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In flash-butt welding of products of a closed shape the force, which welding machine should provide for
high-quality formation of welded joint in a solid phase, is determined not only by upsetting force but also
by force spent for bending the part itself, and by force caused by heating of shunting part. Therefore, when
choosing the equipment for welding of any product of closed shape it is necessary to determine the total
force, which welding machine should provide. The experimental measurements of temperature in different
characteristic points at the final stage of the process of FBW of the ring of steel 20 in machine K-724 were
carried out. It was established that the temperature in the shunting part is changed both along the circum-
ferential as well as along the radial coordinate. The existing procedure for description of temperature field
was improved so that in determination of the Fourier coefficients not only the experimental data were used,
but also the data obtained by computer modeling. Basing on the postulates of the proposed model the
function of general form was obtained, which allows determining the temperature at any point of the
shunting part using an unlimited number of terms of approximated series. The calculation of power parameters
of FBW with pulsed flashing of the investigated ring was carried out. As a result, it was established that
the force caused by heating of the shunting part, amounted to 9.1 % of the total force required for quality
formation of the joint. The value of temperature force is connected with the value of equivalent temperature
displacement. The estimated value of this displacement, corresponding to the proposed model, correlates
well with the results of numerical modeling of temperature displacements in the welded billet. 11 Ref.,
1 Table, 3 Figures.
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The advantages of flash-butt welding (FBW) de-
termine its wide application in manufacture of
structural elements such as frame rings, bands,
turntables, stiffening rings, wheel rims and other
products of a closed shape [1].

At the E.O. Paton Electric Welding Institute
a number of machines for FBW of ring-type prod-
ucts was developed, which are able to develop the
force from several dozens to several thousands
kilonewtons [2], and some of them have also limi-
tations on the minimum inner diameter of the prod-
uct being welded [3]. Therefore, the producer en-
counters often a difficult task to select the optimum
equipment from the existing number of machines
for welding the certain ring product.

In FBW of parts of an open shape the power
parameters are determined by a specific upsetting
pressure of material of the part and the area of
its cross-section [4]. In the process of FBW of
ring-type products the bending of the part itself
and the shunting of electric current through it
occur [5].

In work [6] it was proved that heating of the
shunting part contributes to arising of thermal

stresses, which affect the volume of the force
required for formation of quality welded joint
during FBW. However, the procedure of descrip-
tion of the temperature field, demonstrated in
the present work, allows using a limited number
of terms of the series, with the help of which it
is not always possible to obtain the desired ac-
curacy. Furthermore, no expression was given
for the force generated by thermal stresses in the
shunting part.

Therefore, the aim of this work is the improve-
ment of the procedure for description of tempera-
ture field and force caused by heating of the
shunting part.

The experimental measurements of tempera-
tures were carried out during FBW of the ring
of steel 20 with cross-section of 55 × 25 mm2 and
inner diameter of 270 mm (Figure 1, a) in five
controllable points (Figure 1, b).

According to the results of measurements it
was established that the temperature in the
shunting part is changed both around the circum-
ference θ, as well as around the radial coordinate
r. As the determination of force caused by heating
of the shunting part is based on solving the rele-
vant problems of theory of elasticity, it is neces-
sary to preset the temperature as a continuous
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function of the coordinates. In solving the prob-
lems in polar coordinates the most convenient
for description of change in temperature is the
even part of the Fourier series around the cir-
cumferential coordinate θ:

T(θ) = A0 + ∑ 
1

n

An cos nθ.
(1)

To determine the unknown Fourier coeffi-
cients An it is necessary to create the system of
equations for temperature values in the different
points around the circumferential coordinate θ
of the shunting part. As far as the experimental
data allow presetting only three temperature val-
ues at the outer and inner diameters, namely,
T(π/6), T(π/2) and T(π), the other ones can
be determined by computer modeling of the tem-
perature field (Figure 2, a). The number of equa-
tions of the system determines the accuracy of
description of the temperature field. Using the
first six terms of the series (Table) allows de-
scribing the temperature field with the accuracy
of up to 3 °C. You can be sure that the values of
temperatures, taken from the diagram (Figure 2,
b), coincide with the results of computer mod-
eling.

As is seen, the value of the coefficients de-
creases according to the absolute value, so the
introduction of the following coefficients will
not make a considerable amendment to the values
of temperatures.

The change in the temperatures in the radial
direction is determined from the differential
equation of thermal conductivity [7]:

1
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where χ is the coefficient of thermal conductivity.
As far as the temperature field is considered

at the moment when the temperature reaches its
maximum value, but not its change in time, then
the left side of equation (2) turns to zero (solu-
tion of such equation is given in work [6]).

As a result the function of general view was
obtained corresponding to the proposed model,
which allows determining the temperature at any
point of the shunting part:

T(r, θ) = K0 = H0 ln r + ∑ 
1

n ⎛
⎜
⎝

⎜
⎜
Knr

n + 
Hn

rn

⎞
⎟
⎠

⎟
⎟
 cos nθ,     (3)

where

K0 = 
A0(a) ln b — A0(b) ln a

ln b — ln a
;

Kn = 
An(b)b

n — An(a)a
n

b2n — a2n
;

H0 = 
A0(b) — A0(a)

ln b — ln a
;

Hn = 
anbn

b2n — a2n
 [An(a)b

n — An(b)a
n].

(4)

(For procedure of determination of stresses
caused by the presence of temperature field de-
scribed by the Fourier series see works [8, 9].)

So, stress components have the following form:

σr = B0 
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(5)

Figure 1. Ring workpiece in clamping devices of welding machine K-724 (a), and layout of points 1—5 (1—5) of temperature
control (b)

Calculated Fourier coefficients in points 1—5 acc. to Figure 1, b

Coefficient A0 A1 A2 A3 A4 A5

Tin.dia, °C 373 —221 —122.5 —51 —51 —3

Tout.dia, °C 339 —192 —106.5 —48 —51 —3

58 11/2015



where

B0 = — 
αEH0

2(b2 — a2)
 a2b2 ln 

b
2
;   B1 = 

αEH1

4(a2 + b2)
;

C0 = 
αEH0

4
 
b2 ln b — a2 ln a

b2 — a2
 + 

αEH0

8
;

C1 = — 
αEH1

4(a2 + b2)
 a2b2;

D0 = 
αEH0

4
;   D1 = 

αEH1

2
,

where α is the coefficient of linear expansion; E
is the modulus of elasticity of material.

The relation of the displacement components
with the stress components was found in [10].

Therefore, stresses (5) in the closed ring are
equivalent to circumferential displacement of the
ring moving edge with a gap for the value of

δt = —(2π — β)α 
⎛
⎜
⎝
H0 

a + b
2

 + H1
⎞
⎟
⎠
. (6)

As far as in our case, according to (4), H0 and
H1 are negative, then the displacement δt is di-
rected towards the increase of coordinate θ, i.e.
is equal to increase of the gap.

In our case the temperature displacement
amounted to 2.88 mm. To confirm this result a
numerical modeling of displacement fields in the
ring workpiece was carried out during heating,
being similar to that realized in the ring shunting
part in FBW (Figure 3).

According to the results of numerical model-
ing it was established that the temperature move-

ment of the left edge amounted to 3.04 mm, that
is 5.3 % higher than the value obtained by ana-
lytical calculation according to formula (6), cor-
responding to the temperature field (3).

As far as this displacement is directed opposite
from displacement of the moving clamping device
of the welding machine, a part of the force is
spent to overcome it. The relation between the
displacement and the corresponding force was
established in work [10]. Thus, to prevent the
displacement (6) it is necessary to apply the force

Pt = —αEt 
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4π
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× 
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⎠
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.

(7)

For the investigated ring the calculation of
power parameters of FBW with pulsed flashing

Figure 3. Field of displacements in the ring (mesh indicates
the deformed state)

Figure 2. Temperature fields in the ring (a), and diagrams of temperature distribution along the outer (1) and inner (2)
diameter (b)
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was performed [11]. The force, spent for bending
of the part, is determined by the formula obtained
in [10]:

Pbend  = — 
EδΣt

4π(a2 + b2)
 
⎡
⎢
⎣
a2 — b2 + (a2 + b2) ln 

b
a

⎤
⎥
⎦
,   (8)

where δΣ is the sum of the initial gap and allow-
ances for flashing and upsetting.

As a result, it was established that the thermal
force amounts to more than 9 % of the total force,
which the welding machine should provide to
form the quality welded joint in solid phase.

The calculation of power parameters of FBW
with pulsed flashing of the investigated ring was
carried out at the following initial data: inner
diameter 270 mm; cross-section F = 55 ×
× 25 mm2; specific upsetting pressure 40 MPa;
modulus of elasticity 210 GPa; coefficient of linear
expansion 1.4⋅10—5 1/deg; initial gap 2 mm; al-
lowance for flashing 9 mm; allowance for upset-
ting 7 mm.

Obtained were the dummy displacement from
heating δt = 2.88 mm; thermal force Pt = 14.8
kN; upsetting force Pups = 55 kN; bending force
Pbend = 92.6 kN; total force PΣ = = 162.4 kN;
Pt/PΣ = 9.1 %.

Сonclusions

1. The procedure was improved, which allows
describing the temperature field in the shunting
part in FBW of ring-type workpiece in the form
of even part of the Fourier series around the cir-
cumferential coordinate on the basis of discrete
data obtained by experimental measurements and
computer modeling.

2. In accordance with the postulates of the
proposed model the function of general form was

obtained, which allows determining the tempera-
ture at any point of the ring shunting part using
unlimited number of series terms.

3. For the first time an analytical expression
was obtained for determination of the force acting
on the butt caused by heating of the shunting
part. For the ring of steel 20 with inner diameter
of 270 mm and cross-section of 55 × 25 mm2 the
power parameters of FBW using pulsed flashing
were calculated. As a result, it was established
that the force caused by heating of the shunting
part amounts to 9.1 % of the total force, which
welding machine should provide.
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