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Equal-channel angular pressing (ECAP) was applied to the as-cast Mg–8 wt.%Zn–5 wt.%Al (ZA85) alloy to
produce a fine-grained structure with fine and uniformly distributed Mg32 (Al, Zn)49 (s-phase) particles.
Experiments showed that the ZA85 alloy had an initial grain size of �150 lm after casting and was sig-
nificantly reduced to 4 lm after six ECAP passes at 180 �C. After annealing at 300 �C for 1 h, the average
grain size merely increased to 7.1 lm. This thermal stability of the fine-grained structure at temperatures
at or below 325 �C is attributed to the presence of the fine and well distributed s-phase. It was demon-
strated that ECAP processing greatly enhances ductility of the experimental alloy. By testing over a range
of temperatures and strain rates, a maximum elongation to failure of 400% was obtained in the ECAP
ZA85 alloy tested at 300 �C (0.53 Tm) with the initial strain rate of 1.0 � 10�4 s�1. The dominant deforma-
tion mechanism for the specimens tested at 300 and 350 �C with the initial strain rates ranging from
1.0 � 10�4 s�1 to 1.0 � 10�3 s�1 is GBS controlled by grain boundary diffusion. At the higher testing tem-
perature of 400 �C, the deformation mechanism for the experimental alloy is dislocation creep.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Combinations of light weight and high strength magnesium
(Mg) alloys represent ideal materials for a wide range of applica-
tions in the automobile and aerospace industries [1,2]. However,
owing to the closed-packed hexagonal (HCP) crystal structure,
Mg alloys have a poor plasticity at room temperature (RT) and a
limited forming and machining ability. Consequently, their poten-
tial applications are limited [3,4]. Superplastic forming (SPF), de-
fined as elongations of at least 400% and strain rate sensitivity
close to 0.5, is an effective method to fabricate hard-to-form mate-
rials into complex shapes [5,6]. For SPF to be used in industry, the
development of high strain-rate superplasticity (HSRSP), defined as
superplasticity occurring at strain rates at or above 1.0 � 10�2 s�1

[7], is needed, especially for Mg alloys with poor formability.
Figueiredo and Langdon [8] proposed two strategies for achieving
HSRSP in Mg alloys processed by equal-channel angular pressing
(ECAP): (i) by pressing the alloys through a reduced number of
passes in order to increase the thermal stability of the microstruc-
ture; and (ii) by increasing the processing temperature to permit
the occurrence of superplastic flow at higher testing temperatures.
Another desirable property for developing superplasticity in a
material is low temperature superplasticity (LTSP), defined as
ll rights reserved.
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superplasticity occurring at temperatures at or below 0.55 Tm,
where Tm is the alloy melting temperature [7]. The presence of
LTSP is an attractive property in Mg alloys because of their suscep-
tibility to surface oxidation when formed at elevated temperatures
and their low formability at temperatures close to RT.

Many previous experiments established that superplasticity re-
quires a small polycrystalline grain size (typically less than 10 lm
[9]) and these small grains are generally achieved through the
application of severe plastic deformation (SPD). ECAP is one of
the most popular SPD methods and has proved to be effective in
refining grains in various Mg alloys, resulting in improved ductility,
strength, and superplasticity [10–20]. Matsubara et al. [11] re-
ported that the Mg–9% Al alloy processed by a combination of
extrusion and ECAP exhibited a maximum elongation of 840% at
200 �C with a strain rate of 3.3 � 10�4 s�1. Figueiredo and Langdon
[12] reported that an ECAP ZK60 alloy showed a maximum
elongation of 3050% at 200 �C with a strain rate of 1.0 � 10�4 s�1.
Chuvil’deev et al. [13] found that the ECAP AZ91 alloy possessed
570% in elongation at 300 �C with a strain rate of 3.0 � 10�3 s�1

and the ECAP ZK60 alloy exhibited 810% in elongation at 260 �C
with a strain rate of 3.0 � 10�3 s�1. Liu et al. [16] reported that
the as-rolled LZ82 alloy exhibited superplasticity with a maximum
elongation of 430% at 225 �C and of 120% even at 150 �C. Miyahara
et al. [17] found that the ECAP AZ61 possessed 1320% at 200 �C
with a strain rate of 3.3 � 10�4 s�1. Kawasaki and Langdon [18]
also provided a very detailed tabulation of all papers reporting
superplasticity in metals processed by ECAP.
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mailto:cgchao@mail.nctu.edu.tw
http://dx.doi.org/10.1016/j.jallcom.2012.12.090
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom


Fig. 1. Optical micrograph of the as-cast ZA85 alloy.
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In the present study, the ZA85 alloy was chosen as the experi-
mental alloy because Mg–Zn–Al (ZA) alloys have been developed
as new high-strength Mg alloys for elevated-temperature applica-
tions [19,21]. The poor high-temperature properties of commercial
Mg–Al–Zn (AZ) alloys are attributed to the presence of intermetal-
lic Mg17Al12 (b-phase), which mainly precipitates along grain
boundaries and exhibits a low decomposition temperature. Thus,
grain boundary sliding (GBS) occurs even at temperatures below
150 �C [22,23]. It has been reported that a ternary addition of a
large amount of zinc to binary Mg–Al alloys, with a Zn:Al compo-
sition of approximately 2:1, can completely suppress the formation
of the b-phase [19,21,24]. The main precipitate of the ZA alloy is
the s-phase that has a higher melting point and decomposition
temperature than the b-phase [25], leading to better properties
at elevated temperatures than commercial AZ alloys. In this study,
ECAP was used to refine grains and precipitates, and to eliminate
defects for enhancing ductility in the ZA85 alloy. It was found that
the ECAP ZA85 alloy exhibits LTSP. The mechanism and activation
energy of deformation of the experimental alloy were also
investigated.

2. Experimental details

An alloy with a composition of Mg–8 wt.%Zn–5 wt.%Al (ZA85) was prepared.
Pure Mg, Al, and Zn (>99.9%) were melted at 750 �C with SF6 as the protective atmo-
sphere. Steel molds with cavity dimensions of 300 mm � 70 mm � 60 mm were
used for casting the alloy. The as-cast alloy in the molten state was air cooled.
The chemical composition of the alloy was 8.34 wt.%Zn, 4.74 wt.%Al with the bal-
ance Mg.

For the ECAP process, the dimensions of the specimens are 17 mm � 17 mm �
60 mm, and an ECAP die with 120� angle was used. Boron nitride was used as the
lubricant during ECAP. An ECAE temperature of 180 �C was used because higher
ECAP temperatures would have led to grain growth [19]. The ECAP die was pre-
heated to 180 �C and maintained for 15 min before inserting a lubricated ECAP
specimen into the entrance channel. The specimen was held inside the ECAP die
for 5 min before pressing. The ECAP process was conducted via Route BC in which
the specimen was rotated through 90� in the same direction after each pass with
a pressing speed of 2 mm/min.

Following the ECAP process, some samples were sliced perpendicular to the lon-
gitudinal axes to a 3 mm thickness. These small disks were sealed in glass tubes un-
der vacuum and annealed for 1 h at selected temperatures ranging from 200 to
400 �C. These static annealing experiments were used to observe the thermal stabil-
ity of the microstructure.

Microstructures of the as-cast and ECAP materials were examined using stan-
dard metallographic procedures. The polished surfaces were etched with 3 mL ace-
tic acid solution, 5 mL deionized water, 35 mL ethanol, and 1 g picric acid. The
microstructures were observed by optical microscopy and scanning electron
microscopy (SEM). The average grain size was determined with Image Pro software
(IpWin32).

The tensile tests were conducted over temperatures ranging from 250 to 400 �C
with the initial strain rates ranging from 1.0 � 10�2 to 1.0 � 10�4 s�1, using a test-
ing machine operating at a constant cross-head displacement rate. The tensile spec-
imens were longitudinally cut from the samples after ECAP by wire-electrode
cutting and were made with a gauge section of 6 mm � 3 mm � 2 mm. The speci-
mens were heated to the selected temperatures and then held for 10 min prior to
the tensile tests. All tensile specimens were pulled to failure to obtain information
on the total elongations.

3. Experimental results and discussion

3.1. Microstructures in the ZA85 alloy

Fig. 1 shows the optical micrograph of the as-cast ZA85 alloy.
The initial grain size of �150 lm was obtained with an equiaxed
grain structure. The coarse precipitates, identified as the s-phase
by X-ray diffraction (the same as in prior literature [24–26]), were
distributed along the grain boundaries. Furthermore, defects such
as blow holes and shrinkage voids were clearly observed in the
as-cast specimens. These defects resulted from the air trapped in
the melting alloy during casting and from the difference between
the cooling rates in the inner and outer regions of the ingot.
Fig. 2 shows the microstructure of the ECAP ZA85 alloy. After six
ECAP passes at 180 �C, the average grain size was significantly re-
duced to 4 lm, as shown in Fig. 2a. The mechanism of grain refine-
ment for Mg alloys by ECAP was dynamic recrystallization (DRX)
[19,27,28]. DRX led to the production of equiaxed grains with a
high fraction of high-angle grain boundaries. In addition, defects
such as blow holes and shrinkage voids were totally eliminated
by ECAP. The precipitate size was also refined during the ECAP pro-
cess; it was greatly reduced to an average of 1 lm with uniform
distribution after six ECAE passes at 180 �C, as shown in Fig. 2b.
3.2. Thermal stability of the fine-grained structure

The ECAP samples were subjected to a static annealing treat-
ment for 1 h at selected temperatures ranging from 200 to 400 �C
to investigate the thermal stability of the fine-grained structure.
The results are shown in Figs. 3 and 4 and it is apparent that there
was reasonable grain stability up to 325 �C; however, at higher
temperatures, there was grain growth yielding grain sizes of
�13.7, �21.0, and �36.5 lm after annealing at 350, 375, and
400 �C, respectively. The SEM micrographs (Fig. 4) show the micro-
structures of the ECAP samples after annealing at 300, 350, and
400 �C. After annealing at 300 �C for 1 h, the average grain size
merely increased to 7.1 lm, which is still desirable for superplastic
deformation. This thermal stability of the fine-grained structure at
the temperatures at or below 325 �C is attributed to the presence of
the fine and well-distributed s-phase, which inhibits grain-bound-
ary migration. With the annealing temperature higher than 350 �C,
the average grain size increased to above 10 lm and the fine pre-
cipitates were gradually dissolved into the matrix. Fig. 4c shows
that after annealing for 1 h at 400 �C, the fine precipitates were
hardly observed in the microstructure and the average grain size
increased to 36.5 lm.
3.3. Tensile testing of the ZA85 alloy

Fig. 5 shows the stress versus elongation to failure for samples
processed by six ECAP passes at 180 �C and then pulled to failure in
tension at temperatures ranging from 250 to 400 �C with the initial
strain rates from 1.0 � 10�2 to 1.0 � 10�4 s�1. The outer appear-
ance of the testing specimens is illustrated in Fig. 6, where the
upper specimen is untested and the other specimens were pulled
to failure under the selected conditions. A maximum elongation
of 400% was achieved at 300 �C with the initial strain rate of
1.0 � 10�4 s�1. The necking phenomenon observed in the speci-



Fig. 2. (a) Optical micrograph and (b) SEM micrograph of the ZA85 alloy fabricated by ECAP with six passes at 180 �C.

Fig. 3. Grain size versus annealing temperature after static annealing of the
material processed by ECAP with six passes at 180 �C.

Fig. 4. SEM micrographs of the ECAP ZA85 alloy after stati
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mens tested at 300 and 350 �C with initial strain rates of
1.0 � 10�3 s�1 and 1.0 � 10�4 s�1 is very similar to that previously
reported for Mg-based alloys [11,29]. It is worth mentioning that
the flow stress was relatively uniform without apparent strain
hardening when testing at higher temperatures with lower initial
strain rates. This phenomenon is ascribed to the occurrence of
strain softening under higher temperatures and lower initial strain
rates, which compensated for the effect of strain hardening.

Fig. 7 shows the elongation to failure versus the initial strain
rate for the ECAP samples. The inspection of Fig. 7 provides four
significant trends. First, the maximum elongation achieved at each
temperature tends to increase with temperature up to 300 �C, but
decreases at higher temperatures of 350 and 400 �C. This is attrib-
uted to the rapid grain growth occurring above 350 �C, as demon-
strated in Figs. 3 and 4. Second, the elongations generally increase
with decreasing initial strain rates, except at 400 �C where the peak
elongation is achieved at 1.0 � 10�3 s�1, and the elongation de-
creases when the initial strain rate is reduced to 1.0 � 10�4 s�1.
Third, for testing temperatures of 350 and 400 �C, higher elonga-
tions are achieved at the initial strain rate of 1.0 � 10�2 s�1 with
a testing temperature of 400 �C, but the situation reverses for ini-
c annealing for 1 h at (a) 300, (b) 350, and (c) 400 �C.



Fig. 5. Stress versus elongation to failure for the ECAP ZA85 alloy at the testing
temperatures ranging from 250–400 �C with the initial strain rates from 1.0 � 10�2

to 1.0 � 10�4 s�1.

Fig. 6. Appearance of the specimens processed by ECAP with six passes at 180 �C
and subsequently tested in tensile to failure under the selected conditions.

Fig. 7. Elongation to failure versus initial strain rate over a range of temperatures
for the ECAP ZA85 alloy.

Fig. 8. Flow stress versus initial strain rate over a range of temperatures for the
ECAP ZA85 alloy.
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tial strain rates at and below 1.0 � 10�3 s�1. The higher elongation
achieved at 400 �C with the higher initial strain rate of 1.0 �
10�2 s�1 is ascribed to the short testing time that limits grain
growth within the specimens during tensile testing. On the other
hand, the lower strain rate allows grains to have sufficient time
to grow, leading to a reduction in the elongations when tested at
400 �C in comparison with the tests conducted at 350 �C. Fourth,
the melting temperature of the ZA85 alloy is about 570 �C [30].
At 300 �C, which corresponds to 0.53 Tm, an elongation to failure
of 400% is obtained with initial strain rate of 1.0 � 10�4 s�1. This
result clearly demonstrates the occurrence of LTSP in the experi-
mental alloy. The presence of LTSP is an attractive property in
Mg alloys because of their susceptibility to surface oxidation when
formed at elevated temperatures and their low formability at tem-
peratures close to RT. Furthermore, even at the lower temperature
of 250 �C, which corresponds to 0.44 Tm, elongation to failure of
205% is achieved with the initial strain rate of 1.0 � 10�4 s�1. At
a testing temperature of 400 �C, an elongation to failure of 113%
is achieved with the initial strain rate of 1.0 � 10�2 s�1. Therefore,
after the ECAP process at 180 �C with six passes, the ductility of the
ZA85 alloy is greatly enhanced.

Fig. 8 shows the flow stress versus the initial strain rate for the
experimental alloy under the selected testing conditions. The
strain rate sensitivity exponent (m value), which is obtained from
the slopes of the fitted lines, is an important parameter during
superplastic deformation. Superplastic deformation is an inte-
grated process that combines GBS, dislocation movement, and dif-
fusion in intracrystalline. The m value represents the proportion of
GBS, and it is well known that high strain rate sensitivity (typically
m close to 0.5) is a characteristic of superplastic metals and alloys
[6,31]. The stress exponent (n value), which is reciprocal of the m
value, was calculated to determine deformation mechanism of
the experimental alloy. The results show that the m values of
0.55 and 0.45 corresponding to n = 1.81 and 2.22 were obtained
with the initial strain rate ranging from 1.0 � 10�4 s�1 to 1.0 �
10�3 s�1 at 300 and 350 �C, respectively. It has been reported that
the n value of the GBS and the dislocation creep mechanisms are 2



30 C.-Y. Lin et al. / Journal of Alloys and Compounds 556 (2013) 26–31
and 3, respectively [31,32]. Therefore, the deformation mechanism
for the specimens tested at 300 and 350 �C with the initial strain
rate ranging from 1.0 � 10�4 s�1 to 1.0 � 10�3 s�1 is GBS. At
400 �C, the n value is 3.03 (m = 0.33), which means that the defor-
mation mechanism is dislocation creep.

It has been reported that GBS is accommodated by slip con-
trolled by diffusion [33]. To further understand the mechanism
for the specimens tested at 300 and 350 �C with the initial strain
rate ranging from 1.0 � 10�4 s�1 to 1.0 � 10�3 s�1 during the defor-
mation process, the activation energy for the deformation was cal-
culated under constant strain rate using the following formula
[34]:

Q ¼ nR
@ðln rÞ
@ð1=TÞ

where Q is the apparent activation energy, n is the stress expo-
nent, R is the gas constant (R = 8.31 J/(K mol)), r is the true stress,
and T is the absolute temperature. It has been reported that the
activation energy in Mg alloys for grain boundary diffusion and
for lattice diffusion are 92 and 135 kJ mol�1, respectively [35,36].
According to the relationship of ln r versus 1/T at different strain
rates during the deformation, the activation energy Q in the ECAP
ZA85 alloy tested with the initial strain rate of 1.0 � 10�4 s�1 was
calculated to be 88.5 kJ mol�1, which is very close to the value
for grain boundary diffusion. When increasing the initial strain
rates to 1.0 � 10�3 s�1 and 1.0 � 10�2 s�1, activation energies Q
of 105 and 118 kJ mol�1 were estimated, respectively, which are
higher than those for grain boundary diffusion but lower than
those for lattice diffusion. Therefore, the dominant deformation
mechanism of the ECAP ZA85 alloy tested at temperatures ranging
from 300 to 350 �C is GBS controlled by grain boundary diffusion.

3.4. Fracture surface of the ECAP sample after tensile testing

Fig. 9 shows the tensile fracture surface of the ECAP specimens
tested with the initial strain rate of 1.0 � 10�3 s�1 at 250, 300, 350,
and 400 �C. In general, the failure of Mg alloys is brittle through
Fig. 9. Tensile fracture surface of the ECAP specimens tested with the initial strain
cleavages at RT because of their HCP structure. Fig. 9a shows that
the fracture surface for the ECAP sample tested at 250 �C with
the initial strain rate of 1.0 � 10�3 s�1 showed mainly cleavages.
Fig. 9b shows that the fracture surface consisted of some dimples
and cleavages when tested at 300 �C with the initial strain rate of
1.0 � 10�3 s�1. This means that the deformation of the experimen-
tal alloy gradually transformed from brittle to ductile through
thermal activation. Fig. 9c shows that the fracture surface totally
changed to dimples when tested at 350 �C with the initial strain
rate of 1.0 � 10�3 s�1. However, when increasing the tensile testing
temperature to 400 �C, the fracture surface consisted of some dim-
ples and cleavages, as shown in Fig. 9d. This is attributed to the
obvious grain growth effect at 400 �C, which decreased the elonga-
tion to failure of the sample, as can be seen in Fig. 7. Close inspec-
tion shows that the fraction of dimples in Fig. 9b is less than that in
Fig. 9d. This matches the value of the elongation to failure in the
materials shown in Fig. 7 with the value of the elongation that in-
creases with the increasing fraction of dimples.
4. Conclusions

1. By applying the ECAP process with six passes at 180 �C to the
as-cast ZA85 alloy, the average grain size was greatly reduced
from �150 lm to 4 lm and the precipitate size was also refined
to an average of 1 lm with uniform distribution.

2. After annealing at 300 �C for 1 h, the average grain size only
increased to 7.1 lm. This thermal stability of the fine-grained
structure at temperatures at or below 325 �C is attributed to
the presence of the fine and well distributed s-phase.

3. The ductility of the experimental alloy is greatly enhanced by
the ECAP process. A maximum elongation to failure of 400%
was obtained for the ECAP ZA85 alloy tested at 300 �C with
the initial strain rate of 1.0 � 10�4 s�1.

4. In the ECAP ZA85 alloy, the dominant deformation mechanism
for the specimens tested at 300 and 350 �C with the initial
strain rates ranging from 1.0 � 10�4 s�1 to 1.0 � 10�3 s�1 is
rate of 1.0 � 10�3 s�1 at (a) 250, (b) 300, (c) 350, and (d) 400 �C, respectively.
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GBS controlled by grain boundary diffusion. At the higher test-
ing temperature of 400 �C, the deformation mechanism for the
experimental alloy is dislocation creep.
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