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Plastic deformation of extruded AZ91 magnesium alloy was investigated at various strain rates and in
a temperature range of 360�420 ◦C. Samples exhibiting superplastic behaviour were prepared with di�erent
thermo-mechanical treatments. Microstructure of samples was observed by light and scanning electron microscopy.
The strain rate sensitivity parameter m has been estimated by the abrupt strain rate change method. Possible
physical mechanisms of the superplastic �ow are discussed.

PACS: 81.05.Bx, 62.20.fq

1. Introduction

Magnesium alloys are promising materials for indus-
trial applications because of their low density and high
speci�c strength as well as good damping behaviour.
Magnesium alloys are easy to recycle. It is expected that
these materials become of special importance in many
applications, especially in the transportation, electronic
and aircraft industries. Engineering importance of mag-
nesium alloys has risen recently. The strengthening of
magnesium alloys is typically obtained by solubilisation
and arti�cial ageing. As result of the industrial process,
a polycrystalline material is obtained with a complex mi-
crostructure with precipitates inside grains, on the grain
boundaries and dislocations. The commercial AZ91 al-
loy represents a frequently used magnesium casting al-
loy. AZ magnesium alloys based on this system (Mg�Al�
Zn�Mn) have excellent castability. On the other hand,
the ductility of these alloys at lower temperature is lim-
ited because of their hexagonal close packed structure
(hcp) (common to most magnesium alloys). According
to the von Mises criterion [1] the activity of �ve inde-
pendent slip systems is required for plastic deformation
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of polycrystals. However, magnesium does not possess
�ve independent crystallographically equivalent slip sys-
tems. The easy glide system is the basal slip system with
⟨a⟩ dislocations. These ⟨a⟩ dislocations may also glide in
prismatic and �rst order pyramidal systems. All of the
slip systems mentioned so far provides only a total of
four independent slip systems [2]; none of them can pro-
duce strain parallel to the c axis. This is possible only
either in a second-order pyramidal slip system or by me-
chanical twinning [3]. The critical resolved shear stress
(CRSS) in non-basal slip systems at lower temperatures
is much higher in comparison with the CRSS for the basal
slip. This is also the reason for the low ductility of hcp
materials at low temperatures. The low ductility of mag-
nesium alloys prevents their application; however, these
limitations may be signi�cantly reduced by �nding the
conditions for superplastic �ow of Mg alloys. The key
problem is to develop the �ne-grained alloy with a low
cost, low forming stress, low forming temperature and
high forming rate.
In order to reduce grain size, several processes have

been used: severe plastic deformation, powder met-
allurgy techniques, rapid solidi�cation or hot rolling.
An alternative route to prepare a superplastic alloy is
thermo-mechanical treatment. Cast materials are heat-
-treated in two stages and processed by hot extrusion.
The grain structure can be re�ned via recrystallisation
in the alloy through ageing in combination with mechan-
ical working during successive extrusion. The amount
of knowledge regarding the characteristics and mecha-
nisms of superplastic deformation in Mg alloys is lim-
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ited, which inhibits the proliferation of this forming pro-
cess. The structural changes and deformation processes
occurring during superplastic �ow of the MA8 magne-
sium alloy (Mg�1.5Mn�0.3Ce) were studied by Valiev and
Kaibyshev [4, 5]. The superplasticity phenomenon has
been observed in AZ31 (Mg�3Al�1Zn) [6�9], AZ61 [10],
ZK60 [11], Mg�Li [12, 13], WE54 [14], QE22 [15], and
EZ33 [16] alloys.
Although the superplastic behaviour of the AZ91

magnesium alloy has been reported by several authors
[17�20], there is no satisfactory explanation of the physi-
cal processes occurring during the superplastic �ow. The
aim of this work is to contribute to this explanation in-
vestigating the in�uence of the thermo-mechanical treat-
ment and deformation temperature on the strain rate
sensitivity and superplastic behaviour of the AZ91 mag-
nesium alloy.

2. Experimental

Commercial AZ91 (9Al�0.9Zn�0.4Mn�balance Mg,
in wt%) was used in this study. The as-received bil-
lets, produced from cast ingots, were heat-treated in two
stages. The �rst step was a solution treatment at 415 ◦C
for 10 h followed by air quenching. Subsequently the bil-
lets were aged at temperatures of 200, 300 and 380 ◦C for
10 h. Finally the billets were hot extruded at a temper-
ature of 350 ◦C to obtain rods.
Tensile specimens with a gauge length of 10 mm and a

gauge diameter of 6 mm were machined with the tensile
axis parallel to the extrusion direction. Abrupt strain�
rate jump tests in tension and tensile tests with a con-
stant speed of crosshead displacement were carried out
using an Instron 5582 universal testing machine. The de-
formation tests were carried out at 340, 380 and 420 ◦C.
The furnace temperature was controlled with an accu-
racy of ±1 ◦C. The microstructure of the extruded and
deformed alloys was observed by light (LM) and scan-
ning electron microscopy (SEM). The resulting materials
after homogenization and precipitation ageing (at three
temperatures: 200, 300 and 380 ◦C) exhibited di�erent
grain sizes: 17 µm (aged at 200 ◦C), 10.5 µm (300 ◦C)
and 11 µm (380 ◦C).

Fig. 1. Microstructure of AZ91 alloy after extrusion.

The microstructure of the material aged at 380 ◦C is
introduced in Fig. 1. The scanning electron micrograph
was taken parallel to the extrusion direction. Mg17Al12
precipitates are visible in rows in the extrusion direc-
tion (left picture 1). Details of the microstructure are
introduced in Fig. 1 (right): δ-Mg grains (solid solution
of Al in Mg), primarily segregated γ-phase (Mg17Al12)
and discontinuous precipitates (DP). Microstructures of
the materials aged at 200 and 300 ◦C were found to be
very similar. The extruded samples exhibit a uniform
grain structure; micrographs from sections parallel to the
extrusion direction show the same grain size and grain
shape. The grain re�ning depends on the temperature of
the additional annealing in the second step.

3. Results and discussion

High values of the strain rate sensitivity of the �ow
stress m represent one of the main features of superplas-
tic deformation. The high values of m as well as the
elongation to failure εf are observed only in a certain re-
gion of the strain rates and temperatures. The strain
rate sensitivity parameter m, de�ned as m =

(
d lnσ
d ln ε̇

)
T

was measured by the abrupt strain rate change test.
The values of the strain rate parameter m estimated

for various strain rates and temperatures for the material
aged at 200 ◦C are introduced in Fig. 2.

Fig. 2. Strain rate dependence of the strain rate sensi-
tivity estimated at three temperatures for samples aged
at 200 ◦C.

Fig. 3. As in Fig. 2, but at 300 ◦C.
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Fig. 4. As in Fig. 2, but at 380 ◦C.

Similar dependences estimated for materials aged at
300 and 380 ◦C are shown in Figs. 3 and 4. A strong
strain rate dependence of the m-parameter is obvious
from Figs. 2�4. Usually, the m value of 0.3 is considered
as a limit of the superplastic behaviour i.e. superplas-
tic deformation should be limited to strain rates between
3 × 10−5 and 5 × 10−3 s−1. Elongations to fracture ob-
tained at various deformation temperatures for samples
aged at three temperatures are introduced in Table. Let
us note that values estimated at 420 ◦C were obtained in
experiments with a constant strain rate [21].

TABLE

Elongation to fracture estimated for various ageing
and straining temperatures.

Ageing
temperature

[◦C]

Straining
temperature

[◦C]

Elongation
to fracture

[%]

Strain rate
[s−1]

200 340 201 3× 10−4

200 380 285 3× 10−4

200 420 413 1× 10−4

300 340 291 3× 10−4

300 380 280 3× 10−4

300 420 484 1× 10−4

380 340 260 3× 10−4

380 380 251 3× 10−4

380 420 584 1× 10−4

The maximum elongation of 584% was obtained at
420 ◦C and 1 × 10−4 s−1 for the sample aged at 380 ◦C
with a corresponding value of the strain rate sensitivity
m = 0.68. The tensile elongations of all samples exceeded
200%, which represents a substantial improvement over
the poor room-temperature ductility, typical for magne-
sium alloys.
The microstructure of the sample deformed at 340 ◦C

and aged at 380 ◦C is introduced in Fig. 5. Many cavi-
ties are visible in the bottom and upper part of the pic-
ture. Grains in the vicinity of cavities slightly grew while
grains in the middle part remained unchanged. Twins are
present practically in all grains after deformation. It indi-
cates that no recrystallisation occurred during the high

Fig. 5. Microstructure of sample aged at 380 ◦C and
strained at 340 ◦C. In the inset P indicates precipitated
particle and T � deformation twins.

temperature deformation. This result is di�erent from
our previous observation where no twins were estimated
in the samples deformed at 420 ◦C [21]. Bands of cavities
oriented in the extrusion direction are visible in Fig. 6.
They are distributed along grain boundaries or around
interfaces between the magnesium matrix and the �ne
particles of the γ-phase. An oriented microstructure of
the γ-phase was created after hot extrusion, particles of
the second phase were broken into �ner particles and ar-
ranged into bands. The formation and growth of cavities
relaxes the stress concentration in triple junctions caused
by grain boundary sliding (GBS).

Fig. 6. Cavities in the sample deformed at 340 ◦C.

Stress concentrations are likely to develop at sites
which impede grain boundary sliding such as grain
boundary particles, ledges and triple points. Cavities,
created by vacancy clustering, may nucleate if the stress
concentration is not relieved su�ciently rapidly. The
AZ91 alloy with the intermetallic inclusions can be con-
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sidered as a natural composite. The stress concentrations
are caused at the particles on sliding grain boundaries.
Local tensile stress caused by sliding at interfaces may
be written in the form [22]

σslid =
0.92kTdpε̇dVf

ΩDL

(
1 + 5 δDGB

dpDL

) , (1)

where dp is the particle diameter, ε̇ � the strain rate, d
� the grain size, DL � lattice di�usion and DGB � the
grain boundary di�usion coe�cient, δ � grain boundary
width, Ω � atomic volume. Vf is the volume fraction of
particles and kT has its usual meaning. The twins ob-
served after deformation at 340 ◦C provide evidence that
in Mg alloys, twinning may serve as an additional accom-
modation mechanism for GBS at straining temperatures
which do not allow for su�ciently fast di�usion-related
accommodation.

Fig. 7. Grain boundary sliding and twins in the sample
deformed at 340 ◦C.

The insu�ciently accommodated GBS process is doc-
umented in Fig. 7, where a small crack was created as
a result of the GBS. The presented results allow us to
conclude that GBS is the main deformation mechanism
during the superplastic deformation of the studied alloy
at 340 and 380 ◦C and at the strain rate of 3× 10−4 s−1.
The di�erent thermo-mechanical treatment in�uenced
the samples microstructure and also di�erent contribu-
tions to the superplastic �ow: GBS, lattice (grain bound-
ary) di�usion, and dislocation deformation (creep and
climb of dislocations). In addition to the known mecha-
nisms of superplastic deformation, mechanical twinning
was observed.

4. Conclusions
Superplastic deformation of an extruded AZ91 magne-

sium alloy was observed at 340, 380 and 420 ◦C and at
strain rates of 13 × 10−4 s−1 and 3 × 10−4 s−1. Grain
boundary sliding is very probably the main mechanism
responsible for the superplastic �ow. Mechanical twin-
ning was found as a new accommodating mechanism.

The prior thermo-mechanical treatment has a signi�cant
in�uence on the resulting superplastic behaviour.
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