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INCREASE IN THE LIFE OF WELDED JOINTS
OF AMg6 ALUMINUM ALLOY
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The effect of electrodynamic action on the life of welded joints of AMg6 aluminum alloy under cyclic loading was
investigated. It was found that electrodynamic treatment of specimens of butt welded joints of AMg6 alloy results in
reducing the level of residual tensile welding stresses, which is followed by their transition to compression. It is shown
that as a result of double-sided single-channel electrodynamic surface treatment in welded joints of AMg6 alloy, the
cyclic life is three times increased as compared to the initial one. Additional electrodynamic treatment of the fusion
line five times increases the life as compared to the non-treated metal. In the comparative evaluation of single- and
two-channel electrodynamic treatment of specimens, it was found that the increase in life when using a two-channel
scheme (as compared to single-channel) is determined by the controlled synchronization of components of electrody-
namic effect, which eliminates the passage of electric current pulse through its treated metal in the phase of its attenua-
tion. It was shown that at electric pulsed action, the life of two-channel treated specimens is more than 50 % higher than
that of the dynamic ones, which is connected with the contribution of electroplastic effect to the reduction of residual
welding stresses. 8 Ref., 4 Tables, 5 Figures.
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The use of modern ship hull and transport welded
structures of aluminum-based alloys requires new
approaches to increase their life. The solution to the
problem of inhibiting the development of fatigue frac-
ture is relevant for the life extention of both the new
and existing machines [1].

To increase the fatigue resistance of structural ma-
terials, a number of effective ways is available based
on the induction of compressive stress fields in the
area of predicted fracture, among which high-fre-
quency mechanical peening can be mentioned [2].
The methods of increasing fatigue based on reducing
the stress concentration include treatment of the crack
tip with pulsed electromagnetic fields of different du-
ration and configuration [3].

One of the methods of electropulsed effects on
welded joints is electrodynamic treatment (EDT) [4],
the results of which are a decrease in the level of re-
sidual welding tensile stresses, which is accompanied
by the formation of a layer of metal with refined struc-
ture in the treatment zone. The analysis of the results
[1-4] gives grounds to suppose that EDT can be an
effective way to increase the life of welded joints. At
present, there are no data regarding evaluation of EDT
effect on the life of welded joints.

The aim of the work was to study the effect of
electrodynamic actions on the life of welded joints of
aluminum AMg6 alloy under cyclic loading.

EDT of the welded joint was performed using sin-
gle-channel and two-channel circuits of the electrode
device (ED).

Sing e-cha nel electrd e dev ce. Design scheme
of single-channel ED. The design scheme and appear-
ance of a single-channel ED are presented accordingly
in Figure 1. ED provides an electric contact between
the discharge circuit and the metal treated in one
channel, through which a pulse of electric current —
EPC is introduced to the latter. ED provides the abili-
ty to regulate the dynamic and electropulse effects of
the electrode on the metal. The working body of ED
is the electrode / (Figure 1, a), which is fixed in the
brass casing 2 with a screw 3. The working surface
of the electrode, which contacts with the metal 22, is
polished and has a radius of curvature being /5 mm.
The casing 2, rigidly connected to the copper § and
steel (stainless steel) 7 disks with a thickness of 3 and
5 mm together with the electrode / form a part of the
impact mechanism (IM).

IM is fixed in two teflon sliding bearings /1, which
allow them to move in the vertical direction. The ro-
tation of the IM around its own vertical axis is pre-
vented by two screws 4, which move in the vertical
grooves of the ring 5.

The disks are connected to the housing /2, in which
the inductor /0 is located, which is wound with the cop-
per bus 6.2%1.5 mm and has 18 turns. Due to the ge-
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Fig re 1 Design scheme of single-channel electrode device (ED) for EDT (see explanation in the text): « — side view, arrows show
the direction of PEC; b — top view; ¢ — single-channel ED for EDT

ometry of the housing, between the copper disk and the
winding a nonmagnetic gap of 0.5 mm is maintained.
The inductance of the coil is 14.66 puH. The housing 72
is fixed on the base /3 by screws 20. From the bottom to
the base /3 by screws 27 and nuts 9 the lower cover 6 is
attached, on the inner surface of which, a rubber gasket
is located, designed to dampen the electrodynamic im-
pact on the lower cover when the electrode does not rest
on metal. To connect the ED to the pulsed current source
on top of the base /3, the terminals /6 and /7 are located
(Figure 1, b). By means of the terminal /6, the supply of
pulsed electric current (PEC) 1 to the impact mechanism
through the flexible wire /5 and by the terminal /7 the
winding switching are performed.

Single-channel ED has two variants of switching:

1) realization of interaction of electropulsed / and
dynamic P effects — PEC / + P;

2) effect of only the dynamic load P — PEC P
(Figure 1, a).

Principle of operation of single-channel ED.
During the interaction of / and P to one of the ends
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of the winding of the terminal /7, the positive wire
is connected from the pulsed electric current source,
the other ends of the winding is connected to the im-
pact mechanism by the terminal /6, and the negative
wire from the pulsed electric current source (PECS) is
connected to the treated metal 22. The scheme of PEC
I+ P flow is shown by a solid arrow in Figure 1, a.
Under the dynamic effect, the wire from the PECS is
connected to the two ends of the terminal /7, and ter-
minal /6 is not connected. In this case, PEC P flows in
the direction indicated by the dotted arrow in Figure
1, a. The wires are fixed with a clamp /8, which is
attached to the base /3 by means of screws /9. From
the top the terminal department is closed by the cover
14 which is attached to the base by screws 20, 23 and
nuts 9.

ED operates as follows. ED rests on the metal with
the end of the electrode and is exposed flatwise to the
treatment surface. For normal operation of ED in or-
der to prevent sparking and melting at the place of the
contact «electrode—metal» before the supply of PEC,
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Fig re 2 Oscillograms of dynamic pressure P and pulsed current / passing through the treated metal on one-channel (a) and two-chan-

nel (b) schemes of ED

it is necessary to provide a guaranteed pressing of the
electrode to the treatment surface.

At the correct positioning of ED, through the im-
pact mechanism the load force is transmitted from the
housing to the tungsten electrode and leads to press-
ing of the electrode to the metal surface. When PEC
flows through the induction coil /0 in the disk &, the
eddy currents are induced, at first providing the repul-
sion of the disk from the coil, and then at the end of
the pulse — attraction to it.

Advantages of single-channel ED. The design of the
single-channel ED, based on the scheme of direct pass-
ing of PEC, has a number of advantages, which include
the ease of manufacturing the device and minimal en-
ergy losses in it during operation of the pulsed current
source in the discharge cycle. The ED design with di-
rect passing of PEC through the inductor and the elec-
trode is featured by a shorter duration of the dynamic
load pulse P as compared to PEC — [ (Figure 2, a), as
well as the lack of possibilities for a controlled syn-
chronization of the electropulse and dynamic effects.
This narrows the possibilities of controlling the EDT
process, but everything is compensated by the simplic-
ity of manufacturing and operation of ED.

From the standpoint of electrodynamics, ED with a
treated welded joint, which is included in the discharge
circuit with the power source, is represented in the form
of magnetically coupled circuits, in the primary circuit
of one of which a capacitive energy storage is included.

Two-channel electrode device. In order to elimi-
nate the disadvantage inherent in magnetically cou-
pled circuits, a two-channel ED based on magnetically
decoupled circuits was developed and manufactured,
which includes two independent channels of PEC [
and PEC P. The first channel forms PEC P (Figure 2,
b), which is designed to create a dynamic pressure on
the treatment zone and is supplied to the induction coil
of ED. The second channel forms PEC / (Figure 2, b),
consistent in duration with the period of dynamic pres-
sure on the treatment area. PEC / is supplied directly to

4

the electrode of ED and can be transferred to the treated
switching. At the same time the scheme of ED allows
switching off the second channel (PEC /) and transfer-
ing only dynamic pressure to a product. The electric
circuit of the second channel is closed through a con-
tact cable, which is attached to the product.

Design scheme of two-channel ED. As to its design,
the two-channel ED (Figure 3, @) consists of the elec-
trode / fixed in the housing 3 by the fixation devices
2 and 20. The housing is connected with the disk of
nonferromagnetic material /6, which rests on the frame
6 with the inductance coil /4 placed in it with a built-in
flat inductor /5. The coil is fixed to the frame by screws
11. The lower wall of the frame 4, fixed by screws 3,
acts as a nonmagnetic substrate under the disk and the
damper /7. The upper (protective) cover 9 of the frame
is fixed in the body of ED by screws §. The supply of
PEC I to the coil is performed by the wire 7. The short
circuit of the discharge circuit, providing the supply of
PEC I to the workpeace /8 is carried out by the ter-
minal /9. PEC P passes through the coil on the wires
12, 13. The supplies 7, 12, 13 of ED are connected to
external circuits by the contact terminals /0.

Principle of operation of two-channel ED.
Two-channel ED during EDT operates as follows.
When a pulsed current flows through the coil, a mag-
netic field is excited, which initiates eddy currents in
the disk. The interaction of the induced currents with
the magnetic field, by which they were initiated, leads
to the generation of electrodynamic force. In the first
phase of the effect, the electrodynamic force presses
the electrode to the treated material, and in the second
direction the force changes to the opposite one — the
electrode is repelled from the treated material. The ef-
fect of the pulsed current on the treatment zone does
not exceed the duration of the pressing force in terms
of duration (see Figure 2, b). The design of ED is
subjected to the requirements of the consistent pulse
duration and the exclusion of electrospark phenome-
na in the treatment zone. The control of channels in
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Fig re 3 Two-channel electrode device (ED) for EDT with independent PEC channels: @ — design scheme, where the arrows show
the directions of PEC / and PEC P (see explanation in the text); b — appearance of ED

ED is performed in three microcontrollers and on a
programmable logics, which allows controlling the
parameters of current pulses (amplitude), the delay of
a one pulse relative to another, as well as visualiz-
ing the parameters of pulses on the light display. The
duration of pulses on both channels is determined by
the parameters of the electric circuit of the discharge
circuits and can be changed discretely by increasing/
decreasing their inductance.

Advantages of two-channel ED. To provide the
normal mode of operation of ED, which eliminates
sparking and melting at the point of contact «elec-
trode-specimeny, the value of static load was deter-
mined, which provides a reliable current contact of
the electrode with the treated surface. For this pur-
pose, a guaranteed static pressing of the electrode /
of ED (Figure 1, a) was created to the outer surface
of the specimen 22, for which the welded joint was
used shown in Figure 4. On the pressing force F/ the
R value of the electrical resistance of the contact
«electrode-specimeny significantly depends. To eval-
uate the effect of F on changes of R, R values were
measured by Varylng F in the range from 2 to 150 N.
For this purpose, on the outer surface of the cover /4
of ED (see Figure 1, a), the loads of different mass
were mounted and the changes in R values were re-
corded on the area of the discharge circuit between
the electrode / and the specimen 22 with the use of
the measuring bridge (LC-meter) of BR2876-5 grade.
Dependence of the contact resistance R_ on the force
F, of static pressing of the electrode to ‘the specimen
is presented in Table 1, from which it is seen that with
increase of Fy from 2 to 40 N, the value of the resis-
tance R decreases intensively from 90 to 13 mOhm.
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At a further increase in F to 150 N, R_decreases lin-
early to 10 mOhm. From the data in Table 1 it can be
concluded that an increase in F to more than 40 N
has a negligible effect on the change in resistance in
the zone of contact interaction. This determined the
choice of F value in the subsequent experiments,
which was in the range of 50-80 N.

Investigation of EDT effect on fatigue resistance
of specimens of welded joints of AMg6 alloy. The
specimens with a thickness 6 = 2 mm (Figure 5) were
produced by automatic TIG (Ar) welding at an arc volt-

Fig re 4 Fatigue tests of specimens of welded joints of AMg6
alloy after EDT: @ — appearance of UPM-02 testing machine
(I — movable clamp; 2 — fixing plate; 3 — specimen; 4 — cycle
counter; 5 — fixed clamp); 6 — scheme of tests; P — horizontal
load; M — bending moment
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Th le 1 Dependence of resistance of contact R on the force of
static pressing of the electrode to the specimen F,

F,N 2 3 10 15 22 40 80 | 150
R, mOhm 90 | 40 | 25 | 20 15 13 12 10

age U =20V, welding current / =170 A and welding
speed v = 5.5 mm/s. By using the method of electronic
speckle interferometry [5], the values of residual weld-
ing stresses in the central elongated cross-section of the
specimen were determined corresponding to the line
A-A in Figure 5 before and after EDT. EDT was per-
formed in the direction «from the center to the edges»
(arrow in Figure 5), using an electrode device (ED),
equipped with a tungsten electrode of VL grade with
a hemispherical working end, and the EDT mode pro-
vided a stored energy of the capacitor £ up to 600 J at
a single electrodynamic effect.

The treatment of specimens was performed by
the electrode device in the conditions of «rigid fixa-
tiony, for realization of which before EDT both sides
of the specimen (Figure 5) were «rigidly» fixed by
a distributed load on the assembly plate, excluding
the probable angular deformations of the specimen.
Such a scheme of fixation of the treated metal, on [6],
provides the maximum efficiency of electrodynamic
effect at other equal parameters of the EDT mode.
The treatment was performed at the value of ED in-
ductance L = 5.3 uH and the energy £ < 1 kJ. When
choosing the values of the charging voltage U for two
EDT schemes, the researchers were based on the fact
that the values of U, + U, for a single-channel scheme
and the total U, + U, for a two-channel scheme should
be equal. Thus, in a single-channel scheme the EDT
mode was used, which is set as follows U, ,= 570 V
(I =575 KkA) for PEC [/ + P, and in a two channel
scheme U, =200V (/ = 1.45 kA) for PEC Pand U, =
—370V(I 4.3 kA) for PEC 1.

To reahze the electrodynamic effect on the work-
ing part of the specimen in the EDT zone, ED was
installed and its guaranteed electrical contact with the
treated surface was provided when the discharge cir-
cuit was closed. The switching of the power key ini-
tiated the discharge of the capacitive energy storage
through ED into the treated material. In the process of
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Fig re S Scheme of specimens of welded joint of AMg6 alloy
for fatigue tests, where the dashed arrow indicates the direction
of EDT, 4-A is the cross-section, in which the stresses ¢ _and o,
were determined » '

6

performing EDT with a series of PEC, ED was moved
along the surface of the treated area of specimens in
the direction «from the center to the edges» (arrow
in Figure 5) with a step of 3—5 mm. In each EDT cy-
cle, up to 35 electrodynamic effects were performed,
which provided a uniform surface electroplastic de-
formation of the treated weld area (fusion line) with a
length of 90 mm. On one- (Figure 1) and two-channel
(Figure 3) schemes of EDT, different schemes of spec-
imens treatment were realized, which were performed
from the outer surface of the weld and the fusion line,
as well as from the root side of the weld.

The fatigue tests of the specimens were performed,
which were treated on different EDT schemes. The
machine of the grade UPM-02 was used (Figure 4),
which realizes the scheme of fatigue bending tests
(Figure 4, b) at a symmetrical load cycle with a fre-
quency of 14 Hz. The amplitude of the loading cycle
o, was set in the range of 80—160 MPa, and the loading
was carried out during the incubation period [7] until
the number of cycles N was registered, corresponding
to the beginning of the fracture of the specimens. The
effect of different EDT schemes on the cyclic life N of
specimens was investigated.

Anhy is® theb th ned results. The distribution
of o_before and after the double-sided EDT of the
weld center on the single-channel scheme is present-
ed in Table 2. Table shows that before EDT the peak
values of tensile stresses close to 6, for AMg6 alloy
in the weld center and on the fusion line (in the zones
of a probable fracture), after treatment were trans-
formed into compressive stresses, the values of which
reached —10 MPa.

The values of o stresses in the center of the weld
and on the fusion line before EDT on a single-channel
scheme reached 12 and 17 MPa, respectively. After
EDT, o were transformed into compressive stresses, the
values of which in the center of the weld and on the fu-
sion line reached —68 and —56 MPa, respectively.

The features of schemes, location of the fracture
zones and the value N are presented in Table 3. From
its data it can be seen that as a result of double-sided
EDT of the outer surface and the root of the weld on
a single-channel scheme of ED, the cyclic life N of
the specimens of welded joints in the studied range of
o, is three times increased (lines 4, 7, 8) as compared
to the original one (lines 1-3). The fracture of both
the original specimens as well as those, which were
treated, occurs along the fusion line. The data of Ta-
ble 3 for a single-channel scheme confirm the results
of fatigue tests, presented in Table 4.

The additional EDT of the base metal at a distance
of 10 mm from the fusion line (line 5) provides a more
developed zone of compressive stresses in the area of
predicted fracture of specimens. Increase in the com-
pression zone created in the vicinity of the welded
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Th le 2 Distribution of ¢, before and after EDT (Figure 5) on a single-channel scheme

X, mm 0 5 11 16 25 36 46 56 66 76
o before EDT, MPa 120 130 100 40 —40 —38 —28 21 —-18 -10
c after EDT, MPa —8 -9 —-10 —-10 5 18 15 11 2 —7

joint does not affect the life N. At the same time, a
preliminary cyclic loading of the specimens before
reaching N, = 400000 before EDT (line 6) leads to an
increase in the life N. Comparing the data of lines 6
and 1 of Table 3, it can be seen that a preliminary cy-
clic stimulation of the specimens three times increas-
es their life. This fact can be explained by the addi-
tional relaxation of residual welding stresses, which is
provided by a preliminary cyclic loading of the speci-
mens to the value N,. Thus, the efficiency of EDT can
be increased during the treatment of the welded joints,
which are operated under cyclic loads, as compared to
the manufactured ones.

The use of double-sided EDT using a two-chan-
nel scheme of ED has a positive effect on the life N,
the value of which at 6, = 160 MPa after a one- and
double-sided EDT of the weld are increased by 6 and
15 %, respectively (lines 11 and 12 in Table 3) as com-
pared to a single-channel one (line 8). The fracture
zone is shifted to the base metal by 5—10 mm from the
fusion line. The comparison of the lines 8 and 12 is
interesting provided by the fact that the increase in N
during the use of a two-channel scheme was achieved
due to the realization of a twice lower number of ef-
fects than that used during a single-channel one (ex-
cluding EDT on the side of the weld root).

The additional EDT of the fusion line (line 13)
increases the value of N twice as compared to a sin-
gle-channel treatment of the weld alone (line 8) and

five times as compared to the original one (line 3). The
increase in the N values during the use of a two-chan-
nel scheme can be explained by the peculiarities of a
controlled synchronization of the components of an
electrodynamic effect, which eliminates the passage of
PEC through the treated metal in the phase of attracting
the disk 76 to the coil 74 (Figure 3, a). This eliminates
the thermal effect of PEC during the period of break-
ing the electric contact of the discharge circuit, which
leads to the strengthening of the treated metal to a level
higher than that of the base one. This results in shifting
of the fracture zone from the fusion line into the base
metal, which is shown in Table 3 (lines 9, 11).

The impact of the current component of the electro-
dynamic effect (PEC /) on the life N of welded joints
during EDT on a two-channel scheme of ED was stud-
ied. For this purpose, the specimens were studied, that
were treated under the conditions of interaction of elec-
tropulsed and dynamic effects (PEC / + PEC P — line
9), as well as only under dynamic effect (PEC P — line
10). From the Table 3 it follows that the value N under
the conditions of interaction is more than 50 % higher
than under dynamic loading. This fact can be explained
by the contribution of the current component of EDT,
which initiates the contribution of the electroplastic ef-
fect (EPE) [8] in reducing the level of residual welding
stresses. The effect of stresses on the life N is especially
significant at a multicyclic load, which corresponds to
20 = 80 MPa. The factor that determines the increase of

Th le3 Values of life N at different amplitude of cycle 26, of welded joints of AMg6 alloy after EDT on one- and two-channel schemes of ED

Number of
specimen EDT scheme 26, MPa N Fracture zone
series
1 Without EDT 80 525600 Along the fusion line
2 Same 120 210600 Same
3 » 160 151200 »
4 Single-channel, double-sided (weld + root) 80 1004800 »
Single-channel, double-sided (weld + root + BM
5 on both sides at a distance of 10 mm from the 80 970000 Base metal (BM) at .2 i
Lo from the fusion line
fusion line)
Similarly to No.5, before EDT the specimen was 932000, taking into account L
6 loaded N, = 400000 at 5, = 80 MPa 80 N, — 1332000 Along the fusion line
Single-channel, double-sided 120 568000 Same
8 Same 160 360600 »
BM from the fusi
9 Two-channel: PEC I+ PEC P (double-sided) 80 1169320 ats o e e
10 Two-channel: PEC P (double-sided) 80 752400 Along the fusion line
11 Two-channel PEC 7+ PEC P (one-sided) 160 382000 BMat 10 mm from the
fusion line
12 Two-channel: PEC 7 + PEC P (doulbe-sided) 160 414000 Weld center
- : + -sided — L
13 Two-channel: PEC /+ PEC P (double-sided 160 718000 Along the fusion line
weld + fusion line)
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Th le 4 Results of fatigue tests of specimens of AMg6 alloy welded joints (Figure 4) at 6, = 80, 120 and 160 MPa in the coordinates

20, — N for single-channel scheme

Initial state — before EDT
N 520000 470000 460000 210000 150000 130000 140000
26, MPa 80 80 80 120 160 160 160
After EDT
N 1000000 1050000 1040000 560000 360000 390000 392000
26, MPa 80 80 80 120 160 160 160

N during the realization of EPE is also the deformation
strengthening of the weld on the basis of electric stimu-
lation, which explains the displacement of the fracture
zone from the fusion line into the base metal.

It should be noted that namely at a small amplitude
of the cycle 26, = 80 MPa the level of residual weld-
ing stresses has the greatest effect on the value of N.
When comparing the initial NV (line 1) with its values
obtained after EDT on one- (line 5 ) and two-channel
(line 9) schemes of ED, the dominance of the latter as a
tool that provides the greatest increase in NV can be seen.
At the same time, the preliminary cyclic loading, which
helps to reduce the level of residual welding stresses be-
fore the beginning of EDT, provides an increase in N as
compared to the specimens treated without a prelimi-
nary force effect. This fact gives grounds to assume that
the preliminary load is the factor increasing the life of
welded joints during the use of EDT, which in the future
may be the subject of special investigations.

When comparing the effect on the life of EDT on
a two-channel schemes of ED that realize the effect
of PEC [ (line 10) and PEC 7 + PEC P (line 9), it can
be seen that the contribution of the current action in-
creases N. The increase in the contribution of the cur-
rent component into the electrodynamic effect, which
is performed on the scheme PEC / + PEC P and in-
tensifies the manifestation of the electroplastic effect,
seems to be promising and quite simply realized on
the considered element base.

The carried out investigations showed the effec-
tiveness of EDT of AMg6 alloy and its welded joints
in increasing the resistance to fracture under cyclic
loads in the conditions of symmetrical bending. The
use of EDT of the base metal [6], welded joints, as
well as elements of thin-sheet structures in the area
of expected fractures will allow increasing the service
life of manufactured products and those, operating
under cyclic loads.

Ca clusin s

1. It is shown that electrodynamic treatment (EDT) of
specimens of butt welded joints of AMg6 alloy leads
to a decrease in the level of residual tensile welding
stresses, which is accompanied by their transition to
compression stresses.

2. It was established that as a result of double-sid-
ed single-channel EDT of the surface of welded joints
of AMg6 alloy, the cyclic life is three times increased
as compared to the initial one. The additional EDT of
the fusion line five times increases the life as com-
pared to the untreated metal.

3. According to the results of comparative evaluation
of single-channel and double-channel EDT of welded
joints of AMg6 alloy, it was established that the increase
in life during the use of a two-channel scheme (as com-
pared to a single-channel one) is determined by a con-
trolled synchronization of electrodynamic components,
which excludes passing of PEC in the phase of its atten-
uation through the treated metal.

4. It was established that the life of the specimens
treated on a two-channel scheme during electropulsed
action, is more than 50 % higher than during dynamic
action, which is associated with the contribution of
the electroplastic effect in reducing the level of resid-
ual welding stresses.
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