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a b s t r a c t

The effect of electropulsing treatment (EPT) on the microstructure and texture evolution of the cold-rolled
AZ91 magnesium alloy strip was investigated using X-ray diffraction (XRD) and electron backscattered
diffraction patterns (EBSD). The results indicated that EPT accelerated tremendously the recrystallization
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behaviour of the cold-rolled AZ91 magnesium alloy strip at a relatively low temperature within a short
time of 7 s. It also suppressed precipitation of �-Mg17Al12 phase, compared with conventional heat treat-
ment. The recrystallized grains favourably weakened the intensity of the basal texture. A mechanism for
rapid recrystallization process during EPT was proposed based on the enhancement of nucleation rate
and atomic diffusion resulting from the coupling of the themal and athermal effects.
ecrystallization
exture

. Introduction

Electropulsing treatment (EPT), as an instantaneous high energy
nput method, has been widely applied for improvement of

icrostructure and properties of materials. Zhu and co-workers
1–3] reported that EPT-tensile process increased the elongation to
ailure of a Zn–Al alloy remarkably, and the relationship between
he elongation and the electropulsing was discussed from the point
f view of dislocation dynamic and microstructure evolution. Wang
nd Song [4,5] studied the effect of EPT on the mechanical prop-
rties of cold-rolled TA15 titanium alloy sheet. They found that
PT induced the local recrystallization and the effect of the dam-
ge healing in the TA15 sheet, which significantly increased the
otal elongation. Zhou et al. [6] indicated that direct current accel-
rated the growth of TiNi3 and TiNi layer because the current could
ecrease the growth activation energy of the whole interfacial

ayer. Liu et al. [7] found that EPT could enhance shape memory
ffect of Fe-based shape memory alloy owe to accelerating the

recipitation of NbC carbide particles under EPT. Wang also et al.
8] found that direct current could accelerate the aging process of
u–Cr–Zr alloy due to the promotion of diffusibility of the solute
toms and the mobility of vacancies. Recently, Xu et al. and Guan
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et al. [9–11] have succeeded in obtaining ultrafine recrystallized
grains in a cold-rolled AZ31 strips by using EPT. The recrystalliza-
tion behaviour under EPT could be attributed to the promotion of
the dislocation movement and annihilation as well as enhancement
of grain boundary migration. Du et al. [12] also reported that EPT
leaded to recrystallized grains in ECAPed AZ31 alloy by accelerating
the motion of dislocations due to the thermal compressive stress.
However, the understanding of the detailed mechanism pertaining
to the effect of EPT on recrystallization behaviour of Mg alloys is
still unclear.

Little has been studied on the effects of conventional annealing
on the cold-worked AZ91 magnesium alloy, as a supersaturated
solid-solution, because the competitive behaviour between �
phase precipitation and recrystallization of �-Mg matrix is com-
plex. Effects of EPT on cold-rolled AZ91 alloy has not been reported
either. The present work was initiated to study the effect of EPT on
the microstructure evolution of the cold-rolled AZ91 alloy strip and
the mechanism of the effect is discussed.

2. Experimental procedures

A commercial magnesium alloy AZ91 (9.1 wt% Al, 0.9 wt% Zn, 0.2 wt% Mn, bal-
ance Mg) was used in this investigation. The ingot was homogenized at 673 K for 16 h

and subsequently extruded into strip of width 2.90 mm and thickness of 1.45 mm.
The extruded strip was cold-rolled to 1.20 mm thick, following by solid solution
treatment to obtain supersaturated AZ91 alloy. The strip after the solid solution
treatment was further cold-rolled into 0.96 mm thick, viz. 20% cold reduction. The
cold-rolled strips were then subjected to EPT with various parameters of electropuls-
ing, as listed in Table 1. For comparison, the cold-rolled strip was heated up to 630 K
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Table 1
Electric parameters of EPT subjected to the cold-rolled AZ91 strip.

Sample no Frequency f (Hz) Duration �p (�s) jm (A/mm2) Ie (A) Measured temperature
near the cathode T (K)

EPT1 60 70 362 55.2 411
EPT2 70 70 362 61.0 431
EPT3 85 70 362 65.7 460
EPT4 100 70 362 70.1 482
EPT5 110 70 366 74.9 501
EPT6 121 70 366 79.1 526

367 83.8 563
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Fig. 4(a) shows the optical microstructure of the cold-rolled
sample, which exhibits typical cold-rolled structure of Mg alloy,
EPT7 133 70

ote: jm is the amplitude of current density of electropulsing.
e represents the RMS value of current during EPT and is related to the Joule heating

n about 8 s in a furnace, followed by natural cooling in air. The average heating rate
as about 45 K/s, and this simulated the thermal effect during EPT. This sample was

eferred to as sample AT.
The EPT process is schematically shown in Fig. 1. The AZ91 strip was on-line

reated by multiple electropulses, when the strip was moving at a speed of 2 m/min
hrough a distance of 225 mm between the two electrodes. Multiple electropulses
ere continuously produced by a self-made electropulsing generator. During this
rocess, it took about 7 s for the strip to travel from the anode and the cathode. The
ressure between the electrodes and the strip was just sufficient to keep good elec-
rical contact without causing deformation of the strip. Electropulses with various
requencies and pulse duration of about 70 �s were applied to the strip. The cur-
ent parameters including frequency, root-mean-square current (RMS), amplitude
nd duration of current pulses were monitored by a Hall effect sensor connected to
n oscilloscope. The temperature of the AZ91 strip near the cathode was measured
sing a Raytek MX2 infrared thermoscope, which was calibrated repeatedly with
hermocouple prior to temperature measurement.

The samples for both optical microscopy (OM) and EBSD orientation mapping
OIM) were cut out from the central part of the strip. The samples were pol-
shed and etched in picric acid for optical observation, and electrolytically polished
or EBSD orientation mapping. EBSD analysis was performed on a TESCAN-SEM
quipped with an HKL-EBSD system. OIM maps were measured in a unit area of
00 �m × 300 �m and the scan step length was set to be 0.5 �m. The phases in the
amples were identified by X-ray diffraction (XRD) using a Philips X’Pert diffrac-
ometer with Cu K� radiation. Vickers hardnesses of all the samples were measured
s well.

. Results

The relationship between hardness, temperature measured near
he cathode and frequency of EPT is shown in Table 1 and Fig. 2.
t was found that the temperature of the EPT samples increased
radually with frequency due to the Joule heating effect [13,14].
n the other hand, hardness of the samples decreased gradually
ith an increase in frequency. Especially, the decrease in hardness
as abrupt at the frequency of 110 Hz. This means that EPT induced
he softening effect of the cold-rolled AZ91 alloy progressively with
n increase in frequency of electropulsing.

Fig. 3 shows the XRD patterns of the cold-rolled sample and
he EPT samples. Since the cold-rolled sample was a supersat-

Fig. 1. The schematic view of EPT process.
Fig. 2. Relationship between hardness, temperature and frequency of electropulsing
of samples.

urated solid solution prior to cold-rolling, only the �-Mg peak
appeared in its XRD pattern. After EPT, the weak �-Mg17Al12
phase peak appeared and the intensity increased slightly with
frequency of EPT, as indicated by the solid squares in Fig. 3. How-
ever, the �-Mg17Al12 phase peak gradually weakened and vanished
when frequency exceeded 100 Hz. This implies that with increas-
ing frequency of EPT, a small amount of �-Mg17Al12 phase were
formed initially in the �-Mg matrix and then redissolved into �-Mg
matrix.
with many deformation twins inside the grains of average size
of about 45 �m. The EBSD orientation mapping of the samples

Fig. 3. XRD patterns for samples at various conditions.
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Fig. 4. Optical micrographs of the c

fter EPT are illustrated in Fig. 5, where the high angle bound-
ries (HAB) with misorientation larger than 15◦ are labeled by black
old line and the low angle boundaries (LAB) with misorienta-
ion within 2–15◦are labeled by black fine line. A large number of
AB and fragmented substructures mixed with many deformation
wins, appeared in the primary grains of the cold-rolled sample, as
hown in Fig. 5(a). After 100 Hz-EPT, new fine recrystallized grains
ucleated preferentially at the high-strain region (grain boundaries
nd deformation bands, etc.). Furthermore, some nucleus were
ormed inside twins and tended to grow along the twin boundaries
nto long and thin grains, as shown in Fig. 5(b). When frequency
as increased to 110 Hz, recrystallization was completed and all
he primary grains were consumed by many fine recrystallized
rains with average size of about 6 �m, as shown in Fig. 5(c).
ith further increasing frequency to 133 Hz, apparent grain growth

ccurred and relatively homogeneous microstructure of equiaxed

Fig. 5. Orientation map of the AZ91 alloy after EPT: (a) cold-rolle
lled sample: (a) and sample AT (b).

grains with average size of about 24 �m was obtained, as shown
in Fig. 5(d). In order to simulate the rapid heating during EPT, the
cold-rolled AZ91 strip was heated up to about 630 K in about 8 s in
a furnace followed by natural cooling in air. The heating rate was
close to that of the 133 Hz-EPT sample. However, it was found that
the microstructure of the sample AT by rapid heating treatment
was similar to that of the cold-rolled sample, as shown in Fig. 4(b).
Referring to Table 1 and Fig. 5, it is indicated that EPT tremendously
accelerated recrystallization process of the cold-rolled AZ91 alloy
strip at relatively low temperature as well as suppressed the precip-
itation of the �-Mg17Al12 phase, compared with conventional heat

treatment.

Fig. 6 shows the textures of the samples after EPT. For ease
analysis, both

{
0 0 0 1

}
and

{
1 0 1̄ 0

}
pole figures correspond-

ing to OIM maps in Fig. 5 are illustrated. Normal direction
(ND) was vertical to the rolling plane. The cold-rolled sample

d sample; (b) 100 Hz-EPT; (c) 110 Hz-EPT; (d) 133 Hz-EPT.
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Fig. 6. The
{

0 0 0 1
}

and
{

1 0 1̄ 0
}

pole figures of the AZ91 alloy after

xhibited a strong
{

0 0 0 1
}

basal texture. With increasing fre-

uency to 110 Hz, recrystallization induced by EPT weakened
he

{
0 0 0 1

}
basal texture gradually until full recrystallization

as achieved. With further increasing frequency to 133 Hz, how-
ver, the intensity of

{
0 0 0 1

}
basal texture increased gradually

uring EPT induced normal grain growth, accompanying the crys-

Fig. 7. Misorientation angle distribution of the AZ91 alloy after EPT: (a) c
(a) cold-rolled sample; (b) 100 Hz-EPT; (c) 110 Hz-EPT; (d) 133 Hz-EPT

tallographic orientation of
〈

1 0 1̄ 0
〉

parallel to rolling direction.

Fig. 7 shows the misorientation angle distribution of the EBSD
samples. The cold-rolled sample consisted of mainly two mis-
orientation angle distribution peaks of 2–10◦ and 85–90◦. With
increasing frequency, the amount of the misorientation angle dis-
tribution of 2–10◦ and 85–90◦ decreased gradually and a broad

old-rolled sample; (b) 100 Hz-EPT; (c) 110 Hz-EPT; (d) 133 Hz-EPT
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isorientation angle distribution in the range of 15–60◦ became
redominant.

. Discussion

The intensive
{

0 0 0 1
}

basal texture appeared in the cold-rolled
ample due to the occurrence of the basal slip of dislocations during
he cold-rolling process [15–17]. A great number of the basal-type
islocations piled up at grain boundaries,which induced large stress
oncentration around grain boundaries. These dislocations rear-
anged themselves to form high density of low angle boundary for
eleasing stress concentrations [18]. In addition, the misorienta-
ion angle distribution of 85–90◦ existed in the sample because
f the twinning of Mg alloy during cold-rolling process [19]. After
PT, the extent of recrystallization increased gradually and the
ull-recrystallized microstructure of fine equiaxed grains could be
btained with an increase in frequency of electropulsing, which
nduced the decrease in hardness of the samples. The intensity of
he basal texture decreased mainly due to the formation of new
ecrystallized grains with other crystallographic misorientation.
rom the analysis of the misorientation angle distribution of the
PT samples, it is indicated that EPT completed the transition from
ow angle grain boundary to high angle grain boundary by promot-
ng rearrangement of dislocations during a short time of 7 s, which
avourably accelerated recrystallization process of the AZ91 alloy.
he disappearance of the misorientation angle distribution peaks
f 85–90◦ indicated indirectly that some recrystallized grains were
robably formed inside the twins and further grew to consume the
rimary twins, which was observed in Fig. 5(b).

The XRD analysis shows that a small amount of �-Mg17Al12
hase precipitated initially in the �-Mg matrix and then redissolved

nto the matrix with an increase in frequency of electropulsing. Both
recipitation and dissolution of �-Mg17Al12 phase depend criti-
ally on the diffusion of Al atom in the AZ91 alloy. Our previous
tudies [13,14,20,21] indicated that EPT tremendously accelerated
he diffusion of Al atom due to the coupling of the thermal and
thermal effects. Therefore, a small quantity of �-Mg17Al12 phase
as formed at the region of high strain during EPT with low fre-

uency. With increasing frequency of EPT, the rapid temperature
ise induced by Joule heating effect remarkably reduced the driv-
ng force for precipitation of �-Mg17Al12 phase, and even caused
edissolution of the �-Mg17Al12 phase. It is worth noting that the
-Mg17Al12 phase almost disappeared completely when recrystal-

ization was completed under EPT with frequency of 110 Hz, as
hown in Figs. 3 and 5(c).

During recrystallization, the kinetics of EPT induced recrys-
allization should be taken into account. It is well known that
ecrystallization kinetics depends on the nucleation rate and
rowth rate of recrystallization nuclei [22]. Nucleation is generally
nvolved by the formation and growth of subgrains via disloca-
ion rearrangement (movement and annihilation of dislocations,
tc) during conventional annealing process. It is supposed that
he nucleation rate could be increased by promoting dislocation
earrangement during annealing process. For the sample AT, the
eformed microstructure still existed and no apparent recrystal-

ization behaviour was found. However, EPT with frequency of
10 Hz completed recrystallization process of the cold-rolled AZ91
lloy at the relatively low temperature within a short time of
s. This implies that EPT effectively accelerated recrystallization
rocess by substantially promoting dislocation motions. Previous

tudies [23–25] indicated that an additional force formed by the
eriodic impulse electrons of electropulsing, known as “electron
ind”, exerted on dislocations, which favourably promoted the
islocation motions. Guan et al. [10] proposed that EPT acceler-
ted recrystallization process by enhancing boundary migration
pounds 509 (2011) 4308–4313

due to an additional driving force of electropulsing. However, the
exact mechanism of how electropulsing affects the recrystalliza-
tion behaviour is still not clear. Here, one possible explanation
for the effect of EPT on recrystallization behaviour of the AZ91
alloy is based on the promotion of dislocation climb resulting from
the coupling of the thermal and athermal effects. Previous studies
[26] reported that dislocation climbing into subgrain boundary was
closely related to the total atomic flux. During multiple continuous
electropulsing through the AZ91 strips, the average atomic flux per
second can be described by Eq. (1):

Jr = Jr
t + Jr

a = � G b Dl

(1 − �) k T
+ 2N Dl Z∗ e � f jm �p

�k T
(1)

Jr
t = � G b Dl

(1 − �) k T
(2)

Jr
a = 2N Dl Z∗ e � f jm �p

�k T
(3)

where Jr is the total flux of atom under EPT, Jr
t the flux of atom

resulting from the thermal activated effect of EPT [27], Jr
a the flux

of atom contributed by the athermal effect of EPT [13], G the shear
modulus, b the Burgers vector, � Poisson’s ratio, N the density of
atoms, Z* effective valence of the Mg ion, e the charge on an electron,
� the electrical resistivity, k the Boltzmann constant, T the abso-
lute temperature, Dl the lattice diffusion coefficient; jm, f, and �p

are peak current density, frequency and duration of electropulsing,
respectively.

According to Eq. (1), EPT tremendously increases the average
atomic flux compared with conventional heat treatment due to
the athermal effect of electropulsing, which is an additional high
energy input through momentum transferred from electrons. This
implies that with the aid of electropulsing the average atomic flux
is adequate to accelerate recrystallization process by substantially
promoting dislocation rearrangement at a relatively low temper-
ature in a short time of 7 s. Furthermore, Eq. (1) reveals that Jr

a
increases linearly with the three electric parameters, jm, f, and �p

Under EPT, temperature of the sample increases with these three
parameters because increasing jm, f, and �p results in the larger
Joule heating effect. As a result, increasing, f, �p and jm not only
increases the athermal effect but also increases the thermal effect.
Additionally, temperature of the samples is a very important fac-
tor under EPT, which can be demonstrated by the microstructure
evolution of the samples after EPT with only change in the fre-
quency of electropulsing. Actually, many non-recrystallized grains
were observed, termed as incomplete recrystallization, in the sam-
ple after 100 Hz-EPT. However, by only increasing frequency to
110 Hz or 133 Hz, the full recrystallization could be achieved and
the subsequent grain growth occurred, respectively. It is appar-
ent that increasing frequency enhances the atomic flux due to the
athermal effect in Eq. (1). Nevertheless, as long as only the effect
of frequency on the atomic flux was considered, the completion
of recrystallization cannot be explained satisfactorily because the
electropulsing frequency change of 10 Hz or 33 Hz would not affect
the athermal effect much, as shown in Eq. (1). In fact, temperature is
another important factor for the atomic flux in the case of EPT since
Dl increases exponentially with temperature T in the Eq. (4) [28]:

Dl = D0 exp(− Q

RT
) (4)

where D0 is the diffusion pre-exponential factor, Q the activa-
tion energy, R gas constant. Based on the above analysis, EPT

tremendously accelerated recrystallization process due to the
enhancement of atomic flux at an adequate temperature. With fur-
ther increasing frequency (above 110 Hz), the rapid temperature
rise resulting from Joule heating effect resulted in the apparent
grain growth of Mg matrix.
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In the present study, the mechanism of EPT induced recrystal-
ization was mainly based on the enhancement of the atomic flux
ue to the coupling of the thermal and athermal effects of EPT.
owever, further clarification of the exact mechanism of EPT on

he recrystallization kinetics should be conducted in the future,
ncluding the analysis of the relative contributions of Jr

t and Jr
a.

. Conclusions

EPT induced recrystallization of cold-rolled AZ91 strip, and sup-
ressed the precipitation of �-Mg17Al12 phase in the �-Mg matrix,
t a relatively low temperature within a short time of 7 s, while
o apparent recrystallization behaviour was found in conventional
eat treatment with similar heating profile as EPT.

The extent of EPT induced recrystallization increased gradually
ith frequency, and the recrystallized grains favourably weakened

he intensity of the basal texture until the full recrystallization
as achieved. Further increasing frequency of EPT resulted in grain

rowth due to the high temperature, accompanying the increasing
ntensity of basal texture.

Compared with conventional heat treatment, EPT tremendously
ccelerated recrystallization process of the cold-rolled AZ91 due
o the substantial increase in the atomic flux resulted from the
oupling of the thermal and athermal effects. An adequate ther-
al effect resulted from Joule heating of EPT should be needed

or an effective operation of the athermal effect resulted from the
nteraction between electrons and atoms.
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