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Improved ductility of aged Mg-9Al-1Zn alloy strip by
electropulsing treatment
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The effect of electropulsing treatment (EPT) on the microstructure and mechanical
properties of aged Mg-9Al-1Zn alloy strip was studied. EPT was found to accelerate
tremendously the b phase spheroidization in the aged Mg-9Al-1Zn alloy. This improved
microstructure exhibits excellent mechanical properties, that is, increasing elongation to
failure significantly without loss of tensile strength. The spheroidization of the b phase
during EPT was attributed to the reduction of the nucleation thermodynamic barrier and
enhancement of atomic diffusion.

I. INTRODUCTION

In recent years, Mg-9Al-1Zn alloy (AZ91) has
attracted a lot of attention due to its excellent properties,
such as low density, high specific strength, and good
damping capacity. However, the AZ91 alloy exhibits
low strength and low ductility at room temperature com-
pared to other commercial structural materials, such as
Al alloys and steel. These considerably inhibit AZ91’s
widespread application. Some research focused on grain
refinement of AZ91 using severe plastic deformation
(SPD) techniques,1–3 including equal channel angular
pressing (ECAC)4,5 and accumulative roll bonding
(ARB),6–8 which can improve both the strength and duc-
tility. Nevertheless, SPD techniques have difficulty
satisfying industrial needs due to their low production
efficiency and high manufacturing cost. In the present
work, a novel technique of electropulsing treatment
(EPT)9,10 is applied to an aged AZ91 strip for improving
ductility without any compromise in tensile strength.

EPT accelerated spheroidization of the strengthening
b phase tremendously in the aged AZ91 alloy strip.
Finally, the mechanism of the effect is discussed.

II. EXPERIMENTAL

A commercial magnesium alloy AZ91 (9.1wt%Al,
0.9wt%Zn, 0.2wt%Mn, balance Mg) was used. The in-
got was homogenized at 673 K for 16 h, and subsequent-
ly extruded into strip of width 2.90 mm and thickness
1.45 mm. The extruded strip was then electropulsing-
rolled11 to 1.00 mm thick. The rolled strip was aged
for 12 h at 493 K to obtain the as-aged strip consisting
of a-Mg and b-Mg17Al12. The as-aged strips were sub-
jected to EPT with various parameters of electropulsing,
as listed in Table I. For comparison, the as-aged strips
were heated up to 723 K over the course of about 8 s in a
furnace, followed by natural cooling in air. The average
heating rate was about 90 K/s, and this simulated the
thermal effect during EPT. These samples were referred
to as AT samples.
The EPT process is schematically shown in Fig. 1. The

AZ91 strip was on-line treated by multiple electro-
pulsing, when the strip was moving at a speed of 2 m/min
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through a distance of 225 mm between the two electrodes.
A self-made electropulsing generator was applied to dis-
charge the positive direction multiple pulses. It took about
7 s to move the strip from the anode to the cathode. The
pressure between the electrodes and the strip was just
sufficient to keep good electrical contact without causing
deformation of the strip. Electropulses with various fre-
quencies and pulse durations (from 70 to 80 ms) were
applied to the strip. The current parameters including fre-
quency, root-mean-square current (RMS), amplitude, and
duration of current pulses were monitored by a Hall Effect
sensor connected to an oscilloscope. The temperature of
the AZ91 strip near the cathode was measured using a
Raytek MX2 infrared thermoscope. The EPT6 sample ex-
perienced an average heating rate of 83 K/s during EPT,
which was comparable to that of the AT sample.

A JSM-820 JEOL scanning electron microscope
(SEM) was used to observe the microstructure of the
samples. The transverse sections of the strips were
polished and etched for microstructure observation
in SEM. The phases in the samples were identified by
x-ray diffraction (XRD) using a Philips X’Pert Diffrac-
tometer with Cu Ka radiation. A uniaxial tensile test at
room temperature was carried out at a rate of 2 mm/min,
using the strip specimens with a gauge length of 50 mm.
Five samples of each condition were tested.

III. EXPERIMENTAL RESULTS

The relationship between temperature and frequency
of electropulsing is shown in Table I. It was found that
the temperature of EPT samples rose with increasing
frequency of electropusling due to the Joule heating
effect. Figures 2 and 3 show the relationship between
tensile strength, elongation to failure, and frequency of
electropulsing of samples. The tensile strength of the
samples remained almost unchanged, while the yield
strength decreased slightly, when the frequency of elec-
tropulsing increased. To the contrary, the elongation
to failure of the samples increased remarkably with
frequency of electropulsing. The elongation of the
sample treated by 221 Hz-EPT approached 21.5%,
which corresponded to an 82% increase compared with
that of the as-aged sample (11.8%). EPT improved the

TABLE I. Experimental EPT parameters for treatment of the aged

AZ91 strip.

Sample

number

Frequency

(Hz)

Duration

(ms)
jm

(A/mm2)

je
(A/mm2)

Measured

temperature

near the

cathode (K)

EPT1 92 80 326 18.6 403

EPT2 111 80 330 20.6 445

EPT3 121 80 339 22.0 463

EPT4 153 80 339 24.8 498

EPT5 200 80 331 27.9 528

EPT6 221 80 335 29.1 573

Note: jm is the amplitude of current density of electropulsing; je represents
the RMS value of current density during EPT and is related to the Joule

heating effect.

FIG. 1. Schematic view of the EPT process.

FIG. 3. Engineering stress-strain curves of the as-aged, 150 Hz-EPT

and 221 Hz-EPT samples.

FIG. 2. The relationship between tensile strength, elongation, and

frequency of electropulsing of samples.
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plasticity of the as-aged AZ91 strips effectively without
compromising the tensile strength.

XRD patterns for the as-aged sample, the AT sample,
and the EPT samples are shown in Fig. 4. The as-aged
sample consisted of mainly two phases, namely, a-Mg and
b-Mg17Al12. With increasing frequency of electropulsing,

the peaks of the b phase weakened. This implies that the
b phase transformed gradually with increasing frequency
of electropulsing during EPT. However, XRD analysis
also shows that the AT sample had very similar XRD
patterns to the as-aged sample. This indicates that the
amount of b-Mg17Al12 was not reduced in the AT sample
by conventional heat treatment with a similar heating rate
to EPT with a frequency of 221 Hz.
The microstructure changes of the as-aged sample

before and after the 221 Hz-EPT are shown in Fig. 5.
The matrix was a-Mg and the precipitates were
b-Mg17Al12. For the as-aged sample, numerous b parti-
cles precipitated at grain boundaries and inside the
grains, and many b lamellar clusters were formed,
as indicated by the arrows in Figs. 5(a) and 5(b). After
221 Hz-EPT, the b lamellar clusters disappeared and a
large amount of spherical b particles formed uniformly
in the sample, as shown in Fig. 5(c). This agrees well
with the XRD results. Furthermore, the a-Mg matrix
grains did not grow appreciably during EPT. This means
that EPT tremendously accelerated the spheroidization
of the b phases in the as-aged AZ91 strip during a very
short period of 7 s. However, numerous b lamellar clus-
ters remained in the AT sample (by conventional heat
treatment), as shown in Fig. 5(d). The SEM results were
in good agreement with the XRD analysis.FIG. 4. XRD patterns for samples at various conditions.

FIG. 5. SEM micrographs of samples: (a) as-aged sample (low magnification); (b) as-aged sample (high magnification); (c) sample EPT6

(221 Hz); (d) sample AT.
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IV. DISCUSSION

The dense b lamellar clusters existing in the a-Mg
matrix induced a large local stress concentration around
the clusters and resulted in premature fracture of the
samples when force is applied on the samples. Such
behavior severely reduced both the plasticity and form-
ability of the as-aged AZ91 strip. After 221 Hz-EPT, the
b lamellar clusters disappeared and numerous spherical
b particles were distributed uniformly in the a-Mg
matrix. Such microstructure favorably released the inter-
nal stress and reduced the probability of stress concen-
tration. The ductility of the AZ91 strip was improved.
However, the yield strength of the 221 Hz-EPT sample
decreased slightly due to the reduction of the amount of
b particles.

The XRD and SEM observation revealed that EPT
tremendously accelerated the b!a phase transforma-
tion. Compared with the microstructure of the AT
sample, it is obvious that the acceleration of the b!a
phase transformation during EPT was not a result of the
effect of rapid heating of electropulsing, but from the
EPT itself. Previous studies12–14 indicated that EPT en-
hanced nucleation of phase transformation by decreasing
the thermodynamic barrier. This effect of electropusling
on the phase transformation can be described with
Eq. (1).12

DG ¼ DG0 þ DGe

DGe ¼ m0gxðs1;s2Þj2DV ; ð1Þ
where DG is the free energy change for the b!a phase
transformation, DG0 is the change of free energy in a
current-free system, DGe is an energy change due to
the change of distribution of the current in the formation
of a nucleus, m0 is the magnetic susceptibility in
vacuum, g is a positive geometric factor for coarse-
grained materials, j is the current density, DV is the
volume of a nucleus, and xðs1;s2Þ is a factor that
depends on the electrical properties of nucleus and
medium, xðs1;s2Þ ¼ ðs2 � s1Þ=ðs1 þ 2s2Þ, where s1

and s2 are the conductivity of the a and b phase,
respectively. During the b!a phase transformation,
ðsa ¼ s1Þ > ðsb ¼ s2Þ results in xðs1;s2Þ< 0, there-

fore, DGe < 0 according to Eq. (1). This implies that
EPT can accelerate the b!a phase transformation by
decreasing the thermodynamic barrier.

During the spheroidization, the kinetics of the b!a
phase transformation should be taken into account. For
the AT samples, numerous b lamellar clusters still
existed after conventional heat treatment. However, it
took only about 7 s to complete the spheroidizing proc-
ess in the aged AZ91 strip under 221 Hz-EPT, which had
a similar heating rate to the AT sample by conventional
heat treatment. The spheroidization of b particles

depends critically on the diffusion of Al atom in the
as-aged AZ91 strip under EPT. Previous studies15 indi-
cated that EPT tremendously accelerated Al atomic
diffusion due to the coupling of the thermal effect and
the athermal effect of EPT. During multiple continuous
electropulses through the AZ91 strips, the average
atomic flux per second can be described by Eq. (2).15

J¼JtþJa¼ 2pD1

O ln
R

0

r0

 !� 1þdc
c0

 !
þ2N�D1�Z��e�r�f �jm�tp

pkT

Jt¼ 2pDl

O ln
R

0

r0

 !� 1þdc
c0

 !
Ja¼2N�Dl�Z��e�r�f �jm�tp

pkT
; ð2Þ

where Jt is the flux of atoms resulting from the thermal
activation effect during EPT and Ja is the flux of atoms
contributed by the athermal effect of EPT, Dl is the
lattice diffusion coefficient, c0 is the average concentra-
tion of vacancy, dc is the supersaturation concentration
of vacancies, O is the atom volume, r0 and R0 are the
distance far from dislocation where the vacancy concen-
trations are c0 and c0 þ dc, respectively; N is the atom
density, Z� is an effective valence, e is the electron
charge, r is the resistivity, k is the Boltzmann constant,
T is the absolute temperature; and jm, f, and tp are peak
current density, frequency, and duration of electropul-
sing, respectively.

According to Eq. (2), EPT increases the average atom-
ic flux substantially due to the athermal effect of electro-
pulsing, which is an additional high energy input
through momentum transferred from electrons compared
with conventional heat treatment. Furthermore, Eq. (2)
reveals that ja increases linearly with the three electric
parameters, jm, f, and tp. During EPT, the temperature of
the sample increases with these three parameters because
increases in jm, f, and tp contribute to the larger Joule
heating effect. Thus, increasing f, tp, jm not only
enhances the athermal effect, but also increases the ther-
mal effect. A previous study13 revealed that temperature
was an important factor for the atomic flux, which accel-
erated the diffusional b!a phase transformation in the
case of EPT since Dl increases exponentially with tem-
perature T according to Eq. (3)16:

Dl ¼ D0 exp
�Q

RT

� �
; ð3Þ

where D0 is the diffusion preexponential factor and Q is
the activation energy. This implies that EPT tremen-
dously accelerates the dissolution and spheroidization of
the b phase in the as-aged AZ91 strip due to increase in
the Al atom diffusion flux.
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V. CONCLUSIONS

The electropulsing treatment (EPT) tremendously
accelerated the spheroidization of the b phase in the
aged AZ91 alloy strip during a very short time of 7 s.
EPT increased the elongation to failure by about 80%
without loss of tensile strength. A mechanism for rapid
spheroidization of the b phase during EPT was proposed.
EPT enhances the nucleation of the b!a phase transfor-
mation by decreasing the thermodynamic barrier. In ad-
dition, EPT increases the diffusion flux of Al atoms
substantially as a result of the coupling of the thermal
and athermal effects of EPT.
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