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ABSTRACT
the calculated evaluation of effect of impact interaction of the electrode-indenter with a welded plate of amg61 alloy at its 
electrodynamic treatment (eDt) in the conditions of elevated temperatures was carried out. the solution of the problem was 
carried out in a flat two-dimensional Lagrangian statement based on a previously developed mathematical model using 
ansys/ls-Dyna software. the thermal cycle of welding was set by mechanical characteristics of amg61 alloy at tem-
peratures of 150 and 300 °C. the results of the calculation of residual stresses during impact action of the electrode-indenter 
at room and elevated temperatures in preliminary tensioned plates of amg61 alloy of 3 mm thickness were presented. It is 
shown that the most acceptable temperature (from the studied temperature values) for the electrodynamic treatment of amg61 
alloy is 150 °C. Based on the results of the studies, it was found that the electrodynamic treatment of a welded joint specimen 
in the form of a plate preliminary loaded with elastic tension, leads to the transition of residual welding tensile stresses into 
compression stresses.

KEYWORDS: electrodynamic treatment, residual welding stresses, aluminium alloy, electric current pulse, impact interac-
tion, finite-element model, electrode-indenter, elastic-plastic flow theory, fusion welding.

INTRODUCTION
the relevance of the problem of regulating residual 
welding stresses and strains in structures of alumin-
ium alloys is caused by an increase in their use in 
various fields of mechanical engineering. Traditional 
technologies for reducing the level of residual weld-
ing stresses based on the mechanical or thermal effect 
on the welded joint metal is associated with signifi-
cant difficulties [1, 2].

a challenging method of regulating stress-strain 
states of welded structures is electrodynamic treat-
ment (EDT) of welded joints, whose efficiency in in-
creasing the accuracy and service life of light alloys 
is proven in [3, 4]. In eDt, the weld metal is sub-
jected to a volumetric electrodynamic effect, which 
initiates an electroplastic effect (epe) in the treatment 
zone and, as a consequence, the relaxation of residual 
welding stresses [5].

the use of eDt, taking into account the features of 
the process of welding, is a new trend of engineering 
practice, which facilitates an expansion of the capa-
bilities of the method. the study of measures aimed 
at improving the efficiency of the EDT process is 
relevant, one of which is the accompanying heating 

of the electric-pulse effect zone, which, according to 
data [6], stimulates the mechanisms for relaxation of 
tensile stresses of low-carbon steel specimens.

the realization of eDt technology in the process 
of welding contributes to more intensive relaxation 
of welding stresses as a result of eDt as compared 
to the treatment of the weld metal at room tempera-
ture. It should be noted that until now, the theoretical 
and experimental studies of the effect of heat from the 
source of welding heating on the efficiency of EDT 
use as a method of regulating residual welding stresses 
have not been carried out. the search for the optimal 
eDt mode in the conditions of welding is associated 
with the experimental evaluation of electrophysical 
and mechanical characteristics of the material being 
treated. an alternative solution to the problem is the 
mathematical modeling of the eDt process, which 
allows evaluating the evolution of stress-strain states 
of welded joints as a result of EDT [7‒9]. This is rele-
vant for optimizing the technology of metal structure 
treatment in the conditions of their welding.

the aim of the work is the calculated evaluation of 
stress-strain states of metal materials under the effect 
of eDt in the process of welding (at elevated tem-
peratures).
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MATHEMATICAL MODEL AND DISCUSSION 
OF CALCULATION RESULTS
modeling of stress-strain states of welded joints as a 
result of eDt in the conditions of elevated tempera-
tures is performed using a simplified two-dimension-
al (2D) flat statement. The calculation scheme of the 
problem of the process of impact interaction of the 
electrode-indenter with the plates [7] is presented in 
figure 1. the solution of the problem was performed 
with the use of ansys/ls-Dyna software. to con-
struct a finite-element mesh, a flat two-dimensional 
finite element sOlID 162 in the form of a rectan-
gle was used. Computer modeling was performed on 
the base of a lagrangian approach using a moving 
finite-element mesh, which is rigidly related to the en-
vironment and deforms together with it [10, 11].

the presence of a geometric symmetry of the elec-
trode 1 and the plate 2, being in impact interaction, al-
lows considering only half of their cross-section in the 
calculation scheme with a simultaneous imposition of 
boundary conditions.

these conditions include the imposition of a pro-
hibition on the movement of nodes of a finite-element 
mesh (fem) of the bodies located on the symmetry 
axis, in the horizontal direction X. leaning of a weld-
ed joint against an absolutely rigid base 3 (figure 1) 
was considered, which in the mathematical statement 
is equivalent to the prohibition of fem-nodes on the 
movement in the vertical direction Z, which belong to 

the lower surface of the plate 2, which contacts with 
the desktop 3.

for numerical modeling, a continuous model of 
elastic-plastic environment (of a plate) under study 
was used. this allowed recording the laws of mass 
conservation, amount of movement and energy in the 
form of differential equations in partial derivatives. 
to study the processes associated with large plastic 
deformations of the environment, the theory of plastic 
flow was used, considering plastic deformation of a 
solid body as a state of movement on the base of re-
spective Prandtl‒Reuss ratios [7].

as an experimental metal material of a welded 
plate, amg61 alloy of al–mg system was used.

In the mathematical statement, the behavior of 
the plate materials (aluminium amg61 alloy) and the 
electrode-indenter (m1 copper) under the action of 
external pulse load was described using the ideal elas-
tic-plastic model of the material [9‒11]. This model in 
the library of ansys/ls-Dyna software materials 
is called plastIC-KInematIC.

the thermal effect was applied on the plate by vari-
ation of the values of elasticity modulus E and yield 
strength σy of amg61 alloy at the values of tempera-
ture T = 150 and 300 °C. the mechanical character-
istics of the metal materials involved in modeling at 
different values of temperature T are given in table 1.

the choice of T values is predetermined by model-
ing the use of eDt in combination with the process of 
welding, where the specified T values correspond to 
the location of the electrode-indenter along the weld 
line at a distance LeDt behind the source of welding 
heating (figure 2). modeling of the stress state was 
also performed for the values of E and σy at T = 20 °C 
with the aim of comparing the EDT efficiency after 
weld cooling (at T = 20 °C, line 1) and in the process 
of welding (T = 150 and 300 °C, lines 2, 3).

according to the results of previous experimental 
studies, it was found that the electrode-indenter re-
ceived a value V0 = 5 m/s, and its temperature in the 
process of welding did not exceed 20 °C [7]. there-
fore, the properties of the electrode-indenter at its 
contact interaction with the plate were set exclusively 
for T = 20 °C (table 1, line 4).

Figure 1. Calculation scheme of the process of dynamic load-
ing of the plate during eDt: 1 — electrode-indenter; 2 — treated 
specimen; 3 — absolutely rigid base; a — point on the outer sur-
face of the indenter-electrode; B — point on the outer surface of 
the plate; C — point on the back surface of the plate; V0 — speed 
of movement of the indenter-electrode [11]

Table 1. mechanical characteristics of structural elements of eDt model of amg61 alloy in the process of welding

number
structural 

element of the 
model

material Density ρ, 
kg/m3

poisson’s 
ratio, μ Т, ºС

modulus 
of elasticity E, 

gpa

yield strength 
σy, mpa

relative 
elongation 

δ,%

1
plate of 

300×200×3 mm amg61 640 0.34
20 71 150 22

2 150 60 120 40
3 300 55 50 55

4 electrode of 
15 mm diameter М1 8940 0.35 20 128 300 6
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the choice of T values is predetermined by the re-
sults of [12], where the mechanism of eDt action on 
the relaxation of stresses ∆σ of the plane specimens 
of amg61 alloy during their load with longitudinal 
(along the main axis of the specimen) tension σ0 was 
studied. the work shows that the maximum values 
∆σ that determined the efficiency of treatment were 
achieved during tension of the specimens to σ0 = σy.

welding heating creates thermal expansion of met-
al in the treatment zone. according to the data of ta-
ble 1, at an increase in T, the values of elasticity σy of 
AMg61 alloy decrease, and plasticity δ increase. This, 
based on the results [12], contributes to intensification 
of the process of relaxation Δσ of residual welding 
stresses at lower values σy at a constant energy level 
EeDt of electrodynamic action. I.e., at EeDt = const, the 
values ∆σ have an inverse dependence on σy. the re-
laxation mechanisms are based on the synergy of the 
electroplasticity effect and superposition of the wave 
of elastic stresses from EDT with the field of residual 
welding stresses [3, 12].

The justification of the choice of the range T was 
based on the following provisions. at T = 150 °C (ta-
ble 1, line 2), amg61 alloy maintains elastic proper-
ties, that makes the contribution of the elastic wave 
of stresses to the relaxation of stress states dominant 
as compared to the electroplastic component. at 
T = 300 °C (table 1, line 3), the opposite is observed, 
i.e. amg61 alloy has high plasticity at low elasticity. 
this makes the plastic component in the process of 
stress relaxation dominant. modeling of stress states 
at different T values allows optimizing the conditions 
of thermal effect on the action of eDt in the process 
of welding.

welding stresses in the plane of the plate were mod-
eled by setting the values of longitudinal σx (along the 
axis x in Figure 1) and transverse σy (along the normal 
to the axis x) components of tensile stresses. the val-
ues σx and σy were respectively accepted equal to σy 
and 0.5σy of amg61 alloy at T = 20, 150 and 300 °C. 
the result of modeling is the distribution of compo-
nents σx and σy of temporary and residual stresses over 
the thickness of the plate in the points B, C between 
them after its dynamic loading along the axis z, as is 
shown in figure 3. the distribution of temporary and 
residual σx and σy was modeled at a distance of 5 mm 
from the line B‒C on both surfaces of the plate and 
between them. this allowed determining the nature 
of EDT action distribution from the line B‒C over the 
thickness of the plate.

The distribution of stresses σx and σy along the 
line B–C (figure 3) and at a distance of 5 mm from 
it after eDt at T = 20, 150 and 300 °C were con-
sidered.

figure 3 shows the results of modeling distribu-
tion of stresses σx and σy in the form of axonometric 
surfaces in the cross-section of the plates δ = 3 mm 
at the moment of completion (instant patterns) of the 
eDt contact action at a temperature T = 20, 150 and 
300 °C. figure 3 shows the values of stresses along 
the line between the points B and C and at a distance 
of 5 mm from the line B‒C. Analyzing the results of 
figure 3 in general, it is possible to see the dominance 
of compression stresses throughout the whole con-
sidered temperature range both on the section B‒C 
(i.e., along the contact action line) and at a distance 
of 5 mm from it.

the temperature effect on the plates of amg61 alloy 
in the conditions of contact interaction with the indenter 
causes certain features of the formation of stress-strain 
states of the specimens to be considered below.

Figure 4 presents distribution of stresses σx along 
the line between the points B and C (figure 1) of the 
plates of AMg61 alloy δ = 3 mm after EDT at a vari-
ation of temperature effect T. the feasibility of study-
ing the component σx is associated with its dominant 
effect on service characteristics of welded joints [2].

In figure 4, a, b it can be seen that near the middle 
of the plane of the plate (z = δ/2), an increase in the 
values σx in relation to stresses in the points B and C 
occurs. This is explained by the effect of reflection of 
stress wave at eDt from the absolute rigid base 3 (see 
Figure 2). The mathematical model of the reflection 
mechanism and verification of the results of the calcu-
lation at T = 20 ° C is considered in [11].

using the data from table 1, the analysis not of the 
absolute values of stresses σx and σy was carried out, 
but those derived with respect to σy. this, given the 
dependence σy = f(T), allowed carrying out the correct 

Figure 2. scheme of eDt in the process of welding: vw — weld-
ing direction; 1 — welding torch; 2 — eccentric; 3 — electrode 
device of eDt; LeDt — distance between the axes of electrodes 
for welding and eDt
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comparative evaluation of the effect of variations of T 
values on EDT efficiency.

At 20 °C along the line B–C, the values σx and σy 
of compression stresses in the point B are higher than 
in the point C (figure 3, a, b). Thus, in the point B, σx 
reaches the values –0.88σy and in the point C –0.75σy 
and σy in the point B reaches –0.74σy and –0.6σy in the 
point C. at the area of the cross-section, which corre-
sponds to half of the thickness of the plate (further — 
area δ/2), σx and σy reach the values, respectively –σy 
(figure 4, a for σx) and –0.9σy. I.e., the area near the 
middle of the plate (z = δ/2) is subjected to the maxi-
mum effect of σx and σy stresses after eDt at T = 20 °C.

while removing from the line B–C by 5 mm, a 
decrease in stresses and a change in the nature of 
their distribution over the thickness of the plate is 
observed (figure 3, a, b). Thus, the compression σx 

reaches –0.55σy in the point B and –0,27σy — in the 
point C. In the area δ/2, σx reach –0.2 σy. at the same 
time, while removing by 5 mm from the line B‒C, σy 
are tensile, which reach 0.2σy in the point B, monot-
onously reduced to 0.06σy in the point δ/2 and almost 
to zero in the point C.

an increase in the treatment temperature to 150 °C 
(figure 3, c, d) has a positive effect (as compared to 
T = 20 °C) on the value and the nature of distribu-
tion of compression stresses in the cross-section of the 
plate. at the same time, the area of action of com-
pression stresses σx on the cross-section of the plate 
is slightly larger than the area of action at T = 20 °C 
(figure 3, a, b). In the point B, compression σx and 
σy, as well as at T = 20 °C, are larger than on the re-
verse one. Thus, in the point B, the values σx and σy 
reach respectively –σy and –0.8σy of amg61 alloy at 

Figure 3. Instantaneous patterns of calculated distribution of values (MPa) of components of stresses σx, σy in the plate of amg61 alloy 
δ = 3 mm at the moment of completion of the EDT action along the line between the points B and C (Figure 2) and at a distance of 
5 mm from the line B–C: а — σx at T = 20 °C; b — σy at T = 20 °C; c — σx at T = 150 °C; d — σy at T = 150 °C; e — σx at T = 300 °С; 
f — σy at 300 °С
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T = 150 °C and –0.95 and –0.77σy during cooling to 
T = 20 °C (figure 4, b for σx). In the point δ/2, the 
values σx and σy reach σy for temperatures T = 150 and 
20 °C. In the point B, σx reach ‒0.85σy, σy = –0.71σy 
at T = 150 °C and σx = ‒0.89σy, and σy = ‒0.74σy at 
T = 20 °C (figure 4, b for σx).

While removing by 5 mm from the line B‒C, as in 
the previous case, the compression stresses on the facial 
side of the plate are higher than the absolute value un-
like on the side of the backing plate. at T = 150 °C, the 
maximum compression values σx in the point B reach 
‒0.8σy (figure 3, c) and during cooling to 20 °C, they 
reach –0.75σy. at T = 150 and 20 °C, the maximum val-
ues of tensile σy on the contact surface reach 0.15σy. On 
the area δ/2, the values of compression σx reach ‒0.34σy, 
and tensile σy, respectively, 0.07σy for temperatures 150 
and 20 °C. In the point C, the compression σx reach 
‒0.43σy and σy are close to zero in the considered tem-
perature range. The distribution of σy over the cross-sec-
tion of the plate increases slightly, as compared to the 
results of figure 3, b. While comparing the values σx 
while removing by 5 mm from the line B‒C at T = 20 
and 150 °C, it can be seen that the thermal effect con-
tributes to the formation of greater compression stresses 
than after eDt at room temperature.

as compared to eDt at T = 20 °C, it can be seen 
that an increase in the treatment temperature to 300 °C 
(figure 3, e, f) promotes the distribution of compres-
sion stresses over the thickness of the plate and re-
duction of their values as compared to the results at 
T = 20 and 150 °C (figure 3, a‒d). In the point B, the 
values of σx and σy of compression stresses, unlike the 
previous variants, are lower than in the point C and 
reach ‒σy at T = 300 °C and –0.44σy during cooling to 
T = 20 °C (figure 4, c for σx). In the point δ/2, com-
pression σx and σy reach the values –σy for T = 300 °C 
and –0.54σy for T = 20 °C. In the point C, compres-
sion σx and σy reach ‒σy at T = 300 °C and ‒0.5σy at 
T = 20 °C. at the same time, the area of action of 

stresses σx (figure 3, d) over the cross-section of the 
plate three times increases as compared to the variant 
of eDt at T = 20 °C (figure 3, a).

While removing by 5 mm from the line B‒C, as 
in the previous variants of the calculation, the reduc-
tion of stresses (figure 3, e, f) is determined. thus, the 
maximum values of the compression σx in the point B 
reach ‒σy at T = 300 °C. During cooling to T = 20 °C, 
the compression σx in the point B reach –0.49σy (fig-
ure 4, c). The stresses σy while removing by 5 mm 

Figure 4. Stresses σx along the line between the points B and C 
(Figure 2) of plates of AMg61 alloy δ = 3 mm after EDT at a 
temperature T and cooling to T = 20 °С, where the curve 1 — σx 
(instantaneous) at the moment of completion of contact interac-
tion at elevated temperatures; curve 2 — σx at room temperature: 
а — Т = 20 °С; b — 150; c — 300

Table 2. Relative values of stress components σx and σy in the plate of AMg61 alloy δ = 3 after EDT at the variation of values of tem-
perature T of its accompanying heating

number Т, °С

Line B‒C 5 mm from the line B‒C

σх σу σх σу

B, ×σy δ/2, ×σy C,×σy B, ×σy δ/2, ×σy C,×σy

5 mm 
from the 

B ×σy

5 mm 
from the 
δ/2 ×σy

5 mm 
from the 

C ×σy

5 mm 
from the 

B ×σy

5 mm 
from the 
δ/2 ×σy

5 mm 
from the 

C ×σy

1 20 ‒0.88 ‒1.0 ‒0.75 ‒0.74 ‒0.9 ‒0.6 ‒0.55 ‒0.2 ‒0.27 0.2 0.06 0
2 150 ‒1.0 ‒1.0 ‒0.85 ‒0.8 ‒1.0 ‒0.71 ‒0.8 ‒0.34 ‒0.43 0.15 0.07 0

3 20 after cooling from 
Т = 150 °С ‒0.95 ‒1.0 ‒0.89 ‒0.77 ‒1.0 ‒0.74 ‒0.75 ‒0.34 ‒0.43 0.15 0.07 0

4 300 ‒1.0 ‒1.0 ‒1.0 ‒1.0 ‒1.0 ‒1.0 ‒1.0 ‒0.88 ‒1.0 ‒0.6 ‒0.54 ‒0.34

5 20 after cooling from 
Т = 300 °С ‒0.44 ‒0.54 ‒0.5 ‒0.44 ‒0.54 ‒0.5 ‒0.49 ‒0.38 ‒0.41 ‒0.24 ‒0.24 ‒0.14



8

L.M. Lobanov et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

from the line B–C are compressive over the thickness 
of the plate in the range of T from 300 to 20 °C. On 
the surface near the point B at T = 300 °C, σy reach 
–0.6σy and at T = 20 °C respectively –0.24σy.

In the point δ/2, the compressions reach –0.88σy 
at T = 300 °C and –0.38σy at T = 20 °C (figure 4, 
c). In the p  δ/2, the compressions σy reach the val-
ues –0.54σy at T = 300 °C and –0.24σy at T = 20 °C. 
On the surface near the point C, the compressions σx 
at T = 300 °C reach ‒σy, and at T = 20 °C they de-
crease to –0.41σy (figure 4, c). On the surface near the 
point C, compressions σy at T = 300 °C reach –0.34σy, 
and at T = 20 °C they also decrease to ‒0.14σy. also, 
the distribution of σy across the cross-section of the 
plate increases significantly as compared to the results 
of figure 3, b. When comparing the values of σy while 
removing by 5 mm from the line B‒C at T = 20 and 
300 °C, it should be noted that the thermal effect con-
tributes to the expansion of the area of action of com-
pressive stresses at a decrease in their values.

the results of modeling described above are sum-
marized in table 2. when comparing the lines 1 and 
2 and 1 and 4, it can be seen that the thermal action, 
which accompanies eDt, initiates more instanta-
neous values of stresses (in relation to σy) at elevated 
temperatures as compared to σx and σy at T= 20 °С. 
this contributes to the formation of higher compres-
sive stresses during cooling of the plate as compared 
to the stress state after eDt at T = 20 °С. When com-
paring the lines 1 and 3, it can be seen that eDt of 
the plates of AMg61 alloy δ = 3 mm under the con-
ditions of their thermoelastic heating (at T= 150 °С) 
is more effective than at T = 20 °С. However, at EDT 
at the temperature of thermoplasticity (Т = 300 °С), 
high values of instantaneous stresses, which are 
comparable to σx and σy at Т = 150 °С (respectively, 
lines 4 and 2), form significantly lower residual com-
pressive stresses, which is seen at comparison of the 
lines 3 and 5. this fact can be explained by the fact 
that at low values σy at T = 300 °C (table 1, line 3), 
relaxation processes take place less intensively than 
at elastic heating to T = 150 °C, which indicates the 
dominance of the elastic component in the formation 
of stress-strain states in EDT. This is confirmed by the 
results of [12], which proved that the most effective is 
eDt of plane specimens of amg6 alloy, which were 
previously tensioned to σy. I.e., preheating of the spec-
imens to T = 150 °С according to [12], contributes to 
the maximum efficiency of EDT.

CONCLUSIONS
1. It was proved that the use of electrodynamic treat-
ment (eDt) of the weld metal, which is performed in 
a single process synchronously with fusion welding, 
is more effective as compared to separate eDt after 

welding, which is expressed in a more optimal residu-
al stress-strain state of a finished welded joint.

2. On the basis of the previously developed math-
ematical model of the impact interaction of the elec-
trode-indenter with the welded plate of amg61 alloy, a 
numerical calculated evaluation of its stress states as a 
result of eDt at elevated temperatures was carried out.

3. using the mathematical model of the mecha-
nism of impact interaction of the electrode-indenter 
with the welded plate during eDt in the conditions 
of elevated temperatures in a plane two-dimension-
al statement, modeling of stresses at an impact elas-
tic-plastic action of the electrode-indenter at a tem-
perature of 20, 150 and 300 °C in the plate of amg61 
alloy with the thickness of 3 mm was performed. It 
was established that the most satisfactory stress state 
(among investigated) corresponds to eDt at a tem-
perature of 150 °C.
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eQuipMent For roBotic spot plasMa welding
on asyMMetric alternating current

and direct current straight polarity
Spot welding is performed by a plasma arc on alternating asymmetric current to join materials with a re-
fractory oxide fi lm on the surface (aluminum, magnesium and beryllium alloys) or on direct current of direct 
polarity to join materials without a refractory oxide fi lm on the surface (low alloy steels, stainless and high 
strength steels, titanium, copper alloys). Spot joints are formed both without and with the use of fi ller wire 
feed.
The use of this equipment allows:
► to produce lightweight hollow structures (density is lower by 30–60 % compared to solid alloys), which 
consist of several sheets of high-strength aluminum and magnesium alloys with alternating sheets and 
truss (embossed) intermediate layers;
► welding sheets in a multilayer honeycomb panel with a thickness of 0.5 to 3.0 mm, welding sheets to a 
thinner corrugated fi ller, obtaining a honeycomb multilayer panel up to 4 meters wide and up to 12 meters 
long;
► to produce lightweight curvilinear panels by bending the fi rst sheet of the panel according to a template, 
to obtain the required surface shape while ensuring high structural rigidity.

Robotic complex (left) and 
plasma torch (right) with a 
pneumatic clamping mecha-
nism for spot plasma weld-
ing with direct and alternat-
ing asymmetric current of 
increased frequency


