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The residual welding stresses negatively affect the fatigue limit of welded joint, being the main cause for brittle fracture
of metal, i.e. corrosion cracking. Therefore, the development of effective methods for control of welding stresses, char-
acterized by low energy consumption and relatively simple realization, is traditionally an urgent problem for modern
production. At the present time the methods for reducing welding stresses became widespread, based on the influence
of pulses of electric current and magnetic field. Moreover, each of the methods has its advantages and disadvantages,
and evaluation of their efficiency in the control of residual welding stresses represents an urgent problem. In the work
the comparative evaluation of efficiency of control of residual stresses of AMg6 alloy of welded plates was carried out
at treatments by pulsed electromagnetic field (TPEMF) and pulsed current (EDT), applying planar inductors. Using
the method of electron speckle interferometry it was revealed that TPEMF and EDT reduce the initial level of welding
stresses in the zone of pulsed effects to 100 %. 16 Ref., 1 Table, 4 Figures.
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The investigations of influence of residual welding
stresses on strength of welded joints, especially at cy-
clic loading are traditionally relevant in engineering
practice of service of metallic structures. It is connect-
ed with the fact that welding stresses negatively affect
the fatigue limit of welded joint, increasing the rates
of fatigue crack propagation [1, 2]. In this case the
tensile welding stresses at their interaction with corro-
sive-active environment are the main cause for brittle
fracture of metal, i.e. corrosion cracking [3].

Traditionally, technological operations on reduc-
tion of welding stresses are sufficiently labor-inten-
sive and are restricted by thermal or mechanical effect
on the metal of welded joint. The development of ef-
ficient methods for control of welded stresses, char-
acterized by low power consumption and relatively
simple realization, is urgent for modern production.

In scientific and technical publications the results
of investigations of influence of pulses of electric cur-
rent (PEC) and magnetic field (PEMF) on relaxation
of technological stresses [4—6], including residual
welding stresses, are presented [7, 8]. Each of the ef-
fects mentioned above, has its advantages and disad-
vantages and the evaluation of efficiency of control of
residual stresses is a relevant problem.

The aim of the present work was the comparative
evaluation of parameters of treatment using pulsed

electromagnetic field (TPEMF) and pulsed current
(EDT) on reduction of residual stresses in welded
joints of aluminium alloy.

Methods of investigations. To carry out investi-
gations the specimens of welded joint and base metal
of annealed aluminium alloy AMg6 were used. The
mode of preliminary annealing of billets (heating to
320 °C during 1.5 h and furnace cooling ) guaranteed
the absence of technological stresses in metal.

The specimens of welded joint with the weld of
250 mm length were produced of two sheet billets of
360x250%4 mm size in a single pass using automatic
TIG welding (Ar) in the installation ASTV-2M. The
welding mode at the arc voltage U, = 18 V, current
1 =200 A and speed v, = 3.1 mm/s provided the guar-
anteed penetration along the whole length of the joint.
The schemes of performance of TPEMF and EDT of
welded joint are presented in Figure 1.

TPEMEF of weld was performed according to the
scheme presented in Figure 1, a. The inductor L, de-
signed as a single-turn plane circuit, was moved along
the longitudinal axis of the weld at a pitch of 15 mm
after each discharge cycle [8]. The outer diameter of
the inductor D =45 mm, the innerd, =15 mm. The
inductor was rigidly fixed on the surface of welded
plate, which excluded its movement during the dis-
charge cycle. The magnetic field of the inductor was
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excited by a current pulse generated during discharge
of the capacitor on the electric circuit composed of the
circuit inductivity and active resistance of conductors.
The charge of the capacitor C with electric capacity of
600 uF was carried out from the source of a constant
voltage of 3 kV. The commutation of electric circuit
was performed by the control key K. During passing
of electric current through the planar inductor, the
magnetic field was excited, which, interacting with
electric conductive plate, excited eddy currents. The
interaction of magnetic field and the eddy currents in-
duced by it led to generation of electrodynamic force,
which being applied to the surface, generated the so-
called magnetic pressure. The maximum amplitude

IgEMF and the duration of its

of discharge current
effect thMF , recorded using the Rogowski coil [§],
were, respectively, 35 kA and 0.5 ms. The scheme of
TPEMF presented above provided the pulsed electro-
magnetic pressure PPEMF to the local area of a weld at
a simultaneous passing of electric current through that
area [9].

The effect of PPPMF initiated the localized fields of
tensile deformations in the treated metal, the interac-
tion of which with plastic welding compressive defor-
mations facilitated the decrease in the level of residual
stresses. The effect of electric current provided the in-
crease in ductile properties of metal and the reduction
of its resistance to deformation.

The EDT was performed during passing of pulsed
current through the contact area of the copper elec-
trode 2, being a part of the electrode device, with the
surface of welded joint 1 (Figure 1, b). The electrode
device included a planar multi-turn inductor L of di-
ameter D_= 100 mm, and the electrode 2, rigidly con-
nected to the disc 3 of a non-ferromagnetic material.
The interaction of magnetic field of the inductor and
the eddy currents induced by it in the disc 3 results in
generation of electrodynamic force, which transfers
pressure PEPT through the electrode 2 to the contact
area simultaneously with passing of pulsed current
through it. The commutation of electric circuit con-
sisting of capacity, inductance of the inductor and ac-
tive resistance of the conductors, was realized by the
control key K. The EDT was performed at the values
of U, =500 V and C, = 6600 uF and 77*™" and
tPEMF were, respectlvely, 3.1kA and 1.0 ms [10] The
effect of EDT, as well as in the case of TPEMEF, is
determined by summing the two effects, the first of
which is the pulsed pressure PEPT preset by passing
PEC through the inductor L, disc 3 and electrode 2
the value of which reaches 20 kN at U = 500 V. The
second is the electric current of a specified density
which spreads from the contact area. The treatment of
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Figure 1. Scheme of discharge circuit: « — TPEMF [8]; b —
EDT (see description in the text)

weld was performed according to the scheme, similar
to that realized at TPEMF: the inductor was moved
along the fusion line at the pitch of 5—7 mm after each
PEC. In general, the mechanism of influence of PPT
on welded joint is similar to that realized at TPEMF.

The difference of EDT from TPEMEF is in the fact
that in the first case to the treated metal a load is ap-
plied, concentrated in the zone of current-conduct-
ing end of the electrode 2 (Figure 1, b), and in the
second — the load is distributed over the surface of
the inductor L contacting with the treated metal (Fig-
ure 1, a).

To evaluate the influence of TPEMF and EDT on
the stressed state of AMg6 alloy without account for
the welding stresses, the treatment of plates of the
base metal of 360x500%4 mm sizes was performed.
TPEMF and EDT were carried out in the center of the
plates by single PEC at the modes applied for treat-
ment of welded joints. In the process of treatment of
specimens the evaluation of Joule heating [9], initi-
ated by passing PEC and PEMF through the treated
material, was made. In case of TPEMEF, for evaluation
of changes in temperature, temporary distribution of
current density and stressed state of the plate without
a weld the numerical modeling was applied using fi-
nite element method.

During EDT the change in the temperature of Joule
heating in the zone of electrodynamic effects was reg-
istered using thermocouples [11].

For TPEMF and EDT of welded plates the special-
ized assembly devices were used providing position-
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ing of the inductor and a guaranteed contact of the
electrode with the treated surface. The stressed state
of welded plates was determined using the method of
electron speckle interferometry based on the measure-
ment of displacements, arising at the elastic unloading
of metal volume in the investigated points on the sur-
face of specimens caused by drilling blind holes. [12].

Results of experiments and their discussion.
The analysis of results of evaluation of change in val-
ues of the temperature of surface of plates 7, . under
the inductors L (Figure 1, a) at TPEMF, as well as
in the zone of contact interaction of the electrode 2
(Figure 1, b) in the EDT zone, showed influence of
Joule heating on the stressed state of specimens at the
methods of treatment described above is almost ab-
sent. Thus, the peak values of T . at TPEMF did not
exceed 25 °C [8], while at EDT — 30 °C [11], which
has no significant influence on the stressed state of
AMg6 alloy [10].

The evaluation of change in PEC density with time,
i.e.j in the welded plate over the period of its action ¢
at TPEMF and EDT, was carried out (Figure 2). The
dependence j = f(t) at TPEMF was determined by nu-
merical method realized in the finite element formula-
tion. The distribution of j = f(?) at TPEMF, presented
in curve / [8], has the form of attenuated sinusoid,
which is characteristic for the discharge circuit with
active resistance (the role of which is performed by
welded specimen), which is composed of the capac-
itor C and inductance L. The values of j during the
whole period of discharge of the capacitor are within
the range of 1-4 kA/mm?. This indicates the fact that
at TPEMF the reduction in resistance of material to
deformation takes place as a result of electroplastic
effect (EPE) [9]. The EPE is determined as a specific
action of PEC at j > 1 kA/mm?, initiating changes of
plastic properties of the material due to interaction of
conductance electrons with the defects of crystal lat-
tice (dislocations), thus increasing their mobility [13].
This creates conditions for development of inelastic
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Figure 2. Distribution of current density in the annealed plate of
AMg6 alloy & =4 mm after TPEMF [8] (curve /) and EDT (2)
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deformations (microshears) in the area of defects of
crystalline structure, leading to relaxation of residual
stresses of the first type at the macrolevel.

The distribution of j at EDT was registered in the
phase of increment of electrode effect on the treat-
ed surface of the plate. The unipolar character of the
dependence j = f{t) at EDT (curve 2), calculated ac-
cording to the methods, shown in the [11], is preset by
configuration of discharge circuit and is determined
by joint effect of dynamic load at indentation of elec-
trode into the treated material, as well as by direct
passing of PEC through it in the period of discharge
cycle. Moreover, if at contact-free TPEMF, where the
pressure of PT"*MF is realized only by electrodynamic
forces and PEC passes through the constant cross sec-
tion of the plate, then at EDT the change of current in
the area of contact interaction with the treated surface
of electrode occurs, directly depending on the change
of P*PTin time. The change in the area of electrical
contact of electrode with the plate is determined by
the laws of elastic-plastic contact of interaction of
the system «sphere-plane» at a zero initial gap [14].
The temporary ratios of values of pulsed current and
contact area of electrode, determining the change of j
at EDT, are presented in the work [11]. At the initial
stage of increment of pulsed current, corresponding
to the period of time ¢# = 0-0.1 ms (curve 2), the area
of electrical contact of the pair «electrode-metal» is
minimal, which causes an increment of values of j up
to 9.0 kA/mm?. With increase in contact area to the
maximum value at the time ¢ = 0.1-0.6 ms, the value j
monotonously decreases to 0.15 kA/mm?,

Analyzing the distribution j = f{?) at EDT in curve
2, it can be concluded that at the initial phase of in-
dentation of electrode at # = 0—0.2 ms the EPE also
takes place, the influence of which is minimal in the
period of ¢t = 0.2-0.5 ms. The efficiency of EDT, as
is mentioned above, is determined by the combined
effect of current and dynamic components of the pro-
cess. Thus, the dynamic load creates conditions for
breakthrough of barriers by dislocation factions, and a
direct passing of PEC of high density provides propa-
gation of dislocations in a directed flow of conduction
electrons, which corresponds to the concept of elec-
tron-dislocation interaction [9]. In detail the mecha-
nism of effect on the conductive materials at EDT is
described in the work [15].

At the comparison of curves / and 2 in Figure 2 it
can be seen that considering the fact that the influence
of EPE on the structure and ductility of the material
directly depends on the value j [9], the contribution
of EPE to relaxation of stresses at EDT is more ex-
pressed, than at TPEMF. This is connected with pecu-
liarities of passing PEC in the discharge circuits used
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at both types of treatment. Thus, the absolute value
of current density at TPEMF is not more than 4 kA/
mm?, whereas at EDT it reaches 9 kA/mm?. More-
over, for TPEMF the bipolar PEC and for the EDT
the unipolar one are characteristic, which affects the
efficiency of electric pulsed effects. Thus, in the work
[16] it is shown that at the same amount of electrici-
ty and amplitude of PEC, passed through the loaded
specimen, the bipolar pulses cause a lower relaxation
(jump) of stresses, than unipolar ones. This, according
to the authors’ opinion, is caused by the fact that the
successive PEC of different polarity counteract each
other initiating the movement of dislocations in the
opposite directions due to which the resultant of the
Burgers vector is lower than that at the unipolar PEC.

The comparative evaluation of distributions of tan-
gential stresses o, after TPEMF and EDT was carried
out on the surface of the annealed plates of AMg6
alloy (Figure 3). The scheme of applying the effect
of TPEMF and EDT to the plate as well as location
on the specimen of cross-section, where 6, was de-
termined, is shown in Figure 3, a. The diagram of o,
after TPEMF [8] (Figure 3, b, curve /) has a form
of a sinusoid with two zones of tension balanced by
the compression zone located between them. The
first zone of tension with a maximum value of 6, =
=7 MPa was located at the area / = 0—8 mm of the
plate cross-section, located under the center of the in-
ner hole of the inductor. The second zone of tensile
stresses with the maximum value o, = 18 MPa, was
located in the area of the plate / = 2445 mm from
the center of the inductor. The zone of compressive
stresses with the maximum value 6, = —35 MPa, was
located in the area / = 8-24 mm from the center of the
hole. The maximum effects fell on the area of section
of the plate surface located below the generatrix of
the inner cylindrical surface of the inductor L of d,
diameter. Analyzing the distribution of 6, in curve /,
it can be concluded that TPEMF (at the preset process
parameters) facilitates compressive stresses, reaching
not more than 0.25-0.3¢,, in AMg6 alloy.

The distribution of stresses after EDT [11] (Fig-
ure 3, b, curve 2), is characterized by compression area
with the maximum value to 6, =160 MPa, localized
in the zone of contact interaction of electrode 2 (Fig-
ure 1, b) with the treated surface. The compression
zone is balanced by a monotonically decreasing field
of tensile stresses with the peak value o, = 60 MPa,
located at the 15 mm distance from the longitudinal
axis of the electrode. Analyzing the distribution of o
shown in curve 2, it can be concluded that EDT stim-
ulates compressive stresses in the AMg6 alloy, close
to the value of 6, for AMg6 alloy. The distribution
of longitudinal (relatively to the weld axis) 6 compo-
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Figure 3. Tangential stresses 6, in the annealed plate of AMg6
alloy 6 =4 mm after TPEMF [8] and EDT [11]: « — investigated
plate (I — zone of TPEMF effect; 2 — EDT; 3 — section in
which o, was determined); b — distribution of o, after TPEMF
(curve 1), after EDT (2)
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nent of residual welding stresses in the central cross
section of plates before and after TPEMF and EDT, is
shown in Figure 4. It is seen from Figure that before
treatment the maximum values o are close to the con-
ditional yield strength o, of AMg6 alloy. Comparing
the appearance of diagrams c_before (curve /) [7, 8],
as well as after TPEMF (curve 2) [8] and EDT (curve
3) [7], it can be seen that the pulsed effects influence
the distribution of stresses in the treated section.
Analyzing the distribution of 6_presented in curve
2, it can be seen that the area of effective influence
at TPEMF is comparable with the inner diameter of
planar inductor, the value of which is 15 mm. The ar-
rangement of inductor was preset in such a way that
the highest density of power lines of TPEMF fell on
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Figure 4. Distribution of welding residual stresses o_in the
plate of AMg6 alloy & = 4 mm without treatment (curve /), after
TPEMEF [8] (2) and EDT (3)
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Values of electric and mechanical parameters of TPEMF and EDT

Specifi
Charge Discharge Stress before | Stress after Decrease peetiie
Type of Charge voltage Charge power . power
treatment capacity C, UV current ] treatment o, | treatment G, in stress of treatment
F o I, kA o MP MP Ac, MP
. @ ‘ ! M| EJac, iMPa
TPEMF 600 3000 35.0 2700 148 52 96 28.1
EDT 6600 500 3.0 825 130 5 125 6.6

the weld metal, which determined the maximum ef-
ficiency of treatment of the mentioned area. So, the
value 6_in the weld zone reduced to 50 MPa, which
makes 35 % of values of stresses before TPEMF. At
the distance from the center of the weld for 5 mm the
values 6 _make 65 % of initial ones, and at the dis-
tance of 15 mm the TPEMF almost does not influence
the distribution of ¢ . From the comparison of curves
1 and 2 in Figure 4 it follows that the effectiveness of
TPEMF on welded joint is monotonously decreased
towards edges of the inner diameter of the inductor.
Thus, ifis accepted the area of tension diagram S__, on
the curve 1 (Figure 4) as over 100 %, than as the result
of TPEMF (curve 2) the value S__ is reduced by 23 %.

Analyzing the distribution of c_after EDT (curve
3) it can be seen that the influence of the latter on
decrease in stresses is more expressed as compared
to the effect of TPEMF. The efficiency of effect at
EDT is obviously determined by the character of con-
centrated energy input into the treated metal (unlike
the distributed effect at TPEMF) and the ratio of val-
ue PPT and amplitude of pulsed current. Thus, after
EDT the reduction of tensile 6_occurs in the area of
effect (arrow in Figure 4) from 120 to 5 MPa. The
character of distribution of ¢_after EDT is connected
with the fact that in the discharge cycle the electrody-
namic effect initiates the wave of tensile deformation
in the near-weld zone [15], the interaction of which
with residual stresses of weld causes a localized plas-
tic deformation, which determines the character of 6,
distribution after treatment of the plate. The EDT of
butt welded joint of AMg6 alloy causes a decrease in
residual welding stresses in the treatment zone to the
values close to zero. Therefore, the value of S _, as a
result of EDT (curve 3) is reduced by 76 %.

The comparative evaluation of power consump-
tion, required for reduction of stresses as a result of
a single pulsed effect, realized at the two described
types of treatment, was carried out. As the evaluation
characteristic, the specific stored energy E_ of the ca-
pacitor was used, consumed for reducing the level of
stressed state A_ per one MPa — E/A_ The values of
A for TPEMF and EDT were preset on the basis of
maximum of values o , registered before treatment o
and after o_in the area of pulsed effect (Figure 4):

Aczco—ctr,MPa. (1)

12

The calculation of values £ was performed using
the expression for the stored energy of the capacitor
[4]. The values of electrical and mechanical parame-
ters for the described effects, used for evaluation of
E/A_ are presented in the Table.

Analyzing the data of the table, it can be seen that
the value of the stored energy of EDT, consumed for
reduction of residual welding stresses in the AMg6 al-
loy per one MPa, is four times lower than the similar
value at TPEMF. This is an essential factor in select-
ing the type of treatment of long welded joints, where
the number of effects can be hundreds and thousands.

It is necessary to mention the technological fea-
tures of TPEMF application, that can be seen when
comparing the values of U, for two types of treat-
ment. This is connected, first of all, with the use of
high voltage (over 1000 V) at TPEMF for inductors
power supply, which results in increasing cost of elec-
trotechnical equipment, possible undesirable electro-
physical phenomena (breakdown of electrical insula-
tion, spark processes and etc.). In the use of TPEMF it
is assumed that the inductor is a consumable element
of the equipment complex. Taking into account the
most of positive results on redistribution of welding
stresses after TPEMEF, presented in Figure 4, it would
be appropriate to carry out investigations on optimi-
zation of the design of inductor and treatment modes,
aimed at intensification of TPEMF effect on welded
joints of structural materials.

Among the disadvantages of EDT a high degree
of localization of pulsed current effect should be
mentioned, which requires a great number of elec-
trode movements along the weld line as compared to
TPEMEF. The further investigations on improving the
efficiency of EDT should be directed both to expand-
ing the zone of influence of effect of discharge cur-
rent, as well as to the development of technological
measures for improving the contribution of EPE to the
pulsed effect, aimed at regulating the stressed state of
welded joints. Moreover, for two types of treatment
it is relevant to increase their power characteristics,
aimed at transformation of tensile stresses into com-
pressive ones.

Based on the carried out work it can be conclud-
ed that the two considered methods are characterized
by a significant potential for the control of residual
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stress-strain state of welded joints, which implies car-
rying out further investigations on their improvement.

Conclusions

1. The comparative evaluation of efficiency of control
of residual stresses of welded plates of AMg6 alloy
was carried out at treatments using pulsed electro-
magnetic field (TPEMF) and pulsed current (EDT),
performed with planar inductors.

2. It was established that TPEMF and EDT allow
reducing the initial level of welding stresses in the
area of pulsed effects, respectively, by 65 and 100 %.

3. It was established that the value of the stored
energy of EDT, consumed for reduction of welding
residual stresses in AMg6 alloy per one MPa, is four
times reduced than the similar value at TPEMF.

4. It was shown that unlike EDT, the use of TPEMF,
is connected with the use of high voltages (over 1000
V) for the power supply of inductors, which results in
increase in the cost of electrical equipment, possible
undesirable electrophysical phenomena (breakdown
of electrical insulation, spark processes, etc.).

5. It was shown that TPEMF and EDT are char-
acterized by a significant potential for the control of
residual stress-strain state of welded joints, which
involves carrying out further investigations for their
improvement.
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