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ABSTRACT

The technological concept of flash-butt welding with resistance preheating using a reusable intermediate insert of a material
with a high electrical resistance is proposed and substantiated by calculation. Calculation and experimental results indicate
a significant effect of using intermediate insert during resistance heating: the temperature at both characteristic spots grows

significantly at all investigated values of current density,

insert thickness and heating time. The specified effect is achieved

by intensifying and localizing the process of heat generation in the contact area of parts and correspondingly by reducing the
energy loss for heating the secondary circuit of the welding machine.
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INTRODUCTION

An effective technology for producing permanent
joint in the manufacture of load-carrying elements of
aircrafts from rectilinear (stringers) and circumfer-
ential (shells) billets, pressed profiles of a developed
and a compact cross-section (frame rings) is flash-butt
welding (FBW). This method provides a high stable
quality of joints, combines assembly and welding
operations in a single cycle and does not require the
use of auxiliary consumables [1-3]. In welding billets
of aluminium alloys of up to 12 mm thickness, FBW
technology provides high indices of strength and a
high-quality (defect-free) joining at a slight width of
the heat-affected zone (HAZ).

plane flashi preheating flashing

In FBW of profiles from aluminium alloys of larg-
er thickness it is necessary to carry out a resistance
preheating of billets by passing high-density electric
current with a subsequent moving of billets apart and
performing flashing and upsetting.

FBW technology with resistance preheating is
widely used in various industries, in particular for
joining parts of different thickness and configuration
of steels of different classes [4—7]. In FBW of railway
rails, preheating by current pulses [4, 5] (Figure 1, a)
is used to provide the heat removal from the ends deep
into billets. For more efficient resistance heating of
billets from aluminium alloys, which have high val-
ues of electrical and thermal conductivity, continuous
passing of current is used [1-3] (Figure 1, b).
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Figure 1. Cyclograms of the FBW process with preheating by current pulses () [5] and continuous (b) current passing [2]
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Such heating process has low energy indices, and
its duration reaches 80 % of the total welding duration
[1]. Moreover, to ensure the formation of defect-free
joints with an increase in the thickness of welded bil-
lets, the required resistance preheating temperatures
grow. In particular, in [2] it is shown that in FBW of
2219 alloy, the optimal conditions of deformation
during upsetting are provided during heating of the
contact zone at the intensive deformation area to a
temperature of about 400 °C. The need in increasing
the resistance preheating temperature causes addition-
al energy consumption for heating of the secondary
circuit of the welding machine. At this time, the du-
ration of the resistance heating stage grows, which
leads to an increase in the width of welded joints HAZ
and negatively affects the mechanical and operational
properties of welded products from aluminium alloys.

Increasing the efficiency of resistance preheating,
reducing its duration and loss of energy for heating
of the secondary circuit of the welding machine is an
urgent problem, the solution of which will provide
significant energy saving and an improvement in the
mechanical properties of welded joints of products of
high-strength aluminium alloys.

The known technical solutions, where in order to in-
crease the efficiency of heating in FBW, an interlayer in
the form of a composite insert is used, in particular in
welding of steel fittings [8], as well as in the form of a
nanolayered foil (NF), in particular, in welding of titani-
um aluminides in similar [9] and dissimilar [10] joints.

In [8] in FBW of steel fittings, an interlayer repre-
sented a fluxed composite insert of profiled sheet of
low carbon steel, which allowed localizing the process
of heat generation in the contact zone. It is shown that
when the current passes through the joint with an in-
sert, which has a higher specific resistance, its intense
heating and melting occurs. At the same time, the lo-
calization of heat generation is provided as compared
to the traditional way of resistance heating, which con-
tributes to the formation of quality joints at a smaller
HAZ width than in welding without using an interlayer.

The authors [9, 10] investigated the features
of formation of similar and dissimilar joints of
Ti—46Al1-2Cr-2Nb alloy based on y-TiAl titanium
aluminide in FBW, in particular, using interlayers in
the form of NF. The work indicates that the presence
of NF in the contact zone contributes to the formation
of a thin layer of liquid phase at the initial stage of the
heating process, localization of the heat generation
process, the activation of the surfaces of both alloys at
a much smaller duration of the heating stage as com-
pared to welding without using an interlayer.

In [8-10] an intermediate insert represented thin
foils, which are melted in the welding process and
mainly displaced from the contact zone during upset-

ting, but they can partially remain in welded joints,
significantly affecting their mechanical properties.

Unlike the abovementioned schemes of using a
disposable insert that remains in the joint, for resis-
tance preheating in FBW, it was suggested to use a
reusable insert from a material with high indices of
melting point and ohmic resistance. The technological
concept of FBW applying a reusable intermediate in-
sert was proposed, which is somewhat similar to butt
welding process of polymer materials with heated
tool [11]. However, it is significantly different, since
the heat generation occurs both in the insert as well as
in the welded parts, and the process of the temperature
field formation depends on electrical and thermal pro-
cesses, taking into account their complex interaction.

The aim of the work is to find the possibility of
increasing the efficiency of resistance preheating pro-
cess in FBW of aluminium alloys by intensification
and localization process of heat generation in the
contact area of the billets using an intermediate insert
from a material with a high ohmic resistance.

RESEARCH METHODS, PROCEDURE,
MATERIALS, EQUIPMENT

In the work, calculation and experimental research
methods were used, in particular, the thermal cycles
were calculated and the temperature fields were de-
termined in the contact area of the billets using math-
ematical modeling of the heating process and by the
empirical method while conducting experiments in
the laboratory conditions.

The experiments were performed in a modernized
K607 machine for FBW with a converted welding cir-
cuit, where as a power source, a welding transformer
with 75 kV-A power was used, located directly under
the current-conducting clamps of the machine.

For conducting experimental welds, the speci-
mens of 2219 aluminium alloy with a cross-section of
32x60 mm were used. An intermediate insert repre-
sented plates of austenitic steel 12Kh18N10T of 7 mm
thickness. The temperature fields were experimentally
investigated using a computerized temperature regis-
tration system based on 8-channel USB-module for
thermocouples Advantech USB-4718 using the chro-
melle-alumel thermocouples with a diameter of 0.5 mm.

Figure 2 shows the program for changing FBW
mode parameters, which provides a consecutive
change of four main stages of heating before forming
awelded joint during upsetting. Between | and Il stag-
es, moving of the welded parts apart and clamping of
the intermediate insert between them is performed,
and between II and III stages, respectively, moving of
the parts apart and removing of the insert from the gap
between them is performed.
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The scheme of the intermediate insert arrange-
ment between the welded parts offered in this work is
shown in Figure 3. In such a scheme of heating, the
amount of heat dQ generated in the parts during resis-
tance heating over the period of time dt according to
the law of Joule—Lenz, can be represented as

—12
dQ= IW(RIn + RIo +2Rc)dt, (1)

where | is the welding current; R, is the electric cur-
rent of the insert; R ) is the electrical resistance of the
welded parts; R_is the transitional contact resistance
between the parts and the insert.

CALCULATION STUDY
OF THE RESISTANCE HEATING PROCESS

In FBW with resistance preheating, it is essential to
achieve a certain value of temperature in the inten-
sive deformation zone. The optimal conditions for the
welded joint formation during upsetting are created
when the yield and tensile strength of the material of
the billets in the deformation zone are equal [2]. In
this case, producing of welded joints is provided with
a minimum level of inner stresses with the absence
of microcracks and other defects. In FBW with the
forced formation, the width of the intensive deforma-
tion zone practically coincides with the value of the
upsetting tolerance, so the optimal conditions for de-
formation of the billets from 2219 alloy are created at
a temperature of about 400 °C [2].

To optimize the temperature field, during resistance
preheating of the billets, it is essential to reach the set
temperature at characteristic spots, namely: at the first
one — at the ends of the billets (contact zone) and at the
second one — at a distance of about 30 mm from the con-
tact zone. This value, which was determined on the ba-
sis of a previous practical experience on FBW of thick-
walled parts of aluminium alloys, corresponds to half of
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Figure 2. Program for changing parameters of FBW process with
resistance preheating using an intermediate insert: I — prelim-
inary flashing; II — resistance heating through an intermediate
insert; IIT — flashing at a constant rate; IV — intensive flashing
(forcing) before upsetting; 1 — welding current | ; 2 — secondary
open-circuit voltage of the welding transformer U, ; 3 — move-
ment of the moving column of the welding machine V|

the set value of the total welding tolerance |, = 60 mm
(I,/2 = 30 mm), i.e., the second characteristic spot after
performing the processes of flashing and upsetting will
be in the plane of the welded joint.

As the criterion of efficiency of resistance heating,
reaching a set temperature at the characteristic spots
of parts at the least time at a set value of current den-
sity was considered. From the point of view of sta-
bility of flashing stages at a constant rate and intense
flashing (see Figure 2, 11l and IV stages), the desired
result of resistance preheating is the achievement of
the highest possible value of temperature at the first of
the characteristic spots (contact zone), but not lower
than 150-200 °C [1, 12]. As the criterion of sufficient
resistance heating of parts, reaching a temperature of
150 °C at the second of the characteristic spots (at a
distance of 30 mm from the contact zone) was con-
sidered. In this case, in the process of the next stages
of FBW, a gradual heating of the parts to a tempera-
ture of 400 °C is achieved in the deformation zone
between the forming devices of the welding machine
and the necessary conditions for the formation of de-
fect-free welded joints are provided during upsetting.

The process of the temperature field formation in
FBW is predetermined by the complex distribution of
Joule heat sources. Heat transfer which, along with
heat generation forms a temperature field in metal, is
performed in a conductive way. The thermal conduc-
tivity of metal, its specific electrical resistance and
other physical properties depend significantly on the
temperature. The welding current, which determines
the intensity of thermal impact on the metal depends
on the open-circuit voltage, resistance of welded parts
and inner resistance of the machine for resistance
welding. Therefore, an adequate mathematical mod-
el of the process of the temperature field formation
during resistance heating should include a description
of electrical and thermal processes in the welded met-
al, taking into account their complex interaction. The
welding current (current density) should be set on the
basis of experimental data. The heat generation is de-
termined by the calculation way, taking into account
the electrical resistance of the welding zone, and the
properties of the metal at each spot of the calculated

Insert I
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Figure 3. Scheme of the resistance heating process through an
intermediate insert in the current-carrying clamps of the machine
for FBW (I, — tolerance for welding)
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Figure 4. Scheme of the mesh of calculation model

area should be set according to the current distribution
of the temperature filed of a part.

Unlike the predominantly volumetric heat genera-
tion in the billets between the current-carrying clamps
of the welding machine during resistance heating with-
out an insert (transient contact resistance between the
parts from aluminium alloys is insignificant), during
resistance heating through the insert, an additional
source of heat generation appears, which can be linear
(at a slight thickness of the insert, in particular, when
using thin foil) or volumetric (when using a plate with
a thickness of several millimeters). In the latter case,
the temperature field in the heated parts will be formed
according to a law close to the exponent.

The calculation scheme for the case of a one-di-
mensional problem is shown in Figure 4.

To simplify the calculation, the temperature distri-
bution in the cross-section of the welded billets can
be neglected. Based on this, the problem is solved in
a one-dimensional statement. The one-dimensional
nonstationary heat conduction equation for the case
of'a onedimensional problem in Cartesian coordinates
has the following form [13]

()

oT 0

oT
C(T)Y(T)g— ™ —}+qv, 2)

oX

beginning of the countdown, let us choose one of the
ends of the parts that is heated.

On the section of the axis X, let us select the spot x,,
i=0-1,...,n—1,n. Let us assume that the distance
between two adjacent discretization spots x, and X
equal to the discretization step h, will be the same,
i.e., the discretization of the computational domain is
uniform. At the same time, to each discretization spot
X, the value of the temperature t, corresponds.

The welded specimen has a cross-section with di-
mensions axb. Therefore, the volume of one element
is determined by the formula axbxh. If the nonlineari-
ty of the thermophysical properties of the heated parts
is not previously taken into account (dependencies
A(T), ¢(T) and y(T)), then the nonlinearity of the prob-
lem will consist only in taking into account the depen-
dence of the power density of the Joule heat source g

12p(Dh _ 17p(T)
abh(ab)  a2p? ’

q,(M)= 3)
where p(T) is the temperature dependence of the spe-
cific electrical resistance of the parts.

Taking the expression (2) into account, let us write
down the approximation of the initial differential
equation of thermal conductivity (1) for the i-th spa-
tial spot and the j-th moment of time

where T is the temperature, K; tis the time, s; g, is the X AT -T" 2
volumetric density of inner heat sources, W/m?. ¢ ()i () e x
Discretization of the calculation area was carried a (X1 = %)
out, which consists in replacing the continuous deter- T, -T N “)
mination area and the continuous area of the function X[Ml (Ti+1) X —x N (Ti ) X — X }’
value for the corresponding discrete areas. In our non- " . Lo
stationary problem, it is necessary to discretize both I"p (T| )
the spatial calculation area as well as the time. As the a’h? '’
Table 1. Thermophysical characteristics of 12Kh18N10T steel and 2219 alloy
. 12Kh18N10T 2219 alloy
e A, W/(m'K) c, J/(kg'K) p-10°, Ohm'm A, W/(m'K) ¢, J/(kg'K) p-10°, Ohm'm
20 15 450 725 130 08 55.3
100 16 462 792 142 0.86 62.4
200 18 496 861 155 0.92 72.2
300 19 517 920 163 1.05 77.2
400 21 538 976 167 1.05 85.6
500 23 550 1028 - - -
600 25 563 1075 - - -
700 27 575 1115 — — —
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Figure 5. Calculated temperature fields during resistance heating
through an intermediate insert of 12Kh18N10T steel of the thick-
ness h, =2 (2), 6 (3), 12 (4) mm and without an insert (1) (h, =
= 0 mm) for the current density J =10 A/mm?andt =60s (Z —
distance from the ends of parts)

where T is the temperature in the calculation node at
the previous time step (the step size is At); ¢(T,"), v,(-
T7), A(T) is the temperature dependence of heat ca-
pacity, density, and thermal conductivity of the heated
parts, respectively.

To calculate the temperature field, the following
input data are entered into the mathematical model:
geometric dimensions of welded parts and thickness
of an intermediate insert; thermophysical characteris-
tics of aluminium alloy and intermediate insert mate-
rial (Table 1). The basic input parameters of heating
mode are current density and heating time.

Using the developed mathematical model, the
temperature fields during resistance heating of bil-
lets of 2219 aluminium alloy with a cross-section of
32x60 mm was calcualted depending on the thickness
of the intermediate insert h, of steel 12Kh18N10T at
aheating time t, = 60 s (Figure 5) and different current
density J at t, = 40 s (Figure 6).

Based on the obtained data, the dependence of the
temperature of the characteristic spots of the welded
joint on the current density during resistance heating
without an insert and with the use of an intermediate
insert of steel 12Kh18N10T was plotted (Figure 7).

The analysis of the obtained calculated tempera-
ture fields (Figure 5) shows that during resistance
heating without inserting the parts of 2219 alloy
with a cross-section of 32x60 mm at a time before
t =60 s at a current density J = 7.5 and 10 A/mm?, the
achievement of the specified temperature in the char-
acteristic spots of the parts — in the contact zone and
at a distance of 30 mm from the ends is not provided.
The temperature distribution necessary for the for-
mation of high-quality joints during resistance heat-
ing without an insert is achieved at a current density
J>12.5 A/mm? (Figure 6, a), which in practice caus-
es significant energy losses for heating the secondary
circuit of the welding machine and the need in using
power sources of high capacity.

The results of the calculations shown in Figures 5
and 6, b, indicate a significant effect of using an in-
termediate insert during resistance heating — the
temperature at both characteristic spots grows signifi-
cantly at all the investigated values of current density,
insert thickness and heating time. It was found that the
efficiency of the resistance heating process through
the intermediate insert depends on its thickness: the
set temperature distribution in the parts of 2219 alloy
at the current density J = 10 A/mm? and heating time
t =60 s is achieved at h, >6 mm.

For a set thickness of the insert, the efficiency of the
heating process increases with a growth in the current
density J (Figure 6, b), in particular, the set tempera-
ture distribution in the parts at h, =7 mm and heating
time t, = 40 s is achieved for all the investigated val-
ues of the current density J, except of J = 7.5 A/mm?.
A significant increase in temperature in the contact
zone for all the values of the investigated parameters
during heating through the insert should be noted, in
particular at J = 12.5-15 A/mm? to 7= 300-420 °C as
compared to T = 180-270 °C during heating without
an insert. The last fact is particularly important from
the point of view of the stability of the flashing stages

Z, mm

Figure 6. Calculated temperature fields during resistance heating without an insert (a) and through an intermediate insert of 12Kh18N10T
steel of the thickness h, =7 mm (b) at t, = 40 s and current density J = 7.5 (1), 10 (2), 12,5 (3), 15 (4) A/mm?
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Figure 7. Calculated dependence of temperature of the charac-
teristic spots of the welded joint on current density J in resistance
heating using an intermediate insert of 12Kh18N10T steel and
without it

at a constant rate (see Figure 2, II stage) and intensive
flashing before upsetting (IV stage), and from a prac-
tical point of view it makes it possible to guarantee
the absence of welding defects (lacks of penetration,
oxide films, matte spots) at a significantly lower pow-
er source of the welding machine.

The obtained results confirm the assumption that
during resistance heating through an insert, an ad-
ditional volume source of heat generation appears,
which ensures more rapid heating of the metal at both
characteristic spots — in the zone of intense deforma-
tion during upsetting and the contact zone of the parts
and causes a decrease in energy loss for heating the
secondary circuit of the welding machine.

EXPERIMENTAL STUDY
OF RESISTANCE HEATING PROCESS

The experiments on studying thermal cycles of re-
sistance heating of the parts with a cross-section of
32x60 mm of 2219 aluminium alloy were carried out
at the secondary voltage of the transformer U, =3 V.
The chromel-alumel thermocouples with a diameter
of 0.5 mm were mounted in the parts at a distance
of 5, 10, 20 and 30 mm from the ends on the inner
side of the secondary circuit of the welding machine.
The parts were heated directly (without an insert) and
through an intermediate insert of 12Kh18N10T steel
at a current density of about 10 A/mm? and heating
time t, = 40 and 85 s. Based on the calculation results,
indicating the expediency of using the insert when
its thickness is h, > 6 mm, the experimental study of
temperature fields was carried out at h, =7 mm.

The results of the experiments show that without
using an intermediate insert at the set energy param-
eters of the preheating mode, it was impossible to
achieve the required distribution of the temperature
field during the time t, = 40 and 85 s (Figure 8, curves
2,3). Att = 85 s the process of heating almost trans-
ferred to a quasi-stationary state. The temperature in

T,°C
200 |- !
1\
150 | ¢ >
2
100 A ~ N
3
50 |
1 1 1 1 1
0 5 10 15 20 25  Zmm

Figure 8. Temperature fields during resistance preheating using
an intermediate insert of 12Kh18N10T steel of the thickness h, =
=7 mm (1) and without an insert (2, 3) during heating time t, = 40
(1,3)and 855 (2)

the contact zone at t, = 85 s amounts to about 170 °C,
and at a distance of 30 mm it was 140 °C. During
heating of parts through the insert of 12Kh18N10T
steel, the temperature in both characteristic spots is
significantly increased and the temperature distribu-
tion required for the next stages of flashing is achieved
during the time t, = 40 s (Figure 8, curve 1).

It is worth noting a significant increase in tempera-
ture in the contact zone while heating through the insert
att =40 s, and a much higher gradient of tempera-
ture field as compared to heating without the insert at
t. = 85 s. The experimentally established growth of
temperature in the contact zone is especially important
in terms of stability of flashing stages and preventing
the formation of defects in welded joints. In FBW of
heat-strengthened alloys, the reduction in the duration
of resistance heating contributes to minimizing nega-
tive structural and phase transformations in the heat-af-
fected zone and causes maintaining of the values of
strength, corrosion resistance and other service proper-
ties of welded products at a higher level [12].

Experimental study of temperature fields in the
parts from 2219 alloy during their resistance heating
using an intermediate insert of 12Kh18N10T steel at
t, = 40-85 s indicates the intensification and localiza-
tion of the heat generation process in the contact area
as compared to the heating process without the insert
and confirm the calculation data according to the pro-
posed generalizations.

Therefore, the results of the calculations and the ex-
perimental study of the temperature fields indicate an
increase in the efficiency of the process of resistance
preheating in FBW of aluminium alloys using an in-
termediate insert from the material with high electrical
resistance. The mentioned effect is achieved by intensi-
fication and localization of the heat generation process
in the contact zone of parts and a corresponding reduc-
tion in the «irrational» energy loss on heating of the
secondary circuit of the welding machine.
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CONCLUSIONS

1. The technological concept of flash-butt welding
(FBW) of thick-walled parts from aluminium alloys
with resistance preheating applying a reusable inter-
mediate insert. The efficiency of the process of resis-
tance preheating in FBW of 2219 aluminium alloy
using an intermediate insert of 12Kh18N10T steel
was investigated by calculation. As the criterion of
the effectiveness of resistance heating, the achieve-
ment of the set temperature in the characteristic spots
of the parts — in the contact zone and at a distance of
30 mm from the ends of the parts in the shortest time
at the set value of the current density was considered.

2. It was established that as compared to direct re-
sistance heating of parts using an intermediate insert of
12Kh18NI10T steel, the temperature rises significantly
at both characteristic spots at all investigated values of
current density, thickness of the insert and heating time.

3. For the set thickness of the insert h. in the studied
range h. = 2-12 mm the efficiency of the heating pro-
cess increases with a growth in the current density J, and
at the set value of J in the range J = 7.5-15 A/mm? — at
an increase in the thickness of the insert.

4. A significant increase in the gradient of the tem-
perature field in the parts during heating through the in-
sert was established: the temperature in the contact zone
atJ = 12.5-15 A/mm? amounted to 7= 300-420 °C as
compared to 7 = 180-270 °C during heating without
an insert. The mentioned result is important from the
point of view of the stability of the subsequent stages
of flashing in FBW and from a practical point of view,
it makes it possible to guarantee the absence of welding
defects at a significantly lower capacity of the power
source of the welding machine.

5. An experimental study of the temperature fields
in the parts of 2219 alloy during their resistance heat-
ing using an intermediate insert of 12Kh18N10T steel
is confirmed by the calculated data and they indicate
the intensification and localization of the heat gener-
ation process in the contact zone as compared to the
heating process without an insert.
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