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ABSTRACT

A calculated evaluation of the efficiency of electrodynamic treatment (EDT) effect on the stress state of butt-welded joints of
plates of aluminium AMg6 alloy with an increase in their thickness & was carried out. Mathematical modelling of the kinetics
and residual stress states of butt-welded joints & = 2, 4 and 8§ mm was carried out as a result of their EDT at different values of
temperature T of the plates, at which the treatment was performed. The value of the vertical velocity ¥ of the electrode-indent-
er (EDT tool) was taken as ¥, = 5 m/s, which corresponds to the modern electrophysical characteristics of the equipment for
EDT. The values of T were set reflecting the conditions of EDT after welding (7' = 20°C) and during fusion welding (7= 150
and 300 °C). The problem was solved in a three-dimensional formulation using the ANSYS softare. The conditions for the
formation of stresses in the plates at EDT after and during welding were determined by the mechanical characteristics of AMg6
alloy at temperatures 7 = 20, 150, and 300 °C without taking cooling into account. The results of the computation of residual
stresses in welded joints are presented. It is shown that at a value of 7= 150 °C, EDT provides the most optimal residual stress
states of the plates in the entire experimental range of 3. It was proved that EDT in the welding process (at 7 = 150 °C) is more
efficient compared to EDT of metal after cooling (7 = 20 °C). It was established that at EDT of welded joints § = 2—4 mm, re-
sidual compressive stresses are formed over the entire thickness of the plates, the values of which are close to the yield strength
of AMg6 alloy. At EDT of welded joints 6 = 8 mm, residual compressive stresses are formed on the outer surface of the plates,
and on the back side — tensile ones.

KEYWORDS: clectrodynamic treatment, residual welding stresses, aluminium alloy, electric current pulse, shock interaction,

finite element model, electrode-indenter, theory of elastic-plastic flow, fusion welding

INTRODUCTION

Residual stresses have a negative impact on the life
and corrosion resistance of welded structures of alu-
minium-based alloys, thereby reducing their service
life. In the world practice, an increase in the volumes
of manufacturing of such structures is observed, which
replace high-strength steel products. Considering the
abovementioned, the problem of reducing residual
tensile stresses or forming compression stresses in
welded joints of aluminium-based alloys is relevant.
Traditional technologies for control of residual stress
state (RSS) require the use of metal-intensive tooling
and/or significant energy consumption and do not al-
ways meet the requirements of modern engineering
practice [1, 2], which requires innovative energy-sav-
ing approaches to production.

RESEARCH RELEVANCE

Electrodynamic treatment (EDT) of welded joints
with electric current pulses is an innovative approach
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to controlling RSS of welded structures based on the
use of pulsed electromagnetic fields and their deriva-
tives [3-6].

It has been proved that preheating of the electric
pulse effect zone to a temperature T stimulates RSS
relaxation mechanisms [7]. This contributes to the
development of technologies for the use of EDT in
combination with the welding process. It has been ex-
perimentally proved that the implementation of EDT
at elevated T during welding contributes to more in-
tensive RSS relaxation as a result of EDT compared to
the treatment of weld metal at room 7 [8§].

However, the electrophysical characteristics of
the existing EDT equipment provide the value of the
stored energy E . (the value of E,. is the defining char-
acteristic of EDT efficiency) of the capacitive storage
C, which does not exceed 1.0 kJ. This predetermines
the evaluation of the boundary capabilities of EDT
application as a means of effective influence on RSS
of welded structures. As is known from the results of
previous experimental studies, the effectiveness of
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EDT decreases with an increase in the thickness 6 of
the metal to be treated [9]. Until now, no theoretical
evaluation of the effect of & of welded joints on EDT
efficiency has been carried out, including when treat-
ing metal at different 7" values, to which the metal is
heated during welding. The results of such studies al-
low determining the maximum boundary & of welded
joints within which EDT is an effective RSS regulator
with the existing capabilities of EDT equipment, i.e.,
at the condition £, < 1 kJ, which corresponds to the
kinetic energy of the electrode-indenter at a velocity
of up to 5 m/s. The way to solve the problem is the
mathematical modelling, first of all, of the dynamic
(shock) component of EDT to determine the effect of
different 6 of welded joints on RSS after their EDT
during and after welding. This should facilitate the
optimization of the EDT technology by determining
the boundary capabilities of its application for effec-
tive RSS control of welded joints.

The aim of the study is the computational evalua-
tion of the influence of the thickness of welded joints
on their RSS as a result of treatment of metal by shock
EDT component after and during welding (at elevated
temperatures).

PROCEDURE AND COMPUTATIONAL
SCHEME OF THE PROBLEM

The object of research is the process of numerical
computation of SSS of model welded joints as a re-
sult of shock treatment as a component of EDT under
conditions of elevated temperatures, which was per-
formed in a finite element formulation using the AN-
SYS/AUTODYN software [10] in an explicit form.
A three-dimensional prismatic finite element SOLID
164 was used to build the finite element mesh (FEM)
of the problem, and the modelling was performed with
the use of a moving FEM, that was rigidly connected
with the medium and deformed together with it. The
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Figure 1. Computational diagram of the process of dynamic load-
ing of the plate at EDT: / — electrode-indenter; 2 — treated spec-
imen; 3 — absolutely rigid base; 4 — point on the outer surface
of the electrode-indenter; B — point on the outer surface of the
plate; C — point on the back surface of the plate; V) — velocity
of the electrode-indenter movement [8]; x, y, z — coordinate axes
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computational scheme and boundary conditions of the
problem regarding the process of shock interaction of
the electrode-indenter with a plate, described in [8],
are shown in Figure 1. The presence of the geometric
symmetry of the dynamically interacting electrode /
and plate 2 allows considering only their fourth part in
the computational scheme with the limitation of bod-
ies’ displacements on the symmetry planes.

As the subject of the research, a model of a
butt-welded joint of AMg6 alloy of the AI-Mg alloy-
ing system in the form of a plate preliminary stressed
by uniform uniaxial tension was used. Residual
welding stresses in the plate plane were modelled by
setting the T value of the longitudinal tensile stress
component ¢ _(along the x-axis in Figure 1). Since
the effect of EDT on the stress state of the treated
plate is quite local in size, for example, not more than
10-15 mm, it can be assumed that in the zone of re-
sidual tensile stresses at EDT, these stresses can be
taken as constant. The applied computational scheme
is simplified, it does not reproduce the actual distri-
bution of residual stresses in the welded joint, but re-
quires the minimal computation time. Based on the
results of comparing ¢_in the weld centre (in the con-
tact interaction zone) after EDT at different 7 values,
it is possible to select the temperature treatment mode
that provides optimal residual stresses. The scheme
for computation of the real stress distributions in the
cross-section of a welded joint, taking into account
the active zone — tension and reactive — compression
zone, will be implemented in further studies.

In the mathematical formulation, the behaviour of
the materials of the plate (aluminium AMg6 alloy)
and the electrode-indenter (M1 copper) under the ac-
tion of an external pulse load was described using an
ideal elastic-plastic material model. This model in the
materials library of the ANSYS/AUTODYN software
is called PLASTIC-KINEMATIC [10]. The contact
interaction was frictionless.

The interaction of the electrode-indenter with the
plates of 300200 mm and a thickness 6 = 2, 4 and
8 mm was considered, which according to the accept-
ed classification belong to thin-sheet structures [11].

The effect of temperature without taking the
cooling of the model welded joint into account was
described by changing such mechanical characteris-
tics as modulus of elasticity £ and yield strength o,
of AMg6 alloy at temperatures 7 = 150 and 300 °C,
where the choice of T values was justified in [8]. The
modeling was also performed for 7= 20 °C to com-
pare the efficiency of EDT after and during welding.
The values of residual welding stress component 6_
were respectively assumed to be equal to o, of AMg6
alloy at 7 = 20, 150, and 300 °C. The mechanical
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Table 1. Mechanical characteristics of structural elements of the EDT model of AMg6 alloy in the welding process

. . S Modulus of |_,. Relative
Structural element . Density p, Poisson’s .. Yield strength .
Number £th del Material e i T, °C elasticity E, MP elongation
of the mode g/m ratio p GPa o, MPa 5. %
1 20 71 150 22
Plate of
2 300%200x2—8 mm AMg6 2640 0.34 150 60 120 40
3 300 55 50 55
4 Electrode with a MI 8940 0.35 20 128 300 6
diameter of 15 mm

characteristics of metal materials used in the model-
ling at 7 = 20, 150, and 300 °C are given in Table 1.
The set T values correspond to the location of the
electrode-indenter along the weld line at a distance
L. behind the welding heat source (Figure 2).
According to the results of previous experimen-
tal studies, it was found that the electrode-indent-
er obtained a value of ¥, = 5 m/s (at the condition
E.=1KklJ), and its temperature during welding did
not exceed 20 °C [8]. Therefore, the properties of the
electrode-indenter during its contact interaction with
the plate were set exclusively for 7= 20 °C (Table 1).

MODELLING RESULTS
AND THEIR DISCUSSION

As is known, 6 _component has a much greater influ-
ence on RSS of welded joints compared to o, [11].
As a result of modelling, the axonometric surfaces
of the distribution of c_ stress component (instan-
taneous stresses) across the metal thickness at the
moment of completion of the contact interaction at
T=20, 150 and 300 °C of the electrode-indenter with
a plate & = 2 mm (Figure 3), =4 mm (Figure 4) and
0 = 8 mm (Figure 5) along the shock line (SL) at the

' ]
Lepr i
Figure 2. Scheme of EDT in the welding process, where V, is the
welding direction; / — welding torch; 2 — system for dynamic load-
ing of EDT electrode; 3 — electrode device for EDT; L, — dis-
tance between the axes of the electrodes for welding and EDT [8]

points B and C (Figure 1), as well as on the X axis at a
distance of 5 mm (Figure 3, @) from SL to evaluate the
stress distribution along the center line of the weld.
Analysing the results of Figures 3—5 in general, it
should be noted that after EDT at 7= 150 and 300 °C,
stresses are formed in the plates that slightly exceed
the value of c, = AT) (Table 1). However, the mod-

—162.76

—160.56

{
|
|

o e
e e

(o
i
{
g
%:
!
;
i
\
.
(L
9’6_
0’9
i

¢
o
|

il
!
i
!
@
i
|
i
i
)
&e
i
i
e
!
e
e
9
o
!
¢

00

tit
{
Q.
é 1
|
!
!

6_.
)
o
eﬁe
i)
|
|
k

j
i
h
’3’
i

CRRRBRRR )

i
i
i
i
i)
i
1
i
|
\

i

X
i
i
W
A
W
W
é&

/

[
%z
ARy

AREEE
ATTL AT
LT RN

TR
TR BT

{64949

[

Figure 3. Instantaneous patterns of the distribution of val-
ues (MPa) of stress 6 components in the plate of AMg6 alloy
§ =2 mm at the moment of completion of the EDT action along
the shock line (SL) between the points B and C (Figure 2) and at a
distance of 5 mm from the line B-C: @ — o _at T=20°C; b —o,
at T=150°C; c — o, at T=300 °C '
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Figure 4. Instantaneous patterns of the calculated distribution of
values (MPa) of stress 6_components in the plate of AMg6 alloy
6 =4 mm at the moment of completion of the EDT action along
the shock line (SL) between the points B and C and at a distance
of 5 mm from the line B-C: @ — c_at T = 20 °C; b — c_at
T'=150°C;c—oc_ at T=300°C

elling results allow (in terms of quality) comparing
RSS of plates 6 = 2-8 mm after EDT at different T’
and determining the optimal 7 value, at which the
highest efficiency of EDT action on RSS of welded
joints is achieved. The dominance of instantaneous
compression 6 _stresses along SL in the entire con-
sidered range of 6 and T can be seen. At a distance of
5 mm from SL, the pattern is slightly different. Thus,
if for o _components in the range of 6 = 2-4 mm at
all T values, compression stresses dominate, then for
6 = 8 mm, a change in the sign of stresses across the
thickness of the plate from compression at the point B
to tension at the point C is characteristic.

Figure 3 shows the results of computation of
the instantaneous distributions of o_in the plates
0 =2 mm. It can be seen that along SL, 6_ components
are exclusively compression stresses on the contact
(point B) and back (point C) surfaces of the plates.
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Figure 5. Instantaneous patterns of the calculated distribution of
values (MPa) of stress 6, 6, components in the plate of AMg6
alloy 6 = 8 mm at the moment of completion of the EDT action
along the line between the points B and C (Figure 2) and at a dis-
tance of 5 mm from the line B-C: @ — o at T=20°C; b — o at
T=150°C;c—oc_ at T=300°C

The values of stresses along SL reach o = f(T) for
AMg6 alloy at T = 20 °C (Figure 3, a) and 300 °C
(Figure 3, ¢) and grow to 1.30, at 150 °C (Figure 3,
b). At a distance of 5 mm from SL, the compression 6_
values decrease from 6 on the outer surface to 0.40,
on the back one at 7= 20 °C (Figure 3, @) from 1.25
to 0.50 at 7'=150 °C (Figure 3, b) and are close to o,
at 300 °C on both surfaces (Figure 3, ¢).

Comparing the instantaneous distributions of o,
component at 7= 20, 150 and 300 °C, which is dom-
inant during the formation of residual welding stress-
es, it should be noted that the optimal temperature for
EDT is 150 °C, at which the maximum level of com-
pression (instantaneous) stresses is achieved at the
moment of completion of contact interaction.

Figure 4 shows the results of computation of the in-
stantaneous distributions of ¢_in the plates 8 = 4 mm.
It is possible to see some differences in stress distri-
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butions from the previous results (8 = 2 mm), which
are associated with an increase in the thickness of the
treated plates. Thus, along SL and at a distance of
5 mm from it, the values of 6_compression are gener-
ally lower than at § =2 mm.

The components of compression ¢ _along SL
(from the point B to the point C) reach the values
respectively from 0.9c to 0.7c for AMg6 alloy at
T=20°C (Figure 4, a) l.lo at 150 °C (Figure 4, c,
d), i.e., lower than for 6 =2 mm At T=300 °C, the
distributions of 6 _compression are close to o, (Fig-
ure 4, e, f), as well as for the plates 6 =2 mm. Even
on the back surface, the values of 6_compression
grow to 1.2 . Comparing the values of o, stresses
at T=20 and 150 °C (Figure 4, a, b), it is poss1ble
to see that, as for the plates 8 = 2 mm, heating to
150 © C contributes to higher instantaneous stresses
compared to EDT at 7= 20 °C. But the further in-
crease in the temperature of the contact interaction
of up to 300 °C does not cause noticeable differ-
ences in the instantaneous stress state compared to
those obtained at lower T values.

The 6_compression component at 7= 20 °C at a
distance of 5 mm from SL reaches the values from
0.54c, on the outer to 0.27c, on the back surface of
the plate (Figure 4, a). The compression c_ stresses
at a distance of 5 mm from SL reach the values from
0.79c, on the outer to 0.426 on the back surfaces of
AMg6 alloy at 7 = 150 oC (Figure 4, b). Instanta-
neous stresses reach the maximum values at 300 °C.
Thus, the 6, compression component at a distance of
5 mm from SL reaches the values from 1 40 on the
outer to 0.94c on the back surfaces of AMg6 alloy at
T =300 °C (Figure 4, c).

Figure 5 shows the results of computation of the in-
stantaneous distributions of ¢_in the plates = 8 mm,
which differ significantly from the stress states of the
plates 6 = 2 and 4 mm. It can be seen that both along
SL, as well as at a distance of 5 mm from it, ¢ _transfer
from compression stresses on the outer surface to ten-
sile stresses on the back one in the entire investigated
temperature range.

Thus, at 7' = 20 °C, the values of ¢_along SL
change from 0.48c compression on the outer surface
to o, tensile on the opposite one, and at a distance
of 5 mm from SL — from 0. 460y compression on
the outer to 0. 60, tensile on the opposite one (Fig-
ure 5, a). At T = 150 °C, the values of c_along SL
change from 0.64c, compression on the outer surface
to 1.2¢, tensile on the opposite one, and at a distance
of 5 mm from SL — from 0.90, compression on the
outer surface to 0.760, tensile on the opposite one
(Figure 5, b).

When T grows to 300 °C, the metal undergoes in-
tense elastic-plastic flow during EDT, which can be
explained by high-temperature heating of a significant
volume (compared to 6 = 2—4 mm) of metal in the
contact zone. Thus, the values of compression 6_on
the contact surface (point B) and tension on the back
surface (point C) of the plate along SL and at a dis-
tance of 5 mm from SL exceed G, (Figure 5, ¢).

Table 2 presents the generalized results of model-
ing RSS of the o_component along SL and at a dis-
tance of 5 mm from SL for the plates & = 2-8 mm
after EDT at different T. The stress values are given
in relation to 6 = A7) (Table 1), which correspond
to T value, for which the contact interaction was cal-
culated. The lines 1, 4, and 7 show the values of the

Table 2. Relative values of RSS 6 _component in the butt joints of AMg6 alloy 6 = 2; 4 and 8 mm after their EDT under conditions of

heating to 7= 20, 150 and 300 OC

Values of ¢ xc_at the points Valu.es of 0,xc, at the points
s at a distance of 5 mm from the
Number | &, mm T,°C along the line B-C line B_C
B 8/2 C B 8/2 C

1 RSS at 20 °C* -1 -1 -1 -1 0.5 -0.4

2 2 RSS at 20 °C” after EDT at 7= 150 °C -1.2 -1.26 -1.23 -1.16 —0.66 0.5

3 RSS at 20 °C" after EDT at 7= 300 °C -0.43 -0.45 —-0.46 -0.4 -0.32 -0.4

4 RSS at 20 °C* —0.88 -1.0 —-0.72 —0.54 -0.2 -0.27

5 4 RSS at 20 °C" after EDT at 7= 150 °C -0.93 -1.0 —0.83 -0.73 -0.34 -0.43

6 RSS at 20 °C” after EDT at 7= 300 °C —0.44 0.5 -0.54 —-0.49 —-0.38 -0.41

7 RSS at 20 °C” —-0.48 -0.4 1 —-0.46 0.2 0.6

8 8 RSS at 20 °C" after EDT at 7= 150 °C —0.59 —0.53 1.15 —0.83 0.17 0.72

9 RSS at 20 °C" after EDT at 7= 300 °C -0.7 —0.66 1.0 -1.2 0 0.5
“RSS values are given in relation to o, =f(T) in Table 1.

15




L.M. Lobanov et al.

o, RSS component of the plates, respectively, & = 2,
4; and 8 mm after EDT at 7= 20 °C. In the lines 2, 5
and 8, residual ¢_for 8 = 2, 4 and 8 mm after cooling
from 7= 150 to 20 °C and in 3, 6 and 9 similarly after
cooling from 7=300 to 7= 20 °C.

When comparing the data of the lines 1, 4, and 7
for 7= 20 °C, the lines 2, 5, and 8 for 7= 150 °C, and
the lines 3, 6, and 9 for 300 °C, it can be seen that EDT
of the plates 6 = 2—4 mm at 7'= 20-300 °C along SL
promotes the formation of compression ¢ . However,
the effect of treatment is significantly reduced when
o grows to 8 mm, which contributes to the reduction
of peak values of compression stresses and transition
from compression on the contact (at the point B) to
tensile on the back (point C) surfaces.

For the section “5 mm from SL” the pattern is
somewhat different. For example, when 6 grows from
2 to 4 mm, the values of compression ¢ decrease al-
most by half from the outer surface — point B to the
back one — point C. Thus, with an increase in 9, the
effect of EDT on the metal of welded joint near the
fusion line decreases. An increase in 6 to 8 mm deter-
mines a decrease in the peak compression 6_ stresses
compared to 6 = 2—4 mm and the formation of tensile
stresses on the sections 6/2 and on the back surface at
the point C.

Summarizing the abovementioned data, it should
be noted that for EDT application when 6 = 2—4 mm,
the optimal 7 value is 150 °C, at which AMg6 alloy
does not significantly lose its elastic properties (see
Table 1).

However, for 6 = 8 mm, the action of 7" does not
have such a noticeable effect on the efficiency of
EDT for RSS correction (at a set V value), as for
0 = 2-4 mm. When comparing the lines 7, 8 and 9, it
is possible to see a slight difference in 6_values, that
were obtained as a result of EDT at 7= 20-300 °C for
0 =2-4 mm.

Based on the results of Figures 3—5 and Table 2,
it should be noted that at a set vertical velocity V)
of the electrode-indenter (Figure 1), one-sided EDT
contributes to the formation of compression RSS on
both surfaces of the welded joints of AMg6 alloy
plates 6 = 2—4 mm in contrast to 6 = 8§ mm, where
tensile stresses are formed on the back surface. Thus,
at V= 5 m/s, it is advisable to carry out double-sided
EDT of AMg6 alloy plates 6 = 8§ mm to obtain com-
pression RSS on both sides of the welded joints.

The obtained results can be explained by the fact
that EDT at 7 = 150 °C initiates the formation of
higher relative instantaneous c_stresses compared to
stresses at 7= 20 °C. This contributes to the formation
of higher compression RSS when the plate cools down
compared to RSS after EDT at 7= 20 °C. The given
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results can be explained by the fact that at 7= 150 °C,
AMg6 alloy does not yet lose its elastic properties,
and thermal exposure additionally stimulates stress
relaxation mechanisms, which is confirmed by the
data [7]. However, during EDT at 7= 300 °C, instan-
taneous stresses, the values of which are lower than at
T =150 °C, respectively, contribute to the formation
of lower compressive RSS (compared to RSS after
EDT at 7= 150 °C).

The presented computational results showed that
EDT of the welded joint metal 6 = 2—-8 mm of AMg6
alloy, performed at 7= 150 °C (which models treat-
ment in a single process in simultaneously with fu-
sion welding), is more efficient compared to EDT at
T=300 °C or with separate EDT after welding (which
corresponds to EDT at 7'= 20 °C). The efficiency of
EDT is determined by the formation of higher com-
pression RSS values of the produced welded joint. At
the same time, to form compression RSS across the
thickness of welded joints 6 = 2—4 mm, it is enough
to perform one-sided EDT (at a set V value) and dou-
ble-sided EDT for 6 = 8 mm.

CONCLUSIONS

1. On the basis of the developed mathematical model
of the dynamic interaction of the electrode-indenter
with a butt welded joint of AMg6 alloy 6 =2—8 mm, a
numerical evaluation of the effect of 6 on the kinetics
of stresses and RSS of plates as a result of electrody-
namic treatment (EDT) at elevated temperatures was
carried out.

2. According to the results of computations, it was
proved that the use of EDT of AMg6 alloy weld met-
al & = 2-8 mm, performed at 7 = 150 °C (condition
for modelling EDT in a single process simultaneous-
ly with fusion welding), contributes to the formation
of higher compression RSS stresses compared to
EDT at 7' = 300 °C or separate EDT after welding at
T=20°C.

3. At the same time, to form compression RSS
across the thickness of welded joints 6 = 2—4 mm, it is
sufficient to perform one-sided EDT (at a set value of
contact velocity V), and double-sided for 6 = 8 mm.
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