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ABSTRACT

Treatment with a pulsed electromagnetic field (TPEMF) of welded joints leads to a decrease in the level of residual welding
stresses. TPEMF in the welding process contributes to an increase in the efficiency of the welding process (compared to
TPEMF after welding) and the simplicity of its technical implementation. On the basis of mathematical modeling and experi-
mental studies of magnetic pulse processes, an automated complex for TIG welding has been developed that is compatible with
the TPEMF of the weld metal under the conditions of a thermal deformation welding cycle.
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INTRODUCTION

Industrial development initiates research into pro-
gressive technologies to improve the service proper-
ties of welded structures. A promising method in this
area is treatment with a pulsed electromagnetic field
(TPEMF) of welded joints [1-20]. Based on inves-
tigation results [1-5, 11] it should be noted that the
impact of a pulsed electromagnetic field (PEMF) is an
effective tool of influencing the stressed state of the
welded joints. The effectiveness of the impact is en-
hanced at its application under the conditions of weld-
ing [5]. TPEMF can be the base for development of
effective technologies of controlling the stress-strain
state of the welded joints from non-ferromagnetic
metallic materials, which include aluminium alloys,
applied in the aerospace and ship-building industry.

THE OBJECTIVE

of this work is development of scientific principles of
TPEMF application during welding of non-ferromag-
netic materials in the case of aluminium alloy AMg6.

INVESTIGATION PROCEDURE

Increase in TPEMF effectiveness during welding,
compared to treatment at room temperature, is based
on the following principles: increase in welding pro-
cess productivity as a result of transition from se-
quential to simultaneous performance of the main
technological operations; possibility of automation;
improvement of treatment effectiveness to reduce the
residual welding stresses, in keeping with the mech-
anism, given in [11]; dispersion of the weld metal
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structure during magnetodynamic impact under the
conditions of increased temperatures; use of assembly
fixture elements as screens to increase the magnitude
of electromagnetic pressure on the treated metal.

It is known that at flowing of an electric current
pulse (ECP) in the inductor conductors, eddy cur-
rents are excited in the adjacent electrically conduc-
tive medium. As was proved in [12, 13], interaction
of the induced currents with PEMF which excited
these currents, generates electrodynamic force P. Its
normal component applies active load to the metallic
material section being treated, and, as a result, chang-
es its stressed state. Under the condition that density
j of the induced electric current reaches the value of
j =1 kA/mm? in the metal being treated, conditions
are in place for realization of the electroplasticity ef-
fect (EPE) [11-13]. This promotes intensification of
plastic deformation of the material and, as a conse-
quence, relaxation of its residual stressed state. A flat
inductor with 95 mm outer diameter and inductance
L =120 puH was used for TPEMF realization [12]. A
power source based on a capacitor system of the gen-
eral capacity C = 5140 pF, charging voltage U of up
to 800 V, and stored energy £ ~ 1.6 kJ was used for
PEMF generation. To assess TPEMF effectiveness,
specimens in the form of a disc of thickness 6 = 1 mm
and diameter D, = 90 mm from aluminium alloy
AMg6 with a TIG weld were used. Welded joints on
the disc surface were made in the form of a ring with
diameter D= 5 mm. Thus, there was a distance of
45 mm between the weld and the free edge of the disc.

The method of electron speckle-interferometry
[12, 14] was used for assessment of 6 of the tangen-
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Figure 1. Influence of ECP amplitude values — / on pressure
P during TPEMF of specimens of circumferential welded joints
from AMg6 alloy with 6 = 10 mm: o — TPEMF without a screen;
m — TPEMF with a screen

tial component of the welded joint stressed state in
points on the line of the circumferential weld.

INVESTIGATION RESULTS

TPEMEF of specimens of thickness & = 1.0 mm and
an assembly of a specimen with 6 = 1.0 mm and cur-
rent-conducting screen from AMg6 alloy also in the
form of a disc with 6 = 5.0 mm (X6 = 6 mm) and a
diameter of 90 mm was performed. TPEMF was con-
ducted as a series of eight ECP in a mode with increase
of U values in the following sequence: U, = 200 V,
U,=400V, U,=600V, U-U,=800V.ECPat U-U,
facilitated gradual achievement of the nominal mode,
and ECP at U-U, promoted generation of PEMF
for specimen treatment. Selection of the quantity of
ECP in the nominal treatment mode (at the voltage of
800 V) was based on the results of [15].

In [16] evaluation of intensity H of the inductor
magnetic field used in this work, was performed with
application of a procedure based on Hall sensor. It
was found that H values of the inductor at capacitor
discharge at voltage U = 200 and 500 V reached 10
and 30 kA/m, respectively.

With increase in the thickness, electromagnetic
force P will rise, as it is defined as an integral value
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Figure 2. Influence of the weld TPEMF without application (1, 3)
and with application (2, 4) of a screen on residual stresses ¢ _in the
weld metal of AMg6 alloy welded joint: /, 2 — before TPEMF;
3, 4 — after TPEMF

in a certain volume, which is confirmed by the data
in Figure 1 and the results of [12]. With & increase to
6.0 mm (due to the screen application), P values rise
more than two times, compared to TPEMF of speci-
mens with 6= 1.0 mm without a screen. For effective
treatment of thin specimens, the current pulse dura-
tion should be decreased. Such a method, obviously,
requires a change in the discharge circuit parameters,
which is not rational. A simpler and more effective
approach is proposed in the work in the form of apply-
ing additional layers of a similar material, with which
the equivalent thickness will be optimal in terms of
achieving the largest value of force P of electromag-
netic pressure. The proposed approach is similar to
application of metal “satellites” in the technology of
electromagnetic forming, for instance expansion or
crimping [10, 11, 17]. Figure 2 gives the distributions
of residual stresses o _before TPEMF, as well as 6_
after TPEMF of the specimen with and without appli-
cation of the screen, which confirm the effectiveness
of screening during TPEMF. In view of the above,
it should be noted that TPEMF can be an effective
method of controlling the residual stressed state of
welded structures from aluminium alloys. Results of
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Figure 3. Microstructure (x200) of the metal of AMg6 alloy weld: in the initial state (before TPEMF) (a), where the arrow shows the
direction of crystal growth; after TPEMF (b)
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Figure 4. Mathematical modeling of electrophysical parameters of TPEMF (weld) during welding; @ — schematic of a U-shaped
TPEMF inductor along the welding direction V; b — distribution of TPEMF intensity H along line 1; ¢ — distribution of TPEMF

intensity / along line 2

metallographic investigations of specimens before
and after TPEMF confirmed the positive influence
of treatment on evolution of the weld metal structure
(Figure 3). In the general case the microstructure is a
light matrix — an a-solid solution with precipitation
of the excess phase in the form of a network along the
crystal boundaries. However, while without TPEMF
the crystals are of a predominantly elongated shape,
oriented along the direction of their growth (arrow in
Figure 3, a), after TPEMF with screening an equiaxed
orientation of the grains is observed (Figure 3, b),
which is accompanied by their refinement. Obtained
results are attributable to dynamic impact of force P
and eddy currents on intergranular boundaries during
TPEMEF, accompanied by local Joule heating of the
grains [18-20].

Based on the results of [20], mathematical mod-
eling of electrophysical parameters of TPEMF of the
weld during welding was performed. Modeling results
(Figure 4) should promote optimization of TPEMF
parameters for relaxation of residual stresses in sheet
welded joints. Figure 4, a shows the scheme of posi-
tioning a U-shaped inductor along the welding direc-
tion V_ (arrow) for TPEMF, where line 1 is the weld
surface in front of the inductor, line 2 is in the zone of
direct TPEMF impact on the weld metal. Figure 4, b
shows the distribution of intensity A of PEMF, which
allows determination of the optimal position of the
inductor relative to the welding torch, which is deter-
mined by maximum value H along line 1 (beginning
of'the line on the side surface of a U-shaped inductor).
From the results in Figure 4, b we can come to the
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Figure S. Results of modeling the time distributions of electrophysical parameters of the weld TPEMF (for explanations of Figure 5,

a—d see the text)
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Figure 6. Automated complex for TIG welding under the condi-
tions of accompanying TPEMF of the weld: 7 — forming backing

acting as a screen; 2 — inductor; 3 — torch; L., is the distance

between the torch and line 1 of the indoor (Figure 4)

conclusion that at 40 mm distance from the edge of
the magnetic core (x = 0), H value is close to zero. The
diagram in Figure 4, b allows determination of the
distance between the inductor and the welding torch,
on which PEMF influence on the welding process is
minimal. Figure 4, ¢ shows H distribution of TPEMF
along line 2 (Figure 4, a).

Figure 5 gives the results of modeling the time dis-
tributions of electrophysical parameters of the weld
TPEMF. In Figure 5, a area [ of 3.5%5.0 mm size
is highlighted (which corresponds to the weld pool
rear edge), for which we determined average current
density J (Figure 5, ¢) and average value of pressure
P (Figure 5, d) during the impact of ECP — I (Fig-
ure 5, b) on the solidifying weld, which promotes re-
laxation of welding stresses. At moment of time of
about 50 ps the average current density J on the metal
surface is close to 2200 A/mm? (Figure 5, ¢), while
pressure P reaches the maximal value of 23 MPa at
150 pus (Figure 5, d). This should provide relaxation of
welding stresses at the stage of their formation during
the weld solidification due to realization of electro-
plasticity effect [7]. Figure 5, e gives the distribution
of PEMF intensity H in the inductor cross-section for
the moment of highest / and H values of PEMF, pro-
viding stress relaxation.

Based on the results of investigations [1-8, 11-12,
20], an automated complex was developed for TIG
welding under the conditions of TPEMF of the solid-
ifying metal of the weld (Figure 6), where forming
backing / from a non-ferromagnetic material is used
as the screen (enhancing the action of force P), and
distance L, . between line 1 (Figure 4) of inductor
2 and TIG torch 3 ensures the maximal efficiency of
TPEMF during welding.

CONCLUSIONS

1. It is shown that TPEMF has a positive effect on
the residual stressed state and structure of the welded
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joints, and the effectiveness of the impact is enhanced
under the TIG welding conditions.

2. It was established that improvement of TPEMF
effectiveness during welding, compared to treatment
at room temperature, is based on increase of the weld-
ing process productivity, as a result of transition from
successive to simultaneous performance of the main
technological operations, possibility of treatment au-
tomation, and positive influence of the thermal cycle
of welding.

3. It is shown that TPEMF application promotes
lowering of residual stresses and refinement of the
weld metal structure in welded joints of AMg6 alloy.

4. A mathematical model of the TPEMF process
was developed, on the base of which it was proved
that the value of electrophysical parameters of treat-
ment ensure relaxation of the residual stresses through
realization of the electroplasticity effect.

5. An automated complex for TIG welding under
the conditions of accompanying TPEMF was devel-
oped and produced, proceeding from the results of
mathematical modeling and experimental studies of
the magnetic-pulse processes.
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