decreasing diameter of the probe
introduced into the arc, the probe of the above diame-
ter was used in all the further experiments.

Like in [13], calibration of the device was carried
out by affecting the probe with the argon flow fed
through a rectangular slot, measuring 8.0~ 1.5 mm,
made at the end of a round copper tube. The laminar
mode of the argon flow was employed for the calibra-
tion. The probe was placed at a distance of 0.4--0.5 mm
from the end (slot) of the tube. The gas flow rate was
fixed with flow meter RS-3. To determine proportion
between the force acting on the probe and deviation
of the beam on the screen, weights (milligram pieces)
were hung on the probe. Also, the probe drag coeffi-
cient required for further data processing was esti-
mated from the following formula:

*Schematic of device was offered by Prof. 1.V. Pentegov, Doctor
of Technical Sciences and staff member of the E.O. Paton Electric
Welding Institute.
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Figure 3. Distribution of current density along axis r at an electrode
spacing I, = 3 (&) and 1 (b) mm without the effect of LMF (1),
with constant LMF at B, = 25 mT (2) and with 50 Hz frequency
LMF at B, = 25 mT (3)

_ rn?
F= stp PR
where F is the force acting on the probe, N; Cy is the
probe drag coefficient; S, is the probe drag area, m?;

Figure 4. Schematic of the device for measuring the force effect of
the arc (a), and image of beam deviation on the screen at B, = 42
(b) and 0 (¢) mT: 1 — electrode; 2 — probe; 3 — mirror; 4 —
laser pointer; 5 -— screen; 6 — damping device; 7 — workpiece;
8 — arc; 9 — string; 10 — supports
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Figure 5. Dependence of diameters of the arc column (1), gas-dy-
namic arc pressure (2) and active spot of the arc (3) on a workpiece
at I, = 3 mm upon the welding current
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Figure 6. Distribution of gas-dynamic pressure of the arc along
axis r at I, = 3 mm: 1 — without LMF; 2 — constant LMF (B, =
=25 mT); 3 — alternating, 50 Hz frequency LMF (B, = 25 mT)
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r is the argon density, kg/m?; and n is the argon flow
rate, m/s.

As shown by the calculations, probe grad coeffi-
cient C within an argon flow rate range of 7--20 m/’s
has almost identical values.

Typical screen images of the processes of deviation
of the beam with time, when the arc crosses the tung-
sten probe (Figure 4, b, ¢), were used to determine
distribution of the pressure along the radius of the arc
section. Processing was performed by the procedure
similar to that described in [13] by using a computer
and the specially developed software.

With increase in induction of LMF, diameter of
the arc pressure increases to some extent, similar to
visible diameter of the arc column in the same section
(see Figure 2). Characteristically, the visible diameter
of the arc column almost coincides with diameter of
the arc pressure at a preset value of induction of both
constant and alternating, 50 Hz frequency LMF (see
Figure 2, curves 5--7).

For the welding process without the LMF effect,
diameters of the arc column, arc pressure and anode
spot of the arc on a workpiece grow with increase in
the welding current (Figure 5). In this case, diameter
of the active spot of the arc on a workpiece is somewhat
smaller than diameters of the arc column and arc pres-
sure. As the welding current increases, the difference
between diameter of the active spot and diameter of
the arc pressure increases (see Figure 5). The similar
dependence occurs also with increase in induction of
LMF (see Figure 2).
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Figure 7. Distribution of gas-dynamic pressure of the arc along
axis r at I, = 3 mm under the effect of constant LMF of differing
induction: 1 — B, =0; 2 — 18; 3 — 25; 4 — 45 mT

Under the effect of both constant and alternating,
50 Hz frequency LMF, the pressure of the arc at its
axis considerably decreases. Also characteristically,
alternating LMF influences the arc pressure not less
intensively than the constant one (Figure 6). With
increase in induction of constant (and, accordingly,
alternating, 50 Hz frequency) LMF, the pressure of
the arc at its axis decreases. As follows from the data
shown in Figure 7, curve 4, for constant LMF, at an
induction of about 40 mT or higher the negative values
can be observed at the arc axis, which is incorrect
from the physical standpoint. Allowing for the pecu-
liarities, which are typical of the measurement meth-
ods applied (probe method), the negative values of
the arc pressure are attributable to the fact that within
the arc zone adjoining the arc axis the plasma flow is
directed from a workpiece to electrode. The positive
and negative values of the arc pressure shown in Fi-
gure 6 should be regarded as gradients of the gas-dy-
namic pressures directed from an electrode to work-
piece and, accordingly, from a workpiece to electrode.

The data obtained allow widening of the notions
on the effect of LMF on such important characteristics
of the arc as distribution of the current density in the
anode spot of the arc and distribution of the arc pres-
sure, which are determining as to their effect on the
efficiency of penetration of the base metal and quality
of the weld formation under the effect of LMF.

CONCLUSIONS

1. As induction of constant and alternating, 50 Hz
frequency LMF increases, diameter of the active spot
of the arc on a workpiece and current density at the
spot centre decrease, while distribution of the current
density along the radius is more uniform than in weld-
ing without the effect of LMF.

2. The method of introducing a probe into the arc
confirms the data, which were generated earlier by
the gating hole method, that under the effect on the
arc by constant and alternating, 50 Hz frequency LMF
the gas-dynamic pressure of the arc decreases at its
axis and increases in the peripheral regions. At an
induction of LMF equal to about 40 mT or higher at
axis of the arc, its plasma flow has a velocity compo-
nent directed from a workpiece to electrode.
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SELECTION OF FILLER METALS FOR BRAZING
THIN-WALLED HEAT EXCHANGING DEVICES

V.F. KHORUNOV and S.V. MAKSYMOVA
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Peculiarities of structure of seams in thin-sheet stainless steel joints produced by vacuum brazing using copper and nickel
alloys as brazing filler metals are considered. Results of metallographic examinations and mechanical tests of the brazed
joints are presented. Good prospects for utilisation of brazing filler metals based on the Ni-Mn system are demonstrated
for brazing thin-walled structures, in particular, plate-ribbed heat exchangers.

Keywords: vacuum brazing, heat exchanging device,
stainless steel, microstructure, brazing filler metal, brazed seam,
boron, strength

Production of permanent joints by vacuum brazing is
gaining wide acceptance in many industries for the
fabrication of different-purpose structures, mainly
from corrosion- and heat-resistant steels and alloys,
aswell as superalloys, applied in aircraft, rocket, space
and nuclear power engineering.

Vacuum brazing is characterised by a number of
advantages, compared with traditional brazing meth-
ods. It is superior to all other brazing methods and
technologies, as in vacuum brazing the atmosphere of
the vacuum furnace features an almost absolute ab-
sence of any substances. Thus, in vacuum at a rare-
faction of the working space equal to 1.33307* Pa,
1 cm?® of the furnace contains 340 molecules, this
corresponding to a dew point of --90 °C.

Brazing in vacuum makes it possible to most ef-
fectively increase the temperature of unbrazing of the
joints due to evaporation of volatile elements con-
tained in brazing filler metals (indium, manganese,
etc.), this involving certain technological difficulties,
which, however, are fully compensated for by the high
quality of the products.

The most significant peculiarity of brazing in vac-
uum is the possibility of performing the process using
no fluxes. This provides high strength, corrosion re-
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sistance and vacuum tightness of the joints, which is
especially important for the fabrication of many struc-
tures, e.g. high-efficiency heat exchanging devices
from stainless steels. High-efficiency heat exchange,
decreased thermal stresses and reduced weight of heat
exchangers are achieved in manufacture of plate-type
heat exchangers from thin-sheet (0.05--0.30 mm) ma-
terials. Wide possibilities for selection of channel
shapes and methods for intensification of heat ex-
change exist in design of such heat exchangers. The
degree of compactness of aircraft plate-type heat ex-
changers, which implies the ratio of an area of the
heat-exchange surface to its volume, amounts to
4000 m?>/m?3, which is much higher than that of the
best samples of tubular heat exchangers
(2275 m?/m?). For conventional tubular structures
this indicator is 139--325 m2/m?. Compact plate ma-
trices have a lower cost of 1 m? of the heat-exchange
surface and a higher heat-transfer coefficient.

Brazing of plate-ribbed heat exchangers is a so-
phisticated technological process, as it is necessary to
simultaneously produce long seams (seams in heat ex-
changers can be hundreds or even thousands of metres
long), and it is impossible to remedy defects formed
inside a structure.

Composition of a brazing filler metal is an impor-
tant component of the process of brazing of plate-type
heat exchangers. As noted above, the heat exchangers
are made from thin-sheet elements, and the erosion
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Figure 1. Microstructure of joints produced by brazing using copper: a — general view; b — fillet region

activity of a filler metal should be minimal. In this
connection, it is desirable to use filler metals with a
narrow solidification range. This study was conducted
by using copper as a filler metal, eutectic amorphous
filler metal of the Ni--Cr--Si--B system, and powder
filler metals of the Ni--Mn system developed by the
E.O. Paton Electric Welding Institute. Stainless steel
10Kh18N10T (Fe--(17--19)Cr--(9--11)Ni--(1--2)Mn--
£0.8Si--£0.8Ti--£0.12C) with a hardening temperature
of 1100 °C was used as a base metal for the investi-
gations.

To avoid substantial grain growth and deteriora-
tion of mechanical properties of the metal brazed, the
brazing temperature should not exceed 1100 °C [1].

Scanning electron  microscope  «CamScan»
equipped with the «Link» system X-ray microanalyser
was used for metallographic examinations and inves-
tigation of chemical heterogeneity of the brazed joints.

Traditionally, brazing of stainless steel heat ex-
changing devices is performed by using copper as a
filler metal [2], which is applied in the form of foil
or by the electrolytic method in a thin layer 10--20 nm
thick to the metal to be brazed. Using optimal coating
thickness and brazing parameters, it flows well into
the capillary gaps to form the defect-free joints (Fi-
gure 1). Copper has a limited solubility in iron at a
high temperature, and no clearly defined diffusion
zone can be revealed in this case [3]. At the same time,
diffusion occurs between the filler and base metals,
and the resulting seam consists of a copper matrix
reinforced with dispersed particles, which contain
iron, chromium, manganese and nickel (Table 1, Fi-
gure 2).

Figure 2. Microstructure of fillet region of the joint brazed by
using copper, with marking of regions (spectra) being analysed
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Drawbacks of copper used as a filler metal include
its penetration along the grain boundaries into the
base metal, which leads to its embrittlement, low heat
and corrosion resistance. This is the main reason why
copper is not used as a filler metal for brazing high-
temperature plate-ribbed heat exchangers, e.g. air-
craft ones. However, because of wide availability and
low cost, this filler metal is suitable for other appli-
cations (e.g. in automobile and tractor industries).

The work on making heat exchanging devices is
under way in many countries of the world as part of
a global strategy of transfer of high technologies to
industry. The experience of the E.O. Paton Electric
Welding Institute in the field of vacuum brazing of
plate-ribbed heat exchangers turned out to be very
helpful, including for the manufacture of high-effi-
ciency equipment.

Transition to nickel alloys in brazing of compact
heat exchangers is a complicated and painful process,
which has no unambiguous solution as yet. There are
two main ways of addressing it: one provides for util-
isation of thin amorphous filler alloys with a high
content of boron and silicon and, hence, high erosion
activity; and the second provides for utilisation of
low-erosion active filler metals, e.g. on the Ni-Mn
system base.

It is reported [4, 5] that filler metals with a high
content of boron and silicon are unsuitable for brazing
thin-walled (0.1--0.2 mm) stainless steel structures.
However, in the opinion of some authors, utilisation
of filler metals 0.03--0.04 mm thick in the amorphous
state can provide joints containing no brittle phases.
As shown by the investigations, in brazing of stainless
steel with boron-containing nickel filler metals, the
boron-containing phases, e.g. chromium borides (Fi-
gure 3, a), solidify in the seam, and these phases
deteriorate plastic properties of the brazed joints and

Table 1. Content (wt.%) of chemical elements in fillet region of
the joint brazed by using copper

Spectrum cr Mn Fe Ni cu
No.
1 - 1.25 2.70 1.67 94.38
2 2.22 1.03 10.76 2.33 83.66
3 1.81 0.96 9.05 2.09 86.08
3/2008



Figure 3. Microstructure of 10Kh18N10T steel brazed joints on heat exchanger produced by using filler metal Ni-7Cr--4.5Si--3Fe--3.2B:

a-c — see in the text

lead to formation of cracks in fillet regions (Figure 3,
b).

Boron actively diffuses from the seam metal into
stainless steel with increase in the time of holding at
high temperature. As it does not dissolve in the nickel
matrix of the seam and in the material being brazed,
the boride phase precipitates along the grain bounda-
ries of the base metal (Figure 3, ¢), which has a nega-
tive effect on mechanical properties and corrosion re-
sistance of the brazed joints.

Study [6] offers a special filler metal with an in-
creased silicon content and decreased boron content
for brazing plate-ribbed heat exchangers. While the
wish of the authors to decrease the boron content is
quite understandable, it should be noted that increase
of the silicon content may also cause problems:
silicides dissociate very slowly even at high tempera-
tures and long holding times. As follows from study
[6], when using the boron-containing filler metals,
e.g. Ni--15Cr--1.4B--7.25Si, the probability of forma-
tion of the boride phase can be reduced, or it can be
dissolved by using the multi-stage brazing conditions,
such as heating to 1190 °C and holding for 2.5 h,
cooling to 1100 °C and holding for 3 h, and cooling
in nitrogen to 70 °C for 30 min.

However, the above heat treatment conditions may
have a pernicious effect on properties of stainless steel.
Moreover, in terms of cost effectiveness, this long and
energy-consuming process is unacceptable for manu-
facturers of plate-type structures. In this connection,
the work is now under way to develop filler metals
with a decreased content of boron, or even boron-free
filler metals.

On this basis, the Ni--Mn system was selected as
a basis for the development of filler metals. Alloys of
this system are characterised by low erosion activity,
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have a fusion diagram with a temperature minimum,
and structure of solid solution of a differing concen-
tration. The effect of extra alloying of the Ni-Mn
system alloys with chromium, iron, boron, silicon,
vanadium, etc. was investigated. Alloys of the Ni--Mn
system with the 19--35 wt.% Mn were studied, the
effect of silicon on structure and their melting ranges
was evaluated, and position of the eutectic point for
each group of the alloys was determined (Figure 4).

I=silicide
0 ° |
=

1000 ® - T : : °
| | |

| | —silicide
| | |

950 + oate | | | °
| | |
| | |
| | |

900 1 1 1 ! | | 1 i 1
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Figure 4. Liquidus and solidus surfaces on polythermal sections of
Ni--Mn-Si system alloys, located on isoconcentrates with 19 (1),
28 (2) and 35 (3) % Mn
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Figure 5. Microstructure of brazed joints produced by using Ni-Cr-Mn-Si system based filler metals PR-N58 (a, b) and PN-6 (c, d):

a, ¢ — fillet region; b, d — seam

Figure 6. Microstructure of brazed joint produced by using filler
metal PR-N58 and designation of spectra of the joint

Filler metals PR-N56 and PNS-6 based on the Ni--
Mn--Cr--Si--Fe system were developed by using results
of these investigations for brazing of stainless steel.
Investigations of peculiarities of formation of
brazed joints on models of heat exchanging devices,
produced by using boron-free filler metals PNS-6 and
PR-N58, showed the quality formation of the seams,
absence of cracks and other defects (Figure 5).
Investigations of chemical heterogeneity of the
brazed joints showed that in brazing with filler metal
PR-N58 the seam metal, which is a nickel-base solid
solution, is enriched with elements of the base metal,

Table 2. Content (wt.%) of chemical elements in the seam pro-
duced by using filler metal PR-N58

Spectrum si cr Mn Fe Ni
No.
1 4.39 5.80 28.05 11.50 50.26
2 2.78 8.50 24.06 | 17.12 | 47.54
3 6.76 3.03 32.23 4.83 53.15

20

i.e. iron (up to 17 wt.%) and chromium (up to
8.5 wt.%) (Table 2, Figure 6).

The amount of structural components in metal of
the brazed seam depends upon its thickness, in other
words, upon the brazing gap. For example, at a gap
that is no more than 30--40 mm, metal of the brazed
seam contains only one structural component, i.e.
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Figure 7. Dependence of strength of butt brazed joints in steel

10Kh18N10T on test temperature: a — filler metal PR-N58 (brazing

temperature T, = 1100 °C, 3 min); b — filler metal PNS-6 (O —

T, =1080 °C, 3 min; @ — T, = 1080 °C, 10 min; D— T, = 1100 °C,
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nickel-base solid solution. The fillet region, compris-
ing a large amount of the liquid filler metal during
brazing, contains the crystallising structural compo-
nents that are characteristic of the filler metal, i.e. in
addition to solid solution, it contains also the eutectic
consisting of silicides (manganese, nickel) and nickel-
base solid solution.

Results of mechanical tests of the butt joints in
steel 10Kh18N10T produced at room and increased
temperature proved a high potential of application of
the said filler metals (Figure 7, a). For example, ten-
sile strength of the butt joints at 500 °C (filler metal
PR-N58) is 370--400 MPa, and it decreases to some
extent (280--290 MPa) at 700 °C. As heat exchangers
operate for a long time at high temperatures, the long-
time strength tests were also conducted. At a tem-
perature of 600 °C and load of 200 MPa, the brazed
joints exhibited good performance, and they did not
fracture for 1358 h. Strength of the brazed joints pro-
duced with filler metal PNS-6 is approximately at the
same level (Figure 7, b).

The plate-ribbed heat exchangers made from stain-
less steel by using filler metal PR-N58 successfully
passed the tests to leakage, efficiency of heat exchange
and corrosion resistance in a heat-carrying environ-
ment [7]. The heat carrier in that case retained its
optical transparency. Such heat exchangers are capa-
ble of staying in operation for a long time in the
off-line mode at remote facilities under the observation
by attending personnel.

Drawback of the brazing technology is that powder
filler metals were used in the form of paste or suspen-
sion, the alternative to which should be filler metal
in the amorphous form.
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CONCLUSIONS

1. Application of eutectic amorphous filler metals of
the Ni--Cr--B--Si system leads to a risk of formation
of brittle phases and cracks even at a decreased
(1.4 wt.%) boron content. Elimination of undesirable
consequences of this situation by heat treatment in
brazing of thin-walled metal is hardly possible.

2. The most suitable filler metals for brazing thin-
walled stainless steel structures, in particular, plate-
ribbed heat exchangers, are the low-activity ones of
the Ni--Mn system. An important drawback of such
filler metals is that they are used in the form of pow-
ders, which involves problems, particularly in vacuum
brazing. Further investigations are necessary to opti-
mise chemical composition of these filler metals in
order to increase their sensitivity to amorphisation.

3. Copper used as a filler metal is still a promising
material for brazing a wide range of heat exchanging
devices operating at a temperature of no more than
500 °C.
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CURRENT CAPABILITIES OF SIMULATION
OF AUSTENITE TRANSFORMATIONS IN LOW-ALLOYED
STEEL WELDS

G.M. GRIGORENKO, V.A. KOSTIN and V.Yu. ORLOVSKY
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Mathematical models describing the CCT and TTT diagrams plotted for the welds on low-alloyed steels are analyzed
with a purpose of their possible experimental verification in «Gleeble-3800» system for physical simulation of metal

welding and heat treatment process.

Keywords: arc welding, low-alloyed steel, weld metal,
diagram of austenite transformations, simulation of phase com-
position

Diagrams of isothermal (TTT) and anisothermal
(CCT) decomposition of austenite are widely used in
practical operations of steel treatment [1, 2]. TTT
diagrams provide a lot of information on the nature
of transformations, but in practice it is rather difficult
to achieve the isothermal condition. In the case of a
very fast transformation, austenite decomposition oc-
curs directly at the stage of achievement of the speci-
fied temperature [3]. Therefore, TTT diagrams for
soaking time below 10 s are inaccurate. At treatment
of large-sized items the main condition required for
plotting TTT diagrams, namely rapid cooling to the
specified temperature, is not achieved. In this connec-
tion, for practical purposes, TTT diagrams were re-
placed by CCT diagrams (non-isothermal).

At present the conditions of cooling of the welds
are well-studied [4, 5]. Experimental results were the
basis to plot the mathematical models, adequately de-
scribing the cooling temperatures and rates in different
parts of the weld. Therefore, under laboratory condi-
tions it is possible to simulate cooling of a small sam-
ple, the temperature mode of which corresponds to
cooling at different kinds and modes of welding, dif-
ferent size of the items, and influence of different
media.

Allowing for TTT and CCT diagrams, plotted for
low-alloyed steels, is an important factor for forecast-
ing the structural-phase condition of the welds. Nu-
merous experiments were conducted for plotting such
diagrams [6, 7]. Nonetheless, the wide range of ap-
plication of alloying elements in steels alongside the
strong sensitivity of CCT diagrams to the change of
their composition and influence of grain size mean
that it is impossible to plot a sufficient quantity of
diagrams for their practical application.

Over the last decade a large scope of work has
been performed on development of mathematical mod-
els which would allow calculation of CCT and TTT
diagrams for steels. Almost all the models without
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exception are limited to their use for carbon and low-
alloyed steels.

There exist numerous publications, describing the
transformations in steels, but only a small part of
them is suitable for calculation of CCT and TTT dia-
grams. In [8, 9] it is shown that it is quite possible
to accurately calculate CCT and TTT diagrams for
low-alloyed steels. In this model no difference was
made between the diffusion and intermediate trans-
formation. Modifying the equations proposed by Zener
and Hillert [10, 11], Kirkaldy [12] plotted a model,
which allowed calculation of the quantity of ferrite
and pearlite, and derived the following expression for
the time isothermal transformation:

[ Qeff

@
trrr = 2<N/8>(DT)3 ex leTE

aaC

where N is the grain point in ASTM system; Qg iS
the effective energy of diffusion activation; DT is the
overcooling value, below which the austenite becomes
unstable (Ac; temperature); C; is the concentration of
j-th element; a; is the constant for each element.
Qe and a; values were established experimentally
by fitting curve (1) to the observed TTT transforma-
tion curve. As a result, the formula looked as follows
[12] (quantity of each element is assumed in wt.%):

exp {2000/} .
t0.1 % —

2(N/8)(A% . T)3
~ (60 x% C + 90 x% Si + 160 x% Cr + 200 %% Mo).

&)

Furtheron [12] the model was expanded for simu-
lation of C-curves of pearlite and bainite transforma-
tion (Figure 1), and allowed calculation of the quan-
tity of transformation products as a function of time
and temperature:

_ 60 x% Mn + 2 x% Ni + 68 x% Cr + 244 x% Mo
P 62™N®(DT)’De

13)

1.8 +5.4(% Cr+ % Mo + 4 x%
62™9(DT)°Dp

Mo x% Ni)
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where | = éxz(l — X)/Sl)l(-- X)ZX/3; X is the volume
0

fraction of structural components; Dg, Dp, Dg are the

diffusion coefficients of ferrite, pearlite and bainite,

respectively.

If TTT diagram is calculated, then according to
Kirkaldy additivity rule [13] it can be transformed
into CCT diagram.

Later on Bhadeshia [14, 15] used another proce-
dure for determination of points of the start of ferrite
and bainite transformation, and compared his model
with the experiment (Figure 2). Furtheron Lee im-
proved Bhadeshia model [16], in order to expand its
applicability limits to somewhat higher concentrations
than those used in low-alloyed steels.

One of the disadvantages of these models was ap-
plication of thermodynamics of diluted solutions at
calculation of the transformation temperatures for me-
dium-alloyed, tool and stainless steels.

Work [17] is an attempt to combine the more gen-
eral thermodynamic models with the Kkinetic models
in order to determine the capabilities of widening the
range of steel compositions at forecasting their CCT
diagrams. The Kirkaldy model was selected as a basis,
and the empirical parameters could be easily adjusted
and changed.

In addition to the above models, allowing to vary-
ing degrees for the real processes, which are connected
to the thermodynamics and kinetics of transformation,
there exist a number of purely empirical models based
on processing the experimental results. A number of
researchers [18, 19] are using Avrami equation for
description of the structural components:

M =100 (1 - exp (- kyw™)), ®
FP = 100 exp (- kew™), ™
B =100 - M - FP, ®)

where M, FP, B is the quantity of martensite, ferrite-
pearlite, bainite in the structure, wt.%; w is the cool-
ing rate; Ky, Ke, Nm, Ne are the constants (for low-al-
loyed steels of 10G2FB type ky = 0.0021, kg = 1.2,
ny = 0.487, ng = 0.8).

Having analyzed more than one hundred thermo-
kinetic diagrams of austenite decomposition in low-
alloyed steels [7, 20], models were proposed for as-
sessment of the fraction of structural components in
the structure of the HAZ metal:

M(t) =1 -F[(Int - In t3)/In Sy], )
FP(t) = F[(In t - In tep)Z1In Sep], (10)
B(t) = 1 - M(t) - FP(t), (11)
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Figure 1. Comparison of the calculated (36Cr6 steel) and experi-
mental [12] CCT diagrams

where t is the duration of cooling from 800 to 500 °C;
F(2) = 0.5[1 + erf (z/ )] is the integral function of
normal distribution; t ;, t e are the cooling durations,
at which 50 % of martensite or ferrite-pearlite struc-
ture form, respectively; Sy, Sep are the constants char-
acterizing the steepness of the curves of variation of
the content of martensite or ferrite-pearlite structure
at increase of the cooling time, respectively.

From summing up of all the above-said it follows
that plotting a model of austenite decomposition, ade-
quately describing the processes of decomposition in
the weld metal of low-alloyed steels, requires obtain-
ing a significant number of experimental results both
for determination of temperatures of the start and end
of formation of the structural components forming
during austenite decomposition, and for metal-
lographic determination of the quantity of the decom-
position products. Great material and time consump-
tion often makes this a difficult-to-perform task. How-
ever, availability of the currently most advanced
«Gleeble-3800» system at the E.O. Paton Electric
Welding Institute allows successfully solving it.

«Gleeble-3800» system is a complex (Figure 3)
designed for physical simulation of the processes of
welding, hot deformation of metals (rolling, forging,

T, °C

75489

500
400

300

200

100 E

1 1 1 1

1 10 102 10% t,s
Figure 2. Calculated curves of isothermal transformation for a
number of steels [15]: 1 — Fe-0.4C; 2 — Fe--0.4C--2Si; 3 —
Fe-0.4C-1Ni; 4 — Fe--0.4C--2Ni; 5 — Fe-0.4C-1Mn; 6 — Fe-
0.4C-2Mn; 7 — Fe-0.4C-2Cr; 8 — Fe--0.4C--1Mn--1Cr; 9 —
Fe-0.4C-1Mn--1Ni
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Figure 3. Appearance of working chamber of «Gleeble-3800» system

upsetting), as well as simulation of metal heat treat-
ment. Testing for hot compression and tension can be
conducted both at direct and alternating value of the
applied force, the maximum compression force can
momentarily reach 20 t, and the maximum force of
tension of the samples is up to 10 t at up to 2000 °C
temperatures of metal heating. Test data allow deter-
mination of not only the degree of metal deformation,
depending on the applied force and temperature, but
also the process parameters, at which development of
hot cracks becomes possible. Deformation rate at com-
pression can be up to 1 m/s.

At simulation of the processes of metal heat treat-
ment, as well as investigation of the melting and so-
lidification processes, the maximum heating tempera-
ture can briefly reach 3000 °C, rate of heating and
cooling is up to 10,000 °C/s. Sample cooling is con-
ducted both from inside and from the outside of the
samples, cooling media being water and air. All the
investigations can be conducted in a controlled atmos-
phere.

Availability of a high-speed dilatometer with an
induction high-sensitivity sensor in the system allows
plotting diagrams of thermokinetic transformation in
the automatic mode, this greatly accelerating the time
for obtaining and processing the experimental results.

Thus, all the prerequisites are in place now for
successful construction and development of a mathe-
matical model of austenite decomposition. Results ob-
tained using «Gleeble-3800» system will be the basis
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of the database on the Kinetics of thermokinetic de-
composition of austenite in welds on low-alloyed high-
strength steels, in order to determine both the empiri-
cal coefficients, used for description of the decompo-
sition kinetics, and for more precise determination of
temperature intervals of transformation of the char-
acteristic structural components, duration of the trans-
formations and final structural-phase state of weld
metal.
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IMPROVEMENT OF SERVICE RELIABILITY
OF DOUBLE-WALL WELDED TANKS

A.Yu. BARVINKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The problem of improving the reliability of oil storage double-wall tanks is considered. It is shown that installing special
bands at lower flanges of the main and auxiliary wall does not solve the problem in its full scope. It is suggested that
reliability of the main wall should be improved by applying to assessment of rolled plate quality the deformation defect
tip displacement criterion K, which is met by the new generation of steels, i.e. controlled-rolling niobium-containing
steels. Substantial improvement of toughness properties of the wall plates will guarantee detection and removal of defects

in the main wall in the subcritical condition.

Keywords: welded structures, double-wall tanks, niobium-
containing steels, cracking resistance, tough fracture, brittleness
criteria

Increase of the capacities of petroleum-processing plants
during their upgrading following the most recent tech-
nologies and insufficient stability of oil prices in the
world market dictate the need to increase the capacity
of the existing charging stock tank farms. On the other
hand, continuous increase of land prices and constricted
nature of the territories adjacent to the petroleum storage
depots, makes it necessary to look for non-traditional
methods of increasing the oil tank farm capacity without
increasing their building areas.

Over the last years, a tendency has been observed
to eliminate making earth or concrete diking around
the tanks by construction of double-wall tanks of
«sleeve-in-sleeve» type [1]. In this case, the facility
consists of two tanks: inner (main) and outer (pro-
tective). The latter tank prevents oil spills beyond
the protective wall at local or avalanche failures of
the main tank. If the question of localization of oil
spills within the protective tank wall at local failures
of the main wall raises no doubt, the question of the
protective wall performance at extended tough (ava-
lanche) failure of the main wall requires a separate
consideration.

Hypothetically, the instantaneous failure of the main
tank wall along its height can be brittle or tough. Brittle
fracture is characterized by absence of deformations at
rupture edges in steels with low values of impact tough-
ness. The motive force of brittle fracture is the wall
elastic energy (Hook’s energy). High requirements to
minimum values of impact toughness (Charpy), method
of production and composition of steels for the tank wall
and welded joints in the current codes of leading coun-
tries [2--4] allowed a practically complete elimination
of brittle fractures. Initiation and development of a brit-
tle crack in the wall is possible only in local sites with
low toughness properties or in sections where the high
toughness properties cannot be implemented. In particu-
lar, these can be the regions of bulk stressed state, char-
acteristic for sites with surface layer work hardening
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due to impact actions, weld sections with crack-like
defects or quenching structures. In the case of a biaxial
and particularly triaxial stressed state in the tip of a
defect in a weld favourable conditions are in place for
brittle crack initiation and development. In this case
the constrained conditions for strain development do
not permit realization of high ductile properties of the
wall material.

During development the brittle crack goes beyond
the defect limits. High ductile properties of the wall
material and its welded joints begin to be manifested
here. The crack develops into a quasibrittle crack, and
then into a tough crack. The rate of tough crack growth
and its critical length are determined by the impact
toughness values of wall material specified by the
standards currently in force. Many years of operation
of the tank farms in Ukraine, Russia and other coun-
tries shows that the rules of selection of the steel grade
and its impact toughness accepted in codes [2--4] in
combination with the rules of tank operation ensure
the required performance during the entire guaranteed
service life of tanks of regular design. In the presence
of diking around the tanks the technical supervision
personnel has a good opportunity of performing daily
visual inspection of all the tanks, which allows with
a sufficient degree of probability to visually reveal on
the wall outer surface through-thickness defects of
10--50 mm length, i.e. before their critical values.

Application of tanks of a design of «sleeve-in-
sleeve» type essentially impairs the conditions of
scheduled daily monitoring of the technical condition
of the inner (main) tank.

The Figure gives the schematic of some design so-
lutions of double-wall tanks of 20,000 and 50,000 m?
capacity. A 20,000 m® tank has the main wall of H,, =
= 22.5 m height and protective wall of H,, = 18.1 m
height at L » 2 m distance between them. In 50,00 m®
tank Hy, = 20.0 m and Hp, = 13.5 m are assumed at
distance L; » 5.4 m between them. If in 50,000 m®
tank the conditions for visual inspection of the main
wall from a circular platform located on top of the
protective wall can be regarded acceptable to a certain
extent, it is extremely difficult to perform thorough
inspection of the wall of 20,000 m® tank at L3 » 2 m.
The possibility of gas contamination of the interwall
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Schematics of tanks of «sleeve-in-sleeve» design of 50,000 (a) and 20,000 (b) m® capacity: 1, 2 — wall of the main and protective tank,

respectively; L — interwall spacing

space and presence of snow deposits in winter, makes
it more difficult to examine the manhole nozzles and
supply piping in the lower flange.

Changes of the steady-state conditions of technical
supervision of the main tank wall performance should
be taken into account at development of its main en-
gineering designs and rules of operation.

It is widely believed that the protective wall can
not only localize the oil spill at local damage to the
main tank, but also withstand the hydraulic shock at
an avalanch failure of the main wall. In a number of
cases during design such an ability of the protective
wall is substantiated by calculations and mounting
special bands. The fact that at avalanche failure the
load is applied to the auxiliary wall in a local fashion,
along one of the generatrices to the entire height, is
not fully taken into account. The motive force of the
tough crack after a critical length has been achieved,
will be the pressure of the column of flowing out
liquid (oil or other stored product) located above the
crack on the crack lips. At opening of the crack lips
a yield core forms in the crack tip, in which the wall
material successively flows, is strenghthened and fails
after sy has been achieved. Then a new cycle starts
with formation of a new ductility zone [5, 6]. The
rate of tough crack propagation in the tanks depends
on pressure of out-flowing oil on its lips, and in the
line pipelines - on the pressure of outflowing gas
[5]. Full-scale testing of the main gas pipelines showed
that at 6--7 MPa pressure in the pipe the crack rate
is 250--300 m/s [7]. For tanks there are no such direct
data. Based on description of individual cases of ava-
lanche failure of tanks [7] at 0.10--0.15 MPa pressure
on the tough crack lips, fracture occurred within 1 s.
The stored product outflowing from the opening crack,
will make a dynamic impact on the auxiliary wall
along one of its generatrices. Being a thin-walled shell,
at such a loading the wall immediately looses its sta-
bility, and takes the shape of an elongated ellipse.
This may well lead to wall rupture along the genera-
trix. Search for solutions to give additional rigidity
and strength to the wall to take up the dynamic impact
of outflowing liquid, in our opinion, may only lead
to considerable loss of metal, without getting suffi-
cient guarantees of the auxiliary wall performance at
the avalanche tough fracture of the main wall.
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The objective of this study is substantiation of an
improvement of reliability of double-wall tanks by
complementing the normative requirements on selec-
tion of steel grades for the main tank wall and greater
capacity tanks of a regular design, allowing for the
criterion of crack resistance ---- characteristic of crack
tip opening d.. The proposed characteristic allows for
plastic deformations preceding achievement of a criti-
cal length by the crack, and will guarantee self-ar-
resting of the process of initiating crack development
before it has reached a critical value. In [8] it is shown
that at d. = 0.17--0.18 mm the subcritical values of a
through-thickness crack reach 60 mm, this allowing
their guaranteed detection after outflow of the stored
product. The given d. values correspond to impact
toughness values at KCV_y 3 80 J/cm? [8, 9]. The
issues of detection of tough cracks at their subcritical
development in the wall of main gas pipes are consid-
ered at a sufficiently high level by O.M. lvantsov [10,
11], D. Broek [9], etc. The stresses in the wall crack
tip were assessed by K. criterion --- stress intensity
factor (SIF). The difference in the approaches consists
in that d. definition is derived allowing for plastic
deformations in the crack tip, and K. is determined
proceeding from the presence of an elastic and highly
insufficient share of plastic deformation in d,. Depend-
encies d; ® KCV and K. ® KCV have a similar form
[9]. Accumulated experimental data allowed estab-
lishing the above dependencies for controlled-rolled
niobium-containing steels as the best complying with
the required values d. and K [9, 10]. Transition from
d. and K criteria to KCV value generally-accepted
in metallurgical production for sheet rolled stock al-
lows using the derived results in practice. The Cana-
dian company Nova norms the impact toughness on
Charpy samples, tolerating the presence of a through-
thickness defects of a certain length at working hoop
stresses, which do not exceed the stresses correspond-
ing to 80 % of the minimum yield point of steel of
X70 class (Table 1) [11].

Let us consider the possibility of application for
the main wall of tanks of «sleeve-in-sleeve» type of
controlled-rolled steels of the type of X70 class, widely
applied for pipes of the main gas pipelines. Steels of
X70 class belong to niobium-containing low-alloyed
steels. Modern technology of thermomechanical treat-
ment of low-alloyed steels of a higher strength became
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Table 1. Requirements of Nova Company, Canada, to pipes of
X70 steel [11]

Table 2. Mechanical characteristics of steels of strength classes
C355--C440 to TU U 27.1-05416923-085:2006 [14]

Size of critical
Outer diameter, mm KCV, J/cm? through-thickness defect,
’ ! mm (90 % of maximum
possible defect)
914 47 14
1067 55 135
1219 69 155
1422 69 165
(Puonc = 8.4 MPa)

possible to a great extent owing to the use of microal-
loying niobium additives. Steels have values KCV _5 <
< 88 J/cm?. A wide application of niobium-contain-
ing steels for construction of the main gas pipelines
and extensive experience of their successful operation
allowed metallurgists of Russia and Ukraine propos-
ing new steels of thermomechanical rolling for welded
building structures, mechanical engineering products
and other branches. Specification TU 14-1-4083--86
[12] was developed specifically for the welded metal
structures with supply of 8--50 mm thick rolled stock
of steels 09G2FB and 10G2FB. Russian codes [2] rec-
ommend the above steel grades for the oil tank walls.
The disadvantage of these steels is the need for appli-
cation of preheating in many cases [13].

New capabilities for increasing the reliability and
guaranteed performance of tanks are opened up owing
to development by UkrgosNIITKM «Prometej» and
PWI of a new range of niobium-containing steels ac-
cording to TU U 27.1-05416923-085:2006 [14] with
0.04--0.09 % C content. Table 2 gives the main char-
acteristics of the above steels. With a wide variation
of sy values from 355 to 490 MPa and preservation
of high value of impact energy KCV_4, = 98 J/cm?,
all the steels fully meet the requirements of Table 1
and have a critical through-thickness crack-like defect
not less than 100 mm long. On the other hand, a low
content of carbon in steels allows their welding to be
performed without edge preheating.

Application for walls of large-capacity tanks (more
than 20,000 m?) of increased and high strength steels,
the toughness properties of which guarantee seft-brak-
ing of the initiating tough crack before it has reached
acritical value, equal to approximately 100 mm, raises
its reliability to a qualitatively new level and with
daily examination practically eliminates the possibil-
ity of avalanche failure development.

The design of the wall eliminating avalanche fail-
ures is particularly necessary for the main (inner) wall
of a double-wall tank. Such a design allows eliminat-
ing the mounting of bands as avalanche crack arresters
on this wall and on the outer wall. In case of dete-
rioration of the conditions of daily visual examination
of the main wall surface, the controlled development
of the through-thickness defect before it has reached
the critical value equal to approximately 100 mm,
actually guarantees a timely detection and repair of
the defect.

Ukraine now has positive experience of application
of niobium-containing steels for oil tank walls. Steel
06G2B of 440 MPa strength was used for lower flanges
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Steel grade, Sy, MPa | sy, MPa | ds, % | v, % KJ’\}\c/n:‘S
(strength class)
Not less than
06GB (355) 355 450 22 55 98
06GB (390) 390 490 22 55 98
06G2B (440) 440 540 22 55 98

of walls of a double-wall tank of 75,000 m? capacity
at LPDS «Brody». Steel 10G2FB is successfully ap-
plied at complete replacement of the lower flange in
50,000 m® capacity tanks and for special inserts for
replacement of vertical site butt joints. Welded joints
were performed without edge preheating and had the
impact toughness KCV on the level of base metal.

CONCLUSIONS

1. Owing to development and mastering of commercial
production of a new generation of niobium-containing
steels of C355, C390 and C440 strength class, having
the impact toughness values KCV_4 = 98 J/cm?, in
Ukraine the crack resistance of the wall of oil tanks
under construction is essentially improved.

2. Proceeding from the criterion of the condition
of self-braking of a tough crack (d, = 0.17--0.18 mm)
it is necessary to complement in the current codes the
item specifying the impact toughness values in trans-
verse samples for sheet rolled stock of lower flanges
of the wall of a tank of more than 20,000 m? capacity
by not less than KCV_,, = 80 J/ cm?. It is necessary
to extend these requirements also to the inner walls
of double-wall tanks.
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CARBIDE PHASES AND DAMAGEABILITY
OF WELDED JOINTS OF STEAM PIPELINES
UNDER CREEP CONDITIONS
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Regularities of ageing of welded joints of steam pipelines from heat-resistant 12Kh1MF steel operating under creep
conditions are considered. A connection is established between the damageability of welded joints and the carbide
transformation Kinetics, and recommendations are given on optimization of the initial structure of base metal.

Keywords: heat-resistant steels, welded joints, pores, life,
carbides, structure, creep, steam pipelines

Damageability of welded joints of steam pipelines
from heat-resistant pearlitic steels under the creep con-
ditions at their operation for more than 250,000 h is
due to the features of transformation of welded joint
metal structures [1-3]. These transformations are
characterized by different level of deformation of a-
phase grains, quantity and degree of coagulation of
carbide phases of the 1st group (predominantly
M23Cs), as well as the amount of carbide precipitates
of the 2nd group. Structural transformation are due
to carbide reactions M3C ® M;C3 ® Myx3Ce ® MgC,
investigation of which in the damageability mecha-
nism appears to be urgent. Structural transformations
run with the highest intensity in the HAZ incomplete
recrystallization zone, which is exactly what accounts
for its higher damageability at long-term operation
than that of other HAZ sections, as well as the weld
and base metal.

Studying the regularities of the ageing process, as
well as the principles determining its kinetics is nec-
essary to more precisely determine the mechanism of
damageability of these welded joints operating under
the creep conditions.

Investigations were conducted on samples of 159
~ 18 mm size cut out of welded joints of 12Kh1MF
steel of hot re-heating steam pipelines of Zmievka
TPP, which were produced by standard technology
using manual arc welding, as well as the respective
reference samples. After welding the above joints were
subjected to high tempering at the temperature of
750 °C for 3 h.

The steam pipeline was partially in operation be-
fore 2002 at the temperature of 545 °C and pressure
of 24 MPa, and after 2002 - at the temperature of
510 °C and the same pressure. The overall duration
of operation was equal to 275,637 h. In such a condi-
tion the steam pipeline material had the following
mechanical properties: sy = 775 MPa,; S¥ =270 MPa;
d=19.5%;y = 77%; KCV = 18 J/cm-.
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Appropriate chemical microetching was used to
detect M3;C, M;C3, M»3Cq, MgC carbides, as well as
pores [4, 5]. Etchant of the following composition:
1 g KOH; 4 g KMnOy; 100 ml H,O was used to reveal
M3C carbide. Duration of etching in the boiling so-
lution was 5--10 min. Addition of tartaric acid to the
above etchant allowed identifying only M7Cs, M23Cq
and MgC carbides.

Carbide phases were studied by qualitative micros-
tructural analysis using powder diffractometer Sie-
mens-D500 in monochromatic radiation. Diffracto-
grams were taken in the region of angles 10 £ 2q £
£ 140° with scanning pitch of 0.02° and pulse accu-
mulation time of 75 s in each point. In order to detect
pores and identify the carbide phases JSM-820 scan-
ning microscope with a system of X-ray microanalyzer
Link AN10185S and 10 nm resolution in secondary
electron mode and about 2 nm locality of microanalysis
was used. Optical and electron microscopy were used
for structural analysis, and standard equipment was
applied for mechanical property determination.

The initial (as welded) structure of welded joint
metal demonstrates characteristic non-uniformly dis-
tributed through the body and the boundaries of a-
phase grains dispersed carbides of cementite type (Fi-
gure 1), having the composition of substitutional solid
solution as to chromium. Dimensions of cementite pre-
cipitates are equal to 20--500 nm. Calculation of elec-
tronographs showed that they have an orthorhombic
lattice, the parameters of which are equal to a =
= 0.45 nm, b = 0.512 nm, ¢ = 0.680 nm (with the
accuracy of £0.005 nm). These data are close to those
given in [6]. The shape of such carbides is close to
the spherical or elliptical one. The content and uni-
formity of carbide distribution in the sections of the
HAZ structures, as well as in the area of weld metal
and base metal of welded joints, differs noticeably,
which is related to the intensity of structural trans-
formations.

In the structure of welded joints of 12Kh1MF steel
under the creep conditions metastable carbides of the
1st group M3C, M;Cj;, MxCs and MgC, as well as
stable MC and M,C carbides of the 2nd group, are
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found after operation for 275,673 h (Figure 2). It is
rational to consider the general regularities of forma-
tion of carbide transformations, characteristic for
structures of the studied welded joints.

The intensity of transformations of carbides of the
1st group located in the body of a-phase grains, is
much lower than along the grain boundaries, which
is confirmed by their quantity. For instance, after
operation for 275,637 h the revealed quantity of M3;C
carbides located in the grain bulk, was equal to about
20--30 %, and along their boundaries to approximately
5--7 % of the total amount of carbides of the 1st group.

A crystal of cementite grain alloyed by chromium
consists of a certain quantity of octahedrons, having
mutually oriented axes located at angles [6, 7]. In the
structure of the studied welded joints chrome cemen-
tite (Fe, Cr)sC forms at a local content of 2.0--
2.3 wt.% Cr. Molybdenum in M3C dissolves to 1 %.
In M3C cell chromium may substitute up to 25 % of
iron atoms, which is their saturation limit.

Termodynamic activity of chromium in carbides
and along the boundaries of a-phase grains is lower
than in the grains proper, thus promoting its direc-
tional diffusion under the creep conditions. Diffusion
processes (at long-term operation) lead to an increase
of the degree of chromium segregation along the
boundaries of a-phase grains and in the zone of grains
adjacent to their boundaries. Diffusion rate in a-phase
grains depends on their dimensions, shape and struc-
ture. Saturation of cementite type carbides by chro-
mium atoms under the creep conditions occurs not
only due to their volume diffusion from a-phase grains

3/2008

Figure 1. Microstructure of weld metal with characteristic cemen-
tite precipitates (" 2500)

to the interphase, but to a greater extent -— due to
diffusion along the boundary (boundary diffusion),
as well as dislocation displacement. Grains of a-phase
form Guinier--Preston zones adjacent to their bounda-
ries, where chromium concentration can be 2--12 times
higher than their average concentration. Cementite
type carbides located along the boundaries of a-phase
grains (see Figure 2), can be considered in the presence
of heterogeneous fluctuations (by Frenkel) as sub-
critical nuclei [6]. When local concentration of chro-
mium becomes critical, heterogeneous fluctuations
cause the respective phase transformations provided
the growth of the subcritical nuclei is characterized

Figure 2. Microstrucutre (" 450) of a welded joint
of steam pipeline from 12Kh1MF steel: a — weld
metal; b — incomplete recrystallization zone; ¢ —
base metal
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Figure 3. Microstructure of metal of the HAZ incomplete recrystal-
lization zone with precipitates of M,;Cy carbides (shown by arrows)
in welded joints of steam pipelines from 12Kh1MF steel (" 1500)

first by increase of the cell energy level, and then its
lowering.

At achievement of about 3.5--5.5 % local concen-
tration of chromium in Guinier--Preston zones, a limit
oversaturation of cementite by chromium up to 5 %
occurs, which is exactly what provides its transfor-
mation into trigonal carbide (Cr, Fe);Cs. It may be

Figure 4. Spectra of M,;Cy carbide precipitates located along
boundaries of a-phase grains: a — incomplete recrystallization zone;
b — fusion zone
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shown that such transformations are the most charac-
teristic for the period of welded joint operation from
80,000 to 150,000 h, during which the greatest number
of these carbides is noted.

Both the segregation level and atom mobility have
a marked influence on carbide transformations. L.I.
Mirkin showed [8] that for formation of trigonal car-
bide (Cr, Fe),C; of the size of 20 metallic atoms, the
number of fluctuations in 1 cm® of steel containing
2 wt.% Cr, is equal only to several tens. In the metal
of HAZ incomplete recrystallization zone at increased
level of segregation compared to other structure sec-
tions, the number of fluctuations is also high. Quantity
of M;C; carbide phases after operation for 100,000--
150,000 h is approximately 30 % greater here than in
other sections, which is provided by a higher rate of
M3;C ® M-,C; reaction.

At establishment of a local concentration of chro-
mium in the grains and on grain boundaries above
5.5 % a limit saturation of trigonal M;C; carbide by
chromium occurs, this leading to its transformation
into cubic carbide M»3Cg (Figure 3). After operation
for 275,673 h it is established that an elementary
M3Cs cell consists of hollow cubes and tetrahedrons,
which have metal atoms in their center. Tetrahedral
edges between the cubes are essentially longer than
the cube edges. Cell size is as follows: a = 1.0572 nm,
which differs from the data of [4, 5, 9], where a =
= 1.0595 nm. The difference in cell parameters is due
to chromium atom substitution by molybdenum and
manganese atoms, which have a larger atomic radius:
for chromium 0.127 nm, for molybdenum -— 0.139,
for manganese ---- 0.130 nm [10]. Substitution occurs
under the conditions of additional building of the lat-
tice of M»3Cq carbides, also at their coalescence. M;Cs
precipitates in welded joint structures noticeably dif-
fer by their composition (Figure 4), for instance, in
the zone of incomplete recrystallization as to chro-
mium -—-- by 15, and as to molybdenum ---- by 25 and
as to manganese - by 30 %. Such a difference results
from the presence of different levels of segregation of
the above elements, which is due to the diffusion proc-
esses dependent on the operation conditions and op-
eration time.

A regularity is confirmed [11] of M »3Cg nucleation
occurring, as a rule, on the contact boundaries of three
a-phase grains. This is exactly where the segregation
level rises the most intensively, which depends on the
structure and conditions of ageing. For instance, after
operation for 200,000 h the quantity of M»3Cg carbides
(fusion zone) was equal to about 40 % of their total
guantity, after operation for 275,637 h -— to 60 %
and after operation for 300,000 h (experimental
data) - to about 63 %.

Lowering of the steam pipeline working parameters
(temperature and pressure) after operation for
250,000 h, in order to increase their life allowed low-
ering the diffusion process rates in the welded joint
metal. However, the lowering did not have any no-
ticeable influence on the intensity of dislocation
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Figure 5. Grain boundaries of a-phase grains damaged by pores and microcracks (shown by arrows): a — incomplete recrystallization

section; b — fusion zone (" 2500)

mechanism of damageability at the steady-state level
of structural transformations and respective operating
conditions [12]. In the presence of local concentration
of chromium (above 10 wt.%) M »3Cs ® MgC reaction
proceeds. Average chromium content in the segrega-
tion zones after operation for up to 150,000 h in the
incomplete recrystallization section rose approxi-
mately from 1.5 (initial averaged segregation) to
5 wt.%, and after operation from 150,000 to
275,673 h - from 5 to 6 wt.%, which is confirmed
by lowering of the diffusion process rate at increase
of operation period. Local increase of the concentra-
tion of chromium in the segregation zones (above
10 wt.%) and of MgC carbides (about 5 wt.%) can be
considered an exception, and it is due to an increased
content of chromium in the pipe billet metal.
Intensity of pore initiation in welded joints of
12Kh1MF steel under the creep conditions is essen-
tially related to stability of carbide phases of the 1st
group. Pores initiate in the most intensive manner in
the HAZ incomplete recrystallization zone. Duration
of welding heating in the intercritical temperature
range (A, - Ac,) promotes increase of initial segrega-

tion of chromium on a-phase grain boundaries (1.5
2.0 %), which rises essentially during welded joint
operation and leads to an increase of M;C ® M;C; ®
® My3Cs ® MgC reaction rate.

My3Cs carbides (approximately 60 %), as well as
M3C, M;C3, MgC, VC, Mo,C carbides (the rest), are
present in the metal of incomplete crystallization zone
at the second creep stage (after operation for
275,637 h). Content of M,3Cq carbide precipitates in
the metal of the weld, HAZ zones, as well as in the
base metal, differs essentially. For instance, in the
base metal M,3Cg content was equal to about 4 %, in
the weld metal to 45 % and in the overheated zone to
5% of their total content, respectively. Itis established
that in the incomplete recrystallization section pore
density is greater by about 70 % than in the base

3/2008

metal, by 30 % than in the weld metal and by about
40 % than in the HAZ fusion zone.

The detected quantity of pores agrees with the
statistics [1]. Assuming about 0.05--0.10 nm pores as
the nucleus ones [1, 13, 14], it was taken into account
that their initiation and propagation occurs during
the entire operation of welded joints. During pore
propagation their shape develops from an ellipsoidal
or spherical into an elongated ramified one of a vari-
able cross-section (Figure 5), this allowing them to
be formally regarded as microcracks. In the metal of
incomplete recrystallization zone damageability de-
velops the most intensively along bainite--pearlite
boundaries (about 280 pores/Zmm?), where pearlite is
a new product of austenite decomposition, which is
close to the data of [13], and it is the least intensive
(about 140 pores/mm?) along bainite--bainite bounda-
ries (new product of austenite decomposition). During
pore development their coalescence occurs along the
grain boundaries, they form a net, linear porosity, and
also give rise to microcracks (see Figure 5).

It is established that most of the pores and mi-
crocracks initiate on the contact surface of coagulating

Figure 6. Pore formation in incomplete recrystallization section
near coagulating M,,C, carbides (shown by arrows) (" 4500)
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precipitates of M,3Cq (Figure 6) with boundaries of
a-phase grains normal to the applied loads (or close
to normal) (see Figure 5). Pore formation is largely
dependent on the shape and dimensions of carbide
precipitates, as well as their coherence with a-phase
grains, which needs to be determined more precisely.

In the studied welded joints fatigue microcracks
are detected, which initiated along the grain bounda-
ries, in particular near coagulating M,3Cg carbides,
and which propagate normal to the working loads (see
Figure 5). Such cracks cause transverse fracture of
elongated M»3Cg carbides.

Intensity of damageability by pores of the metal of
incomplete recrystallization zone essentially depends on
new products of austenite decomposition, controlling
the rate of carbide reactions. It is also established that
welded joint damageability can be reduced by producing
in the structure of incomplete recrystallization zone the
new products of austenite decomposition in the form of
bainite, troostite or sorbite.

1. Khromchenko, F.A. (2002) Life of welded joints of steam
pipelines. Moscow: Mashinostroenie.

2. Zemzin, V.N., Shron, R.Z. (1978) Heat treatment and prop-
erties of welded joints. Leningrad: Mashinostroenie.

NON-DESTRUCTIVE TESTING

3. Dmitrik, V.V., Tsaryuk, A.K., Bugaets, A.A. et al. (2006)
Evaluation of remaining life of welded joints of pipelines for
thermal power plants. The Paton Welding J., 2, 6-10.

4. Pigrova, G.D. (2003) Influence of long-term service on car-
bide phases in Cr--Mo-V steels. Metallovedenie i Term.
Obrab. Metallov, 3, 6-9.

5. Kiffer, R., Bonezovsky, F. (1968) Solid materials. Moscow:
Metallurgiya.

6. Blanter, M.E. (1984) Theory of heat treatment. Moscow:
Metallurgiya.

7. Gulyaev, A.P. (1978) Metals science. Moscow: Metallur-
giya.

8. Mirkin, L.l. (1968) Physical principles of strength and
plasticity. Moscow: MGU.

9. Rodriguez-Carvajal, J., Roisnel, T. (1998) FullProf.98 and
WinP-LOTR: New Windows 95/NT applications for diffrac-
tion. Commission for powder diffraction: Int. Union on
Crystallography Newsletter, 5-8, 159.

10. (1976) Tables of physical values: Refer. Book. Ed. by I.K.
Kikoin. Moscow: Atomizdat.

11. Chuistov, K.V. (1985) Ageing of metal alloys. Kiev: Nau-
kova Dumka.

12. Dmitrik, V.V., Bartash, S.N., Shelepov, 1.G. (2007) On the
features of damage of steam pipeline welded joints in creep
conditions. Energosberezhenie. Energetika. Energoaudit, 3,
78--184.

13. Berezina, T.G., Bugaj, N.V., Trunin, I.I. (1991) Diagnos-
tics and prediction of fatigue life of power units metal.
Kiev: Tekhnika.

14. Mints, I.1., Khodykina, L.E., Shulgina, N.G. et al. (1989)
Study of fracture peculiarities in creep of Cr-Mo--V steels.
Metallovedenie i Term. Obrab. Metallov, 7, 33-36.

DETERMINATION OF CRACK DIMENSIONS IN WELDED
JOINTS USING ULTRASONIC DIFFRACTION WAVES™

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

A feasibility of measurement of the height of crack-like discontinuities using diffraction of ultrasonic waves formed on

the edges is considered.
Keywords: ultrasonic testing, change of discontinuity size

Traditional approach to ultrasonic flaw detection does
not allow an accurate estimate of the dimension of
crack-like discontinuities™. Therefore, it is impossible
to perform a quantitative estimate of the criticality
of the found defects using the calculation methods of
fracture mechanics and the usually conducted analysis
of the criticality of a discontinuity and prediction of
further operation of the equipment (without repair)
essentially is only of a qualitative nature. For sophis-
ticated and critical equipment, the repair of which

cannot be performed (it can only completely re-
placed), or involves great difficulties, such an ap-
proach leads to unjustified expenses or its unpre-
dictable failure ---- accident. Therefore, safe operation
of critical equipment requires quantitative analysis of
the criticality of the detected discontinuities. This
problem can be solved only if the precise geometrical
dimensions of discontinuities are known. At present
the problem of determination of the geometrical di-
mensions of discontinuities does not have a satisfactory
solution, which is indirectly confirmed by absence of
any normative documents (GOSTSs, regulations, in-

*The paper is prepared by the results of fulfillment of purpose-oriented comprehensive program of the NAS of Ukraine «Problems of
residual life and safe operation of structures, constructions and machines» (2004--2006).

**Davydov E.A., Troitsky V.A. (2002) Determination of the dimensions of internal discontinuities of metal structures by ultrasonic
testing methods. In: Proc. of 5th National Sci.-Techn. Conf. «Nondestructive Testing and Technical Diagnostics» (Kiev), 23-36.
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structions, etc.), regulating assessment of the actual
dimensions.

It is known that diffracted waves, formed on the
sharp edges of the discontinuity, allow determination
of the co-ordinates of these edges, and, therefore, also
the dimensions of the discontinuity. Work of a number
of researchers shows the good prospects of this research
direction. On the other hand, there is no clear meth-
odology of application of diffraction waves for assess-
ment of the dimensions of discontinuities at ultrasonic
nondestructive testing. Issues of precision limits of
the method, optimization of ultrasonic circuit charac-
teristics and some other have not studied.

Development of comprehensive, scientifically-
grounded principles and methods of determination of
the dimensions of crack-like discontinuities based on
analysis of the diffraction fields allows improvement
of the validity of the prediction (residual life) of re-
liable operation of critical equipment.

The purpose of the work is establishment of a sci-
entifically-grounded base for determination of the di-
mensions of crack-like discontinuities (defects) using
ultrasonic diffraction waves, suitable for practical ap-
plication with the existing technology base of ultra-
sonic testing (UT). In order to achieve the defined
objective, analysis of the complete acoustic circuit of
the flaw detector and optimization of its parameters
to achieve the greatest amplitude of the signal from
ultrasonic waves diffracted from the crack edge, have
been performed, as well as determination of the coor-
dinate of the diffracted wave «source» and assessment
of the result error (dependence of measurement error
on the control schematics and methods of coordinate
determination).

Technology of crack sizing. UT technology for
determination of the height of crack-like discontinui-
ties in welded joints was proposed on the basis of the
performed research. The main technological sequence
of control and the corresponding sequence of the re-
ceived ultrasonic signals are given in Figures 1 and 2.

The schematic shown in Figure 1 allows measure-
ment of the crack size by two methods.

1. If the diffracted wave can be received by the
same transducer, which emits the initial wave, crack
size by height DH is determined by the following for-
mula:

DH = H, — H,, o)
where
H, = Q_z _ ? ¥ sz - L%lb_’ )
12 25
H, = Q_z B L%, LilE', ©)
22 2S ¢
Ly; = Cy(ty - Dty), “)
Ly, = C(t, - ty; + Dt,/2 - Dt,/2), ®)
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Figure 1. Schematic of crack sizing: 1 — head wave signal; 2, 3 —
diffraction signals from the upper and lower crack edge, respec-
tively; 4 — «backwall» reflection

Ly = Cy(ty, - Dty), )

Q)

where C__is the longitudinal velocity of the ultrasonic
wave in the material of control object; ty; is the time
delay in propagation of the ultrasonic wave along the
path of PET 1 ---- upper edge of the crack - PET 1;
Dt,, Dt, is the time delay of ultrasonic wave propaga-
tion in PET 1, PET 2, respectively; t, is the time
delay of ultrasonic wave propagation along the path
of PET 1 - upper edge of the crack - PET 2; ty, is
the time delay of ultrasonic wave propagation along
the path of PET 1 - crack lower edge - PET 1; t3
is the time delay of ultrasonic wave propagation along
the path of PET 1 --- crack lower edge - PET 2.

2. If it is possible to perform transverse scanning
(in the Figure plane) the center position of the
transducers for the upper and lower edges (tip) of the
crack separately is sought. The centered position cor-
responds to minimum value t; yin (Or t3min), crack size
by height DH is determined from formula DH = H, --
-- Hy, where according to designations in Figure 1

Ly, = Cy(t; - t, + Dty /2 - Dt,/2),

"\\\\\\\\bz\\,,

H, = L o + %;+, ®
2 é 2 (t3 min Dt1/2)ﬂ 822;

\\\\\\\\\(f\\ I

= L D0/ 2 O
Determination of crack tip coordinates by the first
realization is more difficult to implement in technical
terms, because of decrease of the amplitude of dif-
fracted wave emitted in the reverse direction. On the
practical level of realization, this is related not only

A ty

A

h
A 4
R =
o
-<
e

Figure 2. Pulse sequence by the schematic in Figure 1: t — time
delay between emission and reception of signals from the respective
ultrasonic waves
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Figure 3. Schematic of sizing the crack coming to the surface of the object of control: a, b — for the lower and upper surfaces,

respectively; 1-4 — same as in Figure 1

to the features of amplitude dependence, but also to
the presence of reverberation noises in the combined
transducer. Decrease of reverberation time is known
to be a quite complicated task, and a reliable solution
of this problem is possible only with application of
combined transducers. Without dwelling on the ad-
vantages or disadvantages of this solution, let us note
that application of combined transducers makes the
requirements to the hardware somewhat more compli-
cated. It is sufficient to note the fact that the tradi-
tional manual flaw detectors have just one receiving
channel, which does not allow direct application of
the available fleet of manual flaw detectors. Therefore,
the second solution should be regarded as more ra-
tional for sizing the crack-like defects.

For the case when the crack reaches one of the
surfaces of the object of control, the signal sequence
is given in Figure 3. Attention should be given to
signal phases, which differ by a half-period and, there-

fore, are an indication of where diffraction oc-
curred ---- on the upper or lower edge of the crack.
The latter is important for identification of signals
from «hanging» cracks, as a correct correspondence
of the phases is an indirect confirmation of the fact
that these are signals from the crack, and they corre-
spond to the upper and lower crack edge.

The proposed technology of sizing the crack-like
discontinuities can be adapted to welded joints of a
more complex shape. Schematics of measurements for
the most widely used welded joint types shown in
Figure 4, can be given as a example. Amplitude analy-
sis is much more serious (among the given examples
this concerns, primarily, the schematic given in Fi-
gure 3, a). In most of the cases this problem can be
most easily solved experimentally on specific techno-
logical samples.

Verification of UT technology of discontinuity
sizing. The procedure was tried out on welded joints

Figure 4. Examples of schematic variants for sizing of discontinuities in objects of a complex (non-flat) geometry (a-c): 1 — head

(surface) wave; 2 — longitudinal; 3 — diffraction
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Results of determination of the height of discontinuities in the welds of «Druzhba» oil pipeline, mm

uT Il uT 111 (PWI) .
e B e e R G S it Nots
«Samara-Unecha» oil pipeline, «Nikolskoe-Stalnoj Kon» section
195370 1 7.2 6 1--2 3.7 4 -
202810 2 10.8 0 1--2 4 4 Edge misalignment
202730 3 10.8 0 1--2 3 Same
202640 4 10.8 8 1--2 4 4.5 -
5 8.9 0 1 3 Edge misalignment
195350 6 10.8 4 1--2 0 0 Features of weld section
formation
7 10.8 9 1--2 3 4 -
195340 8 10.8 5-6 1--2 2 -
9 7.6 0 1 0 Edge misalignment
10 7.3 4-5 1 1 -
95710 11 10.8 4-8 1--2 0 Welded joint
12 + 20 mm
95650 12 10.8 5-8 1--3 4 4.5 -
«Surgut-Polotsk» oil pipeline, «Lysva—-Perm» section
105670 13 6.6 Unstudied 5-3 3 -
107210 14 4.8 Same 7-4 0 5 mm edge misalignment
89490 15 7.6 0 0 0 Bulk discontinuity at the
depth » 7 mm
77410 16 9.6 Unstudied 0 4 3 mm edge misalignment
64930 17 10.8 12 7-1 4.5 -
18 10.8 9 7.5-3.0 5.1 -
19 10.8 Unstudied Unstudied 5.9 -
20 10.8 Same Same 5 -
21 10.8 » » 4.7 —
22 9 » » 4.4 -
4720 23 12 10 9-7 8.5 Pipe thickness of 14 and
15 mm
12050 24 8.9 Unstudied 0 3
12150 25 6.7 Same 0 4
12210 26 5.6 » 8-6 5
27 7.9 » 0 5

of the main pipeline «Druzhba». As a result of running
a pig through the pipeline section, some welded joints
were found to have cracks of inadmissible sizes, which
were determined more accurately using the UT tech-
nology of discontinuity sizing.
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In addition, an independent expert control was
also conducted by specialists of «Orgtekhdiagnostika»
(«Skaruch» system, mechanized control to VSN 012--
88), «Diascan» (USN 50 flaw detector, manual in-
spection to VSN 012--88), PIl company (pig supplier,
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Figure 5. Comparison of the results of measurement of the height of defects by the methods of nondestructive testing and metallographic

data

USL-38 flaw detector, manual control to a British
standard).

The summary Table gives the results of all the
measurements, made by different organizations. By
the results of ultrasonic and magnetic inspection some
welded joints were cut out for destructive testing, this
allowing metallographic examinations to be per-
formed.

Figure 5 gives the histogram of measurement re-
sults in comparison with the metallographic data (for
welded joints of «Nikolskoe--Stalnoj Kon» section by
the Table data).

Results of measurements obtained by different
methods differ essentially from each other. Based on
the given data it should be admitted that the errors
in measurement of defect height by the amplitude
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methods can be up to hundred of percent. Measure-
ment accuracy depends not only on the nature and
features of the discontinuity, but also on the criteria
of the procedure of height evaluation proper.

Average error by height of the defects found with
the diffracted wave method is 0.4 mm, and the maxi-
mum error of height determination, by the data of
metallography, is not more than 1 mm.

Thus, the performed package of work allows deter-
mination of the real geometric dimensions of crack-like
discontinuities and assessment of the performed meas-
urements using ultrasonic waves diffracted at the crack
edge. Developed procedure allows rather simple assess-
ment of the geometrical dimensions of crack-like discon-
tinuities using the existing UT technological base and
with an accuracy sufficient for practical purposes.
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FROM HISTORY OF WELDING

TRANSITION TO INTEGRATED DEVELOPMENT
OF WELDING PRODUCTION

A.N. KORNIENKO! and A.P. LITVINOV?
'E.0. Paton Electric Welding Institute, NASU, Kiev, Ukraine
2Priazovsky State Technical University, Mariupol, Ukraine

Creation of an integrated program of welding production development by the initiative of Evgeny O. Paton in 1930--1932
is considered. Foundation of a research institution with the structure providing realization of scientific-and-technical
ideas into specific technologies and equipment, as well as their commercial application, is described. Brief review of the
priority science-intensive developments of the Electric Welding Institute, performed under the leadership of E.O. Paton,

is given.

Keywords: welding production, arc welding, automatic
welding, integrated development, fundamental researches,
bridge engineering, history of engineering

Welding started to intensively oust rivet and bolt
joints during the first decades of the XX century in
manufacturing of metal constructions. Welding had
obvious advantages over riveting, yet the metal qual-
ity at that was not stable. Wide introduction of weld-
ing into industry was particularly urgent for the USSR
as technical revolution and industrialization of pro-
duction dictated the necessity of metal economy and
increasing the assembling and welding operation ef-
ficiency. Welding equipment was bought abroad and
urgent measures were taken on local equipment manu-
facturing, for which purpose personnel training was
organized, specialized design and branch research or-
ganizations were created. However, the research and
design, carried out in these organizations and in the
chairs of higher education institutes, were aimed only
at solution of individual tasks of welding production.
Neither in the USSR, nor abroad there were no insti-
tutions that could consolidate and solve the whole
complex of problems, appearing in the path of further
development of welding.

In 1929, Evgeny O. Paton, a well-known bridge
builder, organized the Electric Welding Laboratory
in the system of All-Ukrainian Academy of Sciences
(AUAS) at the Chair of Engineering Constructions.
It should be noted that E.O. Paton, as a specialist in
the field of metal structures and bridge builder, knew
all the disadvantages of rivet joints [1, 2] and under-
stood that welding would open the new trends in
designing and building the engineering structures. The
scientist deployed research of welding structures
workability under the influence of static and dynamic
loads, developed rational types of welded structures,
provided assistance in construction design and weld-
ing introduction at the enterprises. More than 60 ar-
ticles [3--6] were published by E.O. Paton and his

© A.N. KORNIENKO and A.P. LITVINOV, 2008
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colleagues during the 1930s. Some of these works were
published in the American Welding Society Journal
[7, 8]. Monograph on designing welded structures [9]
was published in 1933. At the same time E.O. Paton
was involved in organizational issues: in autumn 1930
he set up the Electric Welding Committee that can
be considered as a prototype of inter-branch center of
research coordination and assistance in implementa-
tion [10]. In 1931 he set one more task - to automate
the welding process, and started to form the design
unit.

In 1932 E.O. Paton elaborated the program of
integrated welding production development for the
first time in the world. As far back as two decades
before as he started working on welding, specialists
from different countries tried to coordinate their ef-
forts to solve the problems of new welding process
development within the framework of societies, asso-
ciations, companies, etc. However, the participants
of such voluntary associations (American Welding So-
ciety [11], All-Union Scientific Engineering Welders
Society [12], German Welding Society [13], etc.)
worked in their laboratories and at the chairs inde-
pendently on comparatively narrow problems (within
the framework of their interests and possibilities),
often ignoring even the related problems. The mem-
bers of the societies met from time to time and shared
the obtained results. Equipment and technology de-
velopment taking the results to the industrial imple-
mentation stages progressed very slowly. General
Electric Company, where research laboratory and de-
sign team [14, 15] were organized by E. Tomson, can
be named among the few exceptions. E.O. Paton re-
alized that solution of such a complicated range of
scientific-technical problems that were encountered
in the path of welding production development, re-
quires participation of metallurgists, electrical engi-
neers, mechanical-designers, specialists of some
branches of engineering and would be the most effec-
tive under single person leadership in the frame of one
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organization with all the necessary subdivisions. The
results of scientific studies should become the basis
for technological and design developments that would
accelerate the new technologies application in produc-
tion.

From the beginning of 1932 discussion of the re-
search subjects for the next five-year plan of the USSR
national economy development was started at AUAS.
In-situ sessions were held in Kharkov and Donbass.
E.O. Paton made reports in these meetings, in which
he gave an analysis of the country’s demand for weld-
ing equipment and a prediction of the volumes of
welded products [16--18]. Evgeny Paton stated: «The
main problem of electric welding in the 2nd Five-Year
Plan Period is as complete as possible mechanization
of the welding process. This measure will yield a big
saving of welding equipment, time and labor force...
It follows from here that development of automatic
machines should be placed on the agenda in our coun-
try. We cannot rely on imported automatic machines,
it is necessary to develop the Soviet ones ...» [18,
p. 7].

In November 1932, the Ukr. SSR Government al-
located funds for development of the Electric Welding
Laboratory [19], and on February 2, 1933, AUAS
Presidium passed a Resolution on transformation of
the Electric Welding Laboratory into the Electric
Welding Institute (EWI) [20]. E.O. Paton was ap-
pointed the director and scientific leader of the Insti-
tute [21]. The Government of the Ukr. SSR approved
this Resolution on January 3, 1934 [22]. Evgeny Paton
continued realizing the idea of a total integration of
scientific research, technological developments, de-
sign, and manufacturing of pre-production models of
equipment and participation in implementation of in-
stitute’s works, this time within the frame of the In-
stitute. EWI structure was formed in accordance with
these tasks. Specialists of different scientific directions
were selected. E.O. Paton organized the Welding De-
partment at the Kiev Polytechnic Institute for training
engineers of welding production in 1936. Considering
that transformers are cheaper and simpler than gen-
erators in operation, E.O. Paton chose alternating
current as the direction of arc welding development
[23]. The group of technologists and designers man-
aged to master automatic welding head and develop
a coating with high stabilizing properties (with tita-
nium dioxide) in a short time, and also find a method
of welding current supply to the electrode wire. The
first introduction of automatic welding took place at
Bezhetsk Wagon Works «Krasny Profintern for fifty
ton tanks manufacturing, the designs of all the equip-
ment for the production line being developed at EWI
[23].

The Conference on automatic welding was called
in Kiev in spring 1936 by E.O. Paton initiative. Spe-
cial attention at the Conference solutions was paid to
comprehensive study of the problems by EWI that
were connected to arc welding automation. Six sites
were selected for automatic welding implementation.
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The Peoples” Commissariat of Heavy Industry Order
# 860 on automatic welding development dated May
23, 1936 was favorable for welding production pro-
gress, in which it was noted that «... the advances of
the Electric Welding Institute of the Academy of Sci-
ences of the Ukr. SSR at comprehensive solution of
the task of electric arc welding automation (designing
the automatic head, electrode study, development of
coated electrode manufacturing method, designing
machine tools for automatic machines)...», and thanks
were extended to E.O. Paton and P.P. Bushtedt. It
was noted in the Order: «To request the Academy of
Sciences of the Ukr. SSR to organize at the Institute
a permanent design and consulting office on the mat-
ters of welding automation with the aim of providing
the technical assistance to the interested plants of the
Ukr. SSR by the Electric Welding Institute at auto-
mation of welding processes» [24]. Thus, one more
necessary element ---- the implementation department
for carrying out the continuous work cycle (from re-
search to implementation of new equipment) appeared
in EWI structure in 1937.

Submerged-arc welding by nonconsumable (carb-
on) electrode of low-carbon steels of up to 18 mm
thickness was developed under the direction of E.O.
Paton in 1938--1939. The technology and equipment
were introduced for welding flat-car beams at
Bezhetsk Wagon Works. N.G. Slavyanov [25] already
used flux for shielding the weld pool, however this
task was not solved for the device that moves during
welding. A number of foreign companies and organi-
zations in the USSR actively worked on designing the
mechanisms for feeding the wire and creating of new
means of shielding during the first decade of the XX
century. Welding methods with paper wire braiding,
with flux «pressing» into slots during wire feeding,
a method of shielding by a layer of sawdust, etc. were
patented. An acceptable quality of 