
Materials Transactions, Vol. 43, No. 10 (2002) pp. 2424 to 2432
Special Issue on Superplasticity and Its Applications
c©2002 The Japan Institute of Metals

High Strain Rate and/or Low Temperature Superplasticity in AZ31 Mg Alloys
Processed by Simple High-Ratio Extrusion Methods
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There have been numerous efforts in processing metallic alloys into fine-grained materials, so as to exhibit high strain rate superplasticity
(HSRSP) and/or low temperature superplasticity (LTSP). The current study applied the most simple and feasible one-step extrusion method
on the commercial AZ31 magnesium ingot to result in HSR&LTSP. The one-step extrusion was undertaken using a high extrusion ratio at
250–350◦C, and the grain size after one-step extrusion became ∼ 1–4 µm. The processed AZ31 plate exhibited satisfactory room temperature
tensile elongation of 30–50%; 200◦C elongations of 600% at 1 × 10−4 s−1 and 425% at 1 × 10−3 s−1; and 300◦C elongations of 900% at
1 × 10−4 s−1, 520% at 8 × 10−3 s−1, 300% at 2 × 10−2 s−1, and 210% at 1 × 10−1 s−1. This suggests that the current AZ31 Mg alloy has
possessed HSRSP at relatively low temperatures of 280–300◦C, as well as LTSP at 200◦C. The low flow stress of 15–30 MPa and the true
strain rate sensitivity of 0.3–0.4 both suggest that grain boundary sliding and solute drag creep have operated under these loading conditions.
The current results imply that the simple high-ratio extrusion method might be a feasible processing mean for industry applications.
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1. Introduction

There have been numerous efforts in processing metallic
alloys into fine-grained materials, so as to exhibit high strain
rate superplasticity (HSRSP) and/or low temperature super-
plasticity (LTSP). The processing means include thermome-
chanical treatments (TMT), equal channel angular pressing
(ECAP), multiple forging, cyclic extrusion, high-ratio extru-
sion, torsion under compression, accumulative roll-bonding
(ARB), rapid solidification, powder metallurgy, or electrode-
position, etc.

Over the past few years, the development of fine-grained
Mg base alloys so as to exhibit superplastic capability has
been gradually emerged. The AZ and ZK series Mg alloys ap-
peared to be among the most popular candidates.1–14) Table 1
summarizes the reported superplastic performance of these al-
loys. Tensile elongations higher than 1000% have been ob-
served in numerous cases. For example, the rapid solidified
AZ91 100 µm ribbons after folding and extrusion, resulting in
a fine grain size of 1.2 µm, were reported to exhibit an elon-
gation over 1000%.4) Compatible results were found in the
AZ91D alloy after reciprocal extrusion (1000% at 300◦C and
1×10−3 s−1),13) or after high-ratio one-step extrusion (1200%
at 300◦C and 1 × 10−3 s−1).14) The high superplastic elon-
gation of 1000% has also been reported for expensive Mg–
4Y–3RE–0.5Zr (WE43) at 400◦C.15) The supreme superplas-
tic behavior of the commercial Mg alloys can be applied in the
press forming16) or press forging process for making Mg en-
closures for electromagnetic shielding purpose concerned in
the 3C (computer, communication and consumer electronic)
industry.

By proper control of the thermomechanical treatment, the
Mg alloys can be processed into uniform fine grains mea-
suring within 2–20 µm, depending on the processing defor-
mation amount and following heat treatments. The lattice
and grain boundary diffusion rates of the Mg base alloys are
around 3× and 18× faster, respectively, than those of the Al

base alloys at the typical processing and heat treatment tem-
perature of ∼ 300◦C.17) Due to the relatively faster diffusion
rate, the Mg alloys tend to possess better defined equiaxed
fine grains that favorable for grain boundary sliding during
the subsequent tensile loading at elevated temperatures. Since
the previous processing means, such as ECAP, multiple recip-
rocal extrusion or rapid solidification plus extrusion, usually
produce smaller or rod-shaped products, the current study ap-
plied the most simple and feasible one-step plate-extrusion
methods on the popular and low-priced commercial AZ31B
magnesium alloy, to result in superior high strain rate and/or
low temperature superplasticity.

Previous efforts in using high-ratio extrusion to refine the
grain size in Mg base alloys and composites have been con-
ducted by Higashi and co-workers.18–20) The extrusion ratio
applied was mostly 44:1 or 100:1. In this study, the extru-
sion ratio will be further increased to be greater than 150:1,
so as to achieve a processing strain compatible to those ex-
perienced during ECAP. Although high strain rate superplas-
ticity has been observed in many Al base alloys and compos-
ites e.g.21) or Mg composites e.g.,22, 23) there have been very
limited results on the Mg alloys. Wu et al.24, 25) reported a
superplastic-like elongation of 189–250% in the AZ31 alloy
tested at 500◦C and 1×10−2 s−1; and Mukai et al.26) achieved
∼ 180% elongation for the extruded AZ31 as tested at 350◦C
and 1 × 10−2 s−1. It would be desirable to explore whether
the alloy can exhibit HSRSP over 200% at even lower tem-
peratures. The current study will aim on the development of
HSRSP and/or LTSP in the AZ31 alloy through the simple
high-ratio extrusion method.

2. Experimental Methods

The AZ31B alloys used in this study were purchased
from CDN Company, Canada. The chemical composition
in mass percent is Mg–3.02%Al–1.01%Zn–0.30%Mn (plus
0.007%Si, 0.003%Cu and 0.003%Fe). The as-received al-
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Table 1 Summary of the low temperature superplastic performance in commercial AZ and ZK series Mg alloys.

Alloy
Processing Grain size Test temp Strain rate

Elongation Ref. (year)
mean (µm) (◦C) (s−1)

AZ31 Extrusion 5 325 1 × 10−4 608% [1, 1999]

AZ31 Extrusion 15 177 1 × 10−5 120% [2, 2001]

AZ31 Extruded rod — 450 1 × 10−5 596% [3, 2000]

Extruded sheet — 375 6 × 10−5 200%

AZ91 Conventional — 250 3.3 × 10−3 110% [4, 1991]

cast + extrusion 275 180%

300 170%

RS + extrusion — 250 >500%

275 >1000%

300 >1000%

AZ91 PM + extrusion 1.4 300 1 × 10−2 280% [5, 1997]

IM + extrusion 4.1 250 4 × 10−4 430%

AZ91 ECAP 1 175 6 × 10−5 326% [6, 1997]

175 2 × 10−4 180% [7, 1999]

200 6 × 10−5 661%

200 1 × 10−4 400%

1.4 300 1 × 10−2 280%

4.1 250 3 × 10−4 430%

AZ91 Extrusion 7.6 300 1 × 10−5 310% [8, 1995]

15.4 150%

66.1 <30%

AZ91 Reciprocal ext. — 300 1 × 10−3 1000% [13, 2000]

AZ91 Extrusion 2.5 300 1 × 10−3 1200% [14, 2001]

AZ105 PM + extrusion — 200 2 × 10−3 53% [9, 1999]

300 2 × 10−3 400%

300 2 × 10−2 900%

IM + extrusion — 200 2 × 10−3 75%

300 2 × 10−3 120%

ZK60 IM + extrusion 3.3 325 1 × 10−2 544% [10, 1999]

350 1 × 10−3 420%

PM + extrusion 6.5 200 3 × 10−6 430%

+annealing 225 1 × 10−5 400%

ZK60 Extrusion 3.2 300 4 × 10−3 730% [5, 1997]

ZK61 1.8 350 1 × 10−1 450%

ZK60 Extrusion 3.3 325 1 × 10−3 370% [10, 1999]

325 1 × 10−2 544% [11, 1999]

325 1 × 10−1 130%

350 1 × 10−3 420%

350 1 × 10−2 320%

350 1 × 10−1 150%

ZK60 Extrusion 6.5 200 1 × 10−5 240% [11, 1999]

+annealing 225 1 × 10−5 430%

ZK61 PM + extrusion 0.5 200 1 × 10−3 659% [12, 1999]

200 1 × 10−2 283%

200 1 × 10−1 100%

loy was fabricated through semi-continuous casting and has
the form of extruded billet measuring 178 mm in diameter
and 300 mm in length. The extruded billet possessed nearly
equiaxed grains around 70 µm. Upon subject to tensile tests,
the as-received billet exhibited tensile elongations less than
150% over the range of 25–350◦C and 10−4–10−1 s−1, and
did not reveal any HSRSP or LTSP property.

The one-step extrusion was undertaken using a high extru-
sion ratio at 250–350◦C. The initial input rod-shaped sample
for laboratory uses, with a diameter of 65 mm, was extruded
into a plate-shaped product with a plate width of 10–65 mm
and plate thickness of 1–2 mm, resulting in extrusion ratios
from 25–166 (or a true extrusion strain of 3.2–5.1). Parallel
experiments on the AZ91D alloys also showed that the one-
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step extrusion could be replaced by two-step extrusion with
the same total accumulated strain,14) and slightly degraded but
still compatible superplastic results could also be achieved.
It was found that a high extrusion ratio would result in finer
grain structures and superior HSRSP and/or LTSP character-
istics. In what follows, most tensile results were obtained
from specimens extruded to 2 mm thick using the highest ratio
of 166:1, except where indicated.

Constant crosshead speed tensile tests were conducted us-
ing an Instron 5582 universal testing machine equipped with
a three-zone furnace, with the loading direction parallel to the
extrusion direction. The temperature was controlled within
±2◦C. It usually took 50 min for the tested specimens to reach
the desired loading temperature without thermal fluctuations.
Different heating rates were tried, and 50 min seemed to be
optimum in terms of LTSP elongation performance and in-
strument stability. The specimen gauge length and width were
8 and 3 mm, respectively, with a shoulder radius of curvature
of 2 mm.

In order to examine the stability of the grain size during
static annealing and dynamic loading, the specimens extruded
by a high extrusion ratio were further heated to 150, 200, 250,
300 and 350◦C and held for 0–10 h, followed by tensile load-
ing under various loading conditions. The microstructures
and post-annealing superplastic properties were characterized
and compared. The grain structures of the etched specimens
were revealed by optical microscopy (OM) or scanning elec-
tron microscopy (SEM). The crystalline orientations of the as-
extruded as well as the annealed specimens were examined by
X-ray diffraction. For the rod ingot billet, the cross-sectional
plane was placed to receive the incident Cu Kα X-ray. In con-
trast, the plane facing to the X-ray for the extruded plate was
the flat extrusion surface.

3. Results and Discussion

3.1 Grain size
The grain size of the AZ31 alloy after one-step high-ratio

extrusion was significantly reduced from the original 70 µm.
It became ∼ 9, 4.5, and 2.5 µm after extrusion to 42:1, 100:1
and 166:1. The nearly equiaxed grain structure in 2 mm spec-
imens subjected to 166:1 extrusion is shown in Fig. 1(a). Af-
ter static annealing at 150–300◦C for 1 h, the grain bound-
aries appeared to be well defined as shown in Fig. 1(b), and
the grain size in the 166:1 specimen increased slightly to
2.6 to 2.8 µm (Table 2), suggesting that the grain size was
fairly stable upon exposure at temperatures below 300◦C. The
grain sizes of the extruded specimens after static annealing at
300◦C for 1 to 10 h were seen to increase from 2.8 to 3.9 µm,
as listed in Table 2. This implies that the grain structure in
the heavily extruded AZ31 alloy can remain its fine grains
at T ≤ 300◦C for a long period of loading or forming time.
However, at an even higher temperature of 350◦C for 1 or
10 h, the grains grew appreciably to 5.2 or 6.5 µm.

During tensile loading over 25–300◦C, the grain size re-
mained highly stable. For the 100:1 specimens, the grain size
of the as-extruded alloy (4.5 µm) was further refined to 3 and
4 µm when tensile loaded at 250 and 300◦C at a strain rate of
1 × 10−3 s−1. And the 2.5 µm grain size in the 166:1 speci-
mens was also consistently refined to ∼ 2 µm as tensile loaded

Table 2 Summary of the measured grain size and X-ray peak intensity ratio
for the (0002) reflection over the (101̄1) and (101̄3) reflections in the AZ31
alloy extruded to 166:1 into a plate of 2 mm thick.

Material condition
Grain size

I(0002)/I(101̄1) I(0002)/I(101̄3)(µm)

As-received ingot 70 0.6 5

As-extruded plate 2.5 14.6 19

Post-annealed at 150◦C for 1 h 2.6 23.0 23.0

Post-annealed at 150◦C for 10 h — 60.0 40.0

Post-annealed at 200◦C for 1 h 2.7 — —

Post-annealed at 200◦C for 10 h — — —

Post-annealed at 250◦C for 1 h 2.8 22.0 14.7

Post-annealed at 250◦C for 10 h — 10.7 14.7

Post-annealed at 300◦C for 1 h 2.8 23.0 13.5

Post-annealed at 300◦C for 3 h 2.9 — —

Post-annealed at 300◦C for 5 h 3.7 12.4 6.8

Post-annealed at 300◦C for 10 h 3.9 10.8 5.4

Post-annealed at 350◦C for 1 h 5.2 7.5 3.6

Post-annealed at 350◦C for 10 h 6.5 7.5 4.0

Tensile loaded at 200–300◦C 2.0 — —

and 1 × 10−3 s−1

Fig. 1 Typical grain structures observed in the AZ31 Mg alloy under the
(a) as-extruded condition, and (b) extruded and then statically annealed at
300◦C for 1 h.

at 200, 250, 280, and 300◦C (Table 2).

3.2 Texture evolution
The X-ray diffraction pattern computer simulated for com-

plete random Mg powders is presented in Fig. 2(a). In com-
parison, Fig. 2(b) shows the experimental X-ray diffraction
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Fig. 2 X-ray diffraction patterns of the AZ31 Mg alloy showing the apparent change in texture after severe extrusion: (a) complete
random Mg powders, (b) the as-received ingot processed by semi-continuous casting, and (c) the as-extruded plate. The intensity is
referred to the X-ray count.

taken from the cross-sectional plane of the as-received bil-
let. The {112̄0} planes tended to lie on the cross-sectional
plane. In other words, the {0002} planes tended to lie on the
plane that contains the extrusion axis. This has been typi-
cally observed in extruded or rolled Mg alloys.27) The {101̄1}
peak, predicted to be the strongest X-ray peak for complete
randomly-oriented samples, still ranked second in intensity,
suggesting that the overall texture intensity was not signifi-
cantly strong. In contrast, only one single strong and domi-
nant texture was observed in the severely extruded plate, with
predominantly {0002} basal planes lying on the flat surface of
the extruded plate, as seen in Fig. 2(c).

The strong {0002} texture did not evolve much during static
annealing at 150–300◦C for 1–10 h. However, appreciable
evolution can be seen in specimens annealed at 350◦C, espe-
cially after 10 h annealing. Examples of the X-ray diffraction
for the annealed specimens are shown in Fig. 3. The ratios of
the peak intensity of the (0002) reflection and two other major
peaks, (101̄1) and (101̄3), for the AZ31 alloy under various
processing and annealing conditions are also listed in Table 2.

From Table 2, it can be seen that the strong {0002} tex-
ture induced during severe extrusion was further enhanced by
static annealing at 150–300◦C for a short period of time for
1 h. The peak ratio of (0002)/(101̄1) increased from 14.6 for
the as-extruded sample to 23 after annealing at 150◦C for 1 h;
it was even further increased up to 60 for the sample annealed
at 150◦C for 10 h. This suggests that recovery has occurred
during the whole annealing treatment at 150◦C and during the

initial annealing stage at 250 and 300◦C. Partial recrystalliza-
tion seemed to proceed at higher annealing temperatures and
longer annealing time. Annealing at 250–300◦C for 2–10 h
seemed to involve initial recovery and subsequent partial re-
crystallization, resulting in the optimum grain size and mu-
tual grain orientation. As described later, this condition hap-
pened to correspond to the regime for optimum low temper-
ature and/or high strain rate superplasticity. At 350◦C, the
ratios of (0002)/(101̄1) and (0002)/(101̄3) both decreased
to 4–8, meaning more recrystallized grains with orientations
other than {0002} have emerged and the overall grain size in-
creased appreciably.

X-ray diffraction texture analysis has also been conducted
by Mukai et al.28) on the AZ31 alloy processed by ECAP.
It was reported that the {0002} planes were not preferen-
tially parallel to the extrusion direction, and the room tem-
perature tensile ductility was greatly improved. In this study,
the as-extruded or further annealed AZ31 specimens all con-
tained strong {0002} texture, and high tensile elongations at
25–300◦C were similarly achieved (Sections 3.3 and 3.4). It
seems that the fine grain size is the most critical factor in ob-
taining the superior tensile ductility. The strong initial texture
was found to be substantially evolved and weakened into a
more random manner during the tensile straining in Al base
alloys.29) Whether the similar situation would occur in the Mg
base alloys will be examined in future study.
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Fig. 3 X-ray diffraction patterns taken from the severely extruded AZ31 Mg alloy after further annealing for 10 h at (a) 150◦C,
(b) 250◦C, and (c) 300◦C, and (d) 350◦C. The intensity is referred to the X-ray count.

3.3 Room temperature tensile properties
Figure 4 shows the typical engineering stress and strain

curves for selected cases. The room temperature yield stress
(YS), ultimate tensile stress (UTS) and elongation at 10−3 s−1

for the as-received AZ31 billet were 100 MPa, 160 MPa, and
9%, respectively, as listed in Table 3. After warm extrusion
to 166:1, the data on the as-extruded specimen (2 mm thick)
increased to 280 MPa, 323 MPa and 27%, as compared in
Table 3. The as-extruded specimen showed low work harden-
ing at room temperature. The high elongation of 27% for the
as-extruded AZ31 specimens, much higher than the 10–15%
for commercial coarse-grained AZ31 alloys or similarly pro-
cessed 5083 Al alloys, was derived from the resulting uni-
form well-defined fine grain structures. Preliminary trials in
extruding the AZ31 alloy (also to a high ratio of 166:1) into
a thinner plate of 1.5 mm thick have resulted in better tensile
elongation up to 50%. Although extruded to the same ratio
of 166:1, the thinner specimens appeared to possess a slightly
finer and better defined grain structure. It seemed that the
high room temperature tensile elongation was mainly origi-
nated from the grain refinement.

Upon static annealing at 150–300◦C for 1–10 h, the room
temperature tensile strength and elongation for the 2 mm
specimens did not change much, as evident from the data
compared in Table 3. The maximum tensile elongation of
35% for the specimens 2 mm thick was obtained in speci-

Table 3 Room temperature tensile properties at 1 × 10−3 s−1 for the AZ31
specimens after extrusion to 166:1 and post-annealing. All extruded and
annealed specimens are 2 mm in thickness, except the one indicated.

Material condition YS (MPa) UTS (MPa) e (%)

As-received ingot 100 160 9

As-extruded plate 280 323 27

As-extruded plate (1.5 mm thick) 275 310 50

Post-annealed at 150◦C for 1 h 265 324 32

Post-annealed at 150◦C for 10 h 280 323 28

Post-annealed at 200◦C for 1 h 275 318 35

Post-annealed at 200◦C for 10 h 280 317 32

Post-annealed at 250◦C for 1 h 272 327 28

Post-annealed at 250◦C for 10 h 276 316 29

Post-annealed at 300◦C for 1 h 260 306 30

Post-annealed at 300◦C for 3 h 255 302 31

Post-annealed at 300◦C for 5 h 235 297 32

Post-annealed at 300◦C for 10 h 232 290 33

Post-annealed at 350◦C for 1 h 205 275 32

Post-annealed at 350◦C for 10 h 190 268 21

mens after static annealing at 200◦C for 1 h. In general, ten-
sile elongations higher than 30% can be obtained by numer-
ous annealing practices. The room temperature strength was
not severely affected by annealing at 300◦C or below, a result
consistent with the measured grain size and texture evolution.
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Fig. 4 Typical room temperature stress and strain curves for the AZ31
Mg alloy under the as-received, as-extruded, and extruded + annealed (at
300◦C for 1 h) conditions.

Fig. 5 Variation of the yield and ultimate tensile stresses of the AZ31 Mg
alloy as a function of d−1/2 in accordance with the Hall-Petch relationship.

Annealing at 350◦C for 10 h will however reduce the UTS
strength and elongation to 268 MPa and 21%, a level closer to
commercial coarse-grained AZ31 alloys.

The room temperature YS and UTS data were seen to fol-
low Hall-Petch relationship, as shown in Fig. 5. Using the
unit of MPa for the YS and UTS data and µm for the grain
size d, the relationship can be expressed by

σYS = 56 + 348d−1/2, (1)

and

σUTS = 133 + 307d−1/2. (2)

The K-slope of these equations might be somewhat higher
than the value reported in literature,30) usually less than
250 MPa·µm1/2. This might be due to the fact that those stress
data corresponding to small grain sizes included some work
hardening contribution, thus raising the K-slope. Recent re-
search by Mabuchi et al.31) also suggested the importance of
microscopic orientation effect on the K-value. It should be
noted that the K-slope for Mg base alloys is much higher than
that for Al base alloys (∼ 60 MPa·µm1/2),32) so that the ben-
efit gained from grain refinement in Mg alloys will also be
much higher.

Fig. 6 Typical stress and strain curves for the AZ31 Mg alloy tensile loaded
at (a) 250◦C, (b) 280◦C, and (c) 300◦C.

3.4 Superplastic behavior over 200–350◦C and 10−4–
10−1 s−1

Figure 6 shows the typical true stress and strain curves for
the extruded AZ31 at various temperatures and strain rates.
Only the curves for 250, 280 and 300◦C are shown, since
higher superplastic elongations were observed at these tem-
peratures. When the specimens exhibited large elongations,
the alloy tended to be strain-hardened first until ε ∼ 1.0, fol-
lowed by rapid softening.

Over the test temperature range of 25–350◦C examined,
the extruded AZ31 alloy exhibited high strain rate and/or
low temperature superplasticity at 200–300◦C. The varia-
tion of superplastic elongation as a function of strain rate at
250–300◦C is depicted in Fig. 7. The maximum LTSP elon-
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Fig. 7 Variation of the tensile elongation as a function of test strain rate for
the AZ31 Mg alloy.

Fig. 8 Representative tensile specimens of the AZ31 Mg alloy: (a) 250◦C
and 1×10−4 s−1, (b) 250◦C and 8×10−3 s−1, (b) 280◦C and 1×10−4 s−1,
(b) 280◦C and 8 × 10−3 s−1, (b) 300◦C and 1 × 10−4 s−1, (b) 300◦C and
8 × 10−3 s−1.

gation of 900% occurred at 280◦C and 1×10−4 s−1; the tested
specimens are shown in Fig. 8. An elongation of 520% can
also be achieved at 300◦C and 8 × 10−3 s−1. At 300◦C and
higher strain rates of 2×10−2 and 1×10−1 s−1, the elongation
still maintained at 300% and 210%, suggesting that the cur-
rent processed AZ31 Mg alloy has possessed HSRSP at rel-
atively low temperatures of 280–300◦C, which corresponds
to around 0.6Tm where Tm is the melting point expressed
in Kelvin. At a lower temperature of 200◦C (∼ 0.5Tm), the
tensile elongations were 600% at 1 × 10−4 s−1, 425% at
1×10−3 s−1, 150% at 1×10−2 s−1, and 125% at 1×10−1 s−1,
suggesting that the alloy exhibited LTSP as well. At temper-
atures T < 200◦C (e.g., 75, 100, and 150◦C) and T > 300◦C
(e.g. 350◦C), the elongations tended to be degraded to below
300% at all strain rates examined. Figure 9 shows the ten-

Fig. 9 Variation of the tensile elongation as a function of test temperature
for the AZ31 Mg alloy.

Fig. 10 Variation of true stress at ε = 0.5 as a function of strain rate for
the AZ31 Mg alloy.

sile elongations at a reasonable strain rate of 1 × 10−3 s−1;
the elongation increased from 30–50% at room temperature
to ∼ 100% at 75◦C, ∼ 150% at 100◦C, ∼ 200% at 150◦C,
∼ 400% at 200◦C, and above 500% at 280◦C. To achieve a
minimum tensile elongation of ∼ 100% for forming a cell-
phone enclosure, the alloy needs to be heated (for example in
boiled water or oil bath) to ∼ 75◦C for press forming or press
forging. Although press formability requires many other ma-
terial properties such as strength, strain hardening, anisotropy
factor, etc., the current results imply that the simple high-ratio
extrusion method might be a feasible processing mean for in-
dustry applications.

Figure 10 shows the stress at ε ∼ 0.5 versus strain rate
at two temperatures. Under the optimum superplastic work-
ing range at 10−3–10−2 s−1 and 280–300◦C, the flow stresses
were scattered within 15–30 MPa, and the apparent strain rate
sensitivity m-values were around 0.3. With the consideration
of threshold stress, especially important for LTSP data,33, 34)

the true strain rate sensitivity was around 0.4, suggesting that
grain boundary sliding and solute drag creep might have both
contributed to the overall deformation mechanisms. Detailed
analyses on the deformation mechanism in HSRSP and/or
LTSP Mg alloys will be presented elsewhere.
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Table 4 Comparison of the AZ31B and AZ91D Mg alloys processed by high-ratio (HR) extrusion and ECAP.

AZ31B AZ31B AZ91D AZ91D
Item

HR extrusion ECAP28) HR extrusion ECAP6, 7)

Strain during processing 5.1 8.1 5.1 8.1

Product shape sheet rod sheet rod

Grain size 2.5 µm 1 µm 2 µm 1 µm

Room temp. UTS 320 MPa 270 MPa 350 MPa —

Max room temp. elongation 50% 50% 18% —

Max. SP elongation 900% — 1200% 661%

3.5 Comparison with specimens processed by ECAP
Another processing method used in reducing the grain size

and improving the LTSP or HSRSP performance is the ECAP
process. With the significant success achieved on the Al base
alloys, e.g.35) there have been however very limited reports on
the advances in Mg base alloys.6, 7, 28) The first report might be
the result on the AZ91 Mg alloy by Mabuchi et al. in 1997.6)

The grain size after 8 passes of ECAP (ε = 8.05) at 175◦C
was 1 µm and a LTSP elongation of 661% was obtained at
200◦C and 6 × 10−5 s−1. Similar ECAP work was performed
on the AZ31 Mg alloy at 200◦C, also resulting in fine grain
size around 1 µm.28) The ECAP AZ31 specimens were fur-
ther annealed at 300◦C for 24 h in order to form well-defined
equiaxed grains with the desired grain orientation;28) and the
room temperature tensile elongation reached an outstanding
level of ∼ 50%. In addition, recent ECAP work on pure Mg
and dilute Mg–Al binary alloy36) also showed appreciable im-
provement of the room temperature mechanical properties.

Table 4 compares the previous ECAP work6, 7, 28) with the
current high-ratio extrusion processing. The true strain ex-
perienced by the one-step high-ratio extrusion (ε ∼ 5) was
slightly lower than that during multiple-pass ECAP (ε ∼
6–8). Also, the working temperature for high-ratio extrusion
(250–350◦C) was higher than that for ECAP (∼ 200◦C). The
slight differences in processing strain and working tempera-
ture were also reflected by the slightly larger grain size ob-
served in the as-extruded specimens than that in the ECAP
ones. However, the current optimum LTSP results based on
the high-ratio extrusion experiment appeared to be compati-
ble to those fabricated by ECAP, both above 600% at low tem-
peratures and low strain rates. The room temperature tensile
elongation in specimens processed by high-ratio extrusion or
ECAP followed by low-temperature annealing both increased
to 35–50%, much higher than commercial large-grained Mg
alloys (mostly < 15%). It should be noted that the high room
temperature elongation of 50% obtained in AZ31 specimens
subjected to ECAP plus full annealing was due to texture con-
trol (with relatively more random texture and a larger grain
size of ∼ 20 µm),28) but the current case was mainly due to
grain refinement (with strong basal texture and a fine grain
size of ∼ 2.5 µm). In any case, it appears that thermome-
chanical processing using severe plastic deformation means
of either high-ratio extrusion or ECAP will be effective in im-
proving the mechanical properties.

3.6 Comparison between extruded AZ31 and AZ91
alloys

Table 4 also includes the comparison between the AZ31
and AZ91 Mg alloys processed by the same high-ratio ex-
trusion method. With the higher Al content, and thus with
the presence of β (Mg17Al12) precipitates, the AZ91 alloy ex-
hibited a higher room temperature tensile strength but lower
elongation than the AZ31 counterpart. Meanwhile, the pres-
ence of fine β precipitates seemed to be highly effective in
controlling the grain size during superplasticity loading at
∼ 300◦C. This effect resulted in the superior superplsticity
elongation of 1200% at 300◦C and 1 × 10−3 s−1 observed in
the high-ratio extruded AZ91 alloy,14) an elongation which is
higher than the 900% at 280◦C and 1 × 10−4 s−1 obtained
from the high-ratio extruded AZ31 alloy. Parallel work on the
AZ91 alloys also showed that the one-step extrusion could be
replaced by two-step extrusion with the same total accumu-
lated strain.14)

4. Conclusions

There have been numerous efforts in processing metallic
alloys into fine-grained materials, so as to exhibit high strain
rate superplasticity (HSRSP) and/or low temperature super-
plasticity (LTSP). The current study applied the most sim-
ple and feasible one-step extrusion method on the commer-
cial AZ31 magnesium billet to result in HSRSP and/or LTSP.
The one-step extrusion was undertaken using a high extru-
sion ratio at 250–350◦C, and the grain size after one-step
extrusion became ∼ 1–4 µm. The processed AZ31 plate ex-
hibited high room temperature tensile elongation of 30–50%;
200◦C elongations of 600% at 1 × 10−4 s−1 and 425% at
1 × 10−3 s−1; 300◦C elongations of ∼ 900% at 1 × 10−4 s−1,
520% at 8 × 10−3 s−1, 300% at 2 × 10−2 s−1, and 210% at
1 × 10−1 s−1 at relatively low temperatures of 280–300◦C.
This suggests that the current AZ31 Mg alloy has possessed
HSRSP at relatively low temperatures of 280–300◦C, as well
as LTSP at 200◦C. The low flow stress of ∼ 15–30 MPa
and the true strain rate sensitivity of ∼ 0.3–0.4 both suggest
that grain boundary sliding and solute drag creep have op-
erated under these loading conditions. Meanwhile, the ex-
truded alloys tensile loaded at 1 × 10−3 s−1 revealed elon-
gations of ∼ 100% at 75◦C, ∼ 150% at 100◦C, ∼ 200% at
150◦C, ∼ 400% at 200◦C, and above 500% at 280◦C. To
achieve a minimum tensile elongation of ∼ 100% for forming
a cell-phone enclosure, the current severely extruded AZ31
plates or sheets need to be heated (for example in boiled wa-
ter or oil bath) to ∼ 75◦C for press forming or press forging.
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The present results imply that the simple high-ratio extrusion
method might be a feasible processing mean for industry ap-
plications.
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