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Effect of pulsed current on AZ31B magnesium sheets during annealing
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Abstract: The annealing tests heated by pulsed current (PC) or furnace for AZ31B magnesium sheets were carried out, and the
effects of PC on the microstructure and dislocation density of the alloy were analyzed. The results show that PC strengthens the
migration of boundaries, and then the twin grains, most of which distribute in the coarse grains, “spheroidize” to equiaxed grains,
thus separating the coarse grains and refining the microstructure. This process homogenizes the initial microstructure and eliminate
the typically lamellar twin grains. Moreover, PC also strengthens the dislocation annihilation. When the specimens were annealed by
PC at 300 °C for 4 min, the dislocation density was even lower than that annealed by furnaces at 400 °C for 3 h before deformation.
Furthermore, dislocation annihilation is enhanced with the increase of peak current density and the decrease of pulsed frequency.
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1 Introduction

COHEN and BARRETT [1] observed an interactive
effect between current and grain boundaries in 1954, and
TROITSKII [2] proposed the conception of electro-
plasticity effect to describe the extra softening and
improving effect of electricity on metals during
deformation in 1970. Then, OKAZAKI et al [3,4] found
that 50%—70% drop of stress depends on Joule heat, and
other contribution depends on electroplasticity effect.
Moreover, they also proposed the electron wind
hypothesis that there is a force of electron wind acting on
the dislocations. Meanwhile, CONRAD [5,6] proposed
the thermal activation hypothesis that current affects the
thermal activation but not directly imposes a force on
dislocations.

In recent years, there have been still many experts
investigating the effect of electricity on metals. Some of
them directly study the effect of current on the
deformation behavior and microstructure evolution of
materials. For instance, ZHU et al [7] studied the effect
of pulsed current (PC) on microstructure and elongation
of a Zn—Al alloy, and proposed that the extra effect
of current stems from the accelerated movement of

dislocations. KIM et al [8] studied the extra effect of
current on 5052 aluminum alloy, and regarded the extra
effect as a more effective annealing. They suggested that
current enhances the atomic diffusion. Other researchers
focused on the static processes, such as electropulsing
treatment (EPT). XU et al [9,10] studied the EPT on
2024 aluminum alloy and found that PC improves the
microstructure by promoting recrystallization and
precipitation of 7-phase particles. JEONG et al [11]
studied the effect of PC on AZ91 alloy during tension,
and the results showed that the dissolution of the
Mg;;Al;; obviously occurs during pulsed tension
due to both of thermal and athermal effects of PC.
This phenomenon implies that PC can improve the
manufacture of AZ91 magnesium. PARK et al [12]
investigated the effect of current on recrystallization of
interstitial free (IF) steel and AZ31 alloy, and found that
current accelerates recrystallization during annealing.
Moreover, they proposed a model to quantitatively
describe the recrystallization kinetics, based on
Johnson—Mehl—Avrami—Kolmogorov (JMAK) equation.
LI et al [13] also researched the static recrystallization
(SRX) behavior of cold rolled AZ31 sheets heated by
PC, and found that PC has a stronger annealing effect
and the SRX can be completed at 270 °C for only 8 s.
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In our previous works [14—16], we investigated the
effect of PC on AZ31B magnesium during tension, and
found that PC reduces the stress and changes the
evolution of texture. Then, there is an extra effect of PC
on AZ31B magnesium alloys that have a promising
application prospect. Furthermore, we also proposed a
constitutive model to predict the mechanical response.
However, the investigations in the above works were
focused on the effect of PC during deformation. In this
work, electrically-assisted annealing (EAA) of AZ31B
was investigated, which is simpler, in order to study the
extra effect of PC on metals more basically. Although
LI et al [13] also studied the EAA on AZ31B
magnesium alloy, our research found a new phenomenon
(“spheroidization” of twin lamellaec) by EBSD and
investigated the dislocation density evolution by XRD.

2 Experimental

The AZ31B magnesium alloy sheets (2.75 wt.% Al,
0.64 wt% Zn, 027 wt% Mn, 0.0023 wt% Fe,
0.018 wt.% Si, 0.0016 wt.% Cu, 0.00055 wt.% Ni and
balanced Mg) with the thickness of 1.5 mm were
wire-electrode cut to specimens along the rolling
direction with the dimensions shown in Fig. 1. The
specimens were annealed at 400 °C for 3 h to relieve the
residual stress, and then were stretched to the nominal
strain of 15%. These stretched samples were defined as
initial ones. The surface profile of the specimens after
tension is shown in Fig. 2. There are many ravines
distributing on the normal surfaces, indicating that the
deformation of AZ31B is inhomogeneous because of
twinning, although its elongation can even reach 17%
during experiments. The microstructures of the
specimens after tension are shown in Fig. 3, which are
the initial microstructures in this work. From Fig. 3,
there are many twin lamellae in the original grains,
especially in the coarse grains.

For investigating the effect of PC on annealing, the
stretched specimens were annealed by different heating
methods (furnace and PC) at different annealing
temperatures and time, and the influences of peak current
densities and pulsed frequencies were also estimated.
The parameters of annealing tests are shown in Table 1.

Table 1 Parameters of annealing tests
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Fig. 1 Dimensions of specimens (Unit: mm)

Fig. 2 Surface profile of AZ31B magnesium sheets stretched to

nominal strain of 15%

Fig. 3 Initial microstructures of specimens: (a) OM image;
(b) EBSD figure (Bold lines represent high angle grain
boundaries, fine lines represent low angle grain boundaries, and
yellow lines represent twin grain boundaries)

Heating method Temperature/°C Time/min Peak current density/(A~mm_2) Frequency/Hz
200, 250, 300 4 0 0
Furnace (without PC)
250 2,4,8 0 0
200, 250, 300 4 213.3 300
pC 250 4 190.2,213.3,237.3 300
250 4 213.3 200, 300, 400
250 2,4,8 213.3 300




Kai LIU, et al/Trans. Nonferrous Met. Soc. China 29(2019) 735-740

Furthermore, the temperature during EAA was controlled
by blowing, monitored by a FLIR A615 infra-red (IR)
thermal imaging camera (the emissivity value was set to
be 1 because the monitored surfaces were blackened, and
the concerned temperature during tests was the highest
one). The peak current density of PC was monitored by
an oscilloscope.

For further analyzing the extra effect of PC on
annealing of AZ31B sheets, the specimens were
observed by optical microscope (OM) and electron
backscattered diffraction (EBSD). The specimens for
OM observation were mechanically polished and then
etched by the solution containing 2 g picric acid, 5 mL
acetic acid, 5 mL water, and 35 mL ethanol, and the
specimens for EBSD observation were polished by ion
beam. Moreover, the specimens were analyzed by X-ray
diffractometer (XRD), using Cu K, radiation with the
scanning speed of 2 (°)/min and the 26 range from 10° to
70°, in order to investigate the influence of PC on
dislocation annihilation.

(a)
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3 Results and discussion

3.1Microstructure evolution

The microstructures of AZ31B magnesium annealed
under different conditions for 4 min are shown in Fig. 4.
From Figs. 4(a), (c) and (e), it could be seen that there
were still many lamellar twin grains distributing in the
equiaxed grains, which were almost the same with the
initial microstructures shown in Fig. 3(a). With the
increasing of temperature, the microstructure was almost
not changed, and there were still many twin grains even
at 300 °C. Then, the microstructure was not changed
when the stretched specimens were annealed at
200—-300 °C by furnace. However, when these specimens
were annealed by PC, as shown in Figs. 4(b), (d) and (f),
the results were so different. When the temperature was
200 °C, only a few twin grains could be observed, and
the microstructures were also refined. When the
temperature reached 250 °C, none twin grains could be

(b)

Fig. 4 Microstructures of pre-stretched AZ31B specimens annealed at 257.8 A/mm?, 300 Hz and different temperatures for 4 min:
(a) 200 °C, furnace; (b) 200 °C, PC; (c) 250 °C, furnace; (d) 250 °C, PC; (e) 300 °C, furnace; (f) 300 °C, PC
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observed, and the grains grown. When the temperature
reached 300 °C, the microstructure was further coarsened,
which was also more homogeneous. Therefore, there
existed an extra effect of PC on stretched AZ31B
specimens, obviously changing the microstructure and
causing the disappearance of twin lamellae.

Moreover, PC refined the original coarse grains,
based on the OM images with a smaller magnification in
Fig. 5. When the heating type was furnace, there were
still  coarse which were just like the
microstructure in Fig. 3(a). But when the specimens were
annealed by PC, nearly all the coarse grains disappeared,
and then the microstructure was so homogeneous. The
above phenomenon indicated that PC refined the original
coarse grains stemmed from continuous casting and
rolling, and then made the microstructure finer and more
homogeneous.

grains,

T

Fig. 5 Microstructures of specimens annealed at 250 °C for
4 min: (a) Annealed by furnace; (b) Annealed with PC
(257.8 A/mm® and 200 Hz)

The EBSD image of the AZ31B samples after EAA
at 257.8 A/mm?, 200 Hz and 250 °C for 2 min is shown
in Fig. 6. Based on Fig. 6, there were still many twin
grains distributing in the microstructure, although they
cannot be distinguished by OM observation because their
shape changed from typically lamellar, which is shown
in Fig. 3(b), to equiaxed. The change of twin shape
implied that PC enhanced the migration of twin
boundaries, and “spheroidized” the twin lamellae. In this
process, the orientation relationship between twin grains
and original grains does not change, which still maintains
the rotation angle of twinning, and then the twin grains

can be distinguished by EBSD. This process also
explained the reason why PC could refine and
homogenize initial microstructure, mentioned above.
Therefore, PC increases the diffusion of atoms and
strengthens the migration of boundaries, including twin
grains and original equiaxed grains. Then, the twin
grains, most of which distribute in the coarse grains,
“spheroidize” into equiaxed grains because of the
decreasing of the whole interface energy, thus separating
the coarse grains and refining the microstructure. This
process homogenizes the initial microstructure and
eliminates the typically lamellar twin grains, which is not
just SRX process proposed by LI et al [13]. Moreover,
PC also strengthens the growth of equiaxed grains, and
then the microstructure annealed by PC at a higher
temperature is coarser than that annealed by furnace.

Fig. 6 EBSD image of AZ31B samples after annealing at
257.8 A/mm?, 200 Hz and 250 °C for 2 min

3.2 Dislocation annihilation

During annealing, the dislocation density would
decrease because of thermal activation, and then the
influence of PC on dislocation annihilation was studied
in order to further estimate the extra effect of PC.
Dislocation density can be estimated by many methods,
one of which is XRD. When the instrumental conditions
are the same and the grain size does not reach nanoscale,
the dislocations density is the prime reason broadening
the full width at half maximum (FWHM) of XRD
peaks [8,17]. In this work, the change of dislocation
density under different conditions was investigated based
on the broadening of FWHM, which was similar to the
results in Refs. [8,18] and was also used in the previous
work [14]. For describing the change of FWHM, the
broadening of FWHM is defined by

A=W-W, (D

where 4 is the broadening of FWHM, W is the FWHM,
and W, is the FWHM of the specimens which were just



Kai LIU, et al/Trans. Nonferrous Met. Soc. China 29(2019) 735-740 739

annealed at 400 °C for 3 h but without subsequent
tension and annealing (they were not the initial
specimens). Then, 4 can be used to roughly estimate the
change of dislocation density.

The values of 4 at different temperatures are shown
in Fig. 7. When the annealing temperature was 200 °C,
the difference of 4 between both annealing methods can
be neglected, indicating that the extra effect of PC was
feeble at a relatively low temperature, which was similar
to the fact that the softening effect of PC was also weak
at 200 °C during tension in Ref. [15]. When the
temperature was heated to 250 °C, the values of 4 in
different lattice planes, annealed by PC, were less than
those by furnace. When the temperature reached 300 °C,
the values of 4 even decreased to be negative, indicating
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Fig. 7 Values of A at different temperatures (213.3 A/mm?,
300 Hz and 4 min): (a) 200 °C; (b) 250 °C; (c) 300 °C

that the dislocation density of the specimens annealed by
PC at 300 °C was smaller than that just relieving the
residual stress at 400 °C for 3 h. This phenomenon was
also observed at the EAA on 5052 aluminum
investigated by KIM et al [8]. The above observation
implies that the extra annealing effect just exists at a
higher temperature and is strengthened with the increase
of temperature.

The influences of peak current density and
frequency on the extra effect of PC are shown in Figs. 8
and 9, respectively. From Fig. 8, it can be seen that the
annealing effect of PC is nearly invariable when peak
current density is less than 213.3 A/mm?, but there is a
strong dislocation annihilation at 237.3 A/mm?, which is
like the annealing effect at 300 °C in Fig. 7(c). Then, the
acceleration effect of PC on dislocation annihilation is
strengthened with the increase of peak current density,
which is not gradual, but is jumping when the peak
current density is enhanced to a specific one. However,
higher frequency weakens the annealing effect of PC,
based on Fig. 9.

Furthermore, different peak current densities do not
change the softening effect of PC, but higher
frequency strengthens it during tension in our previous
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Fig. 8 Values of 4 at different peak current densities (250 °C,
300 Hz and 4 min)
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Fig. 9 Values of 4 at different pulsed frequencies (250 °C,
213.3 A/mm? and 4 min)
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