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Abstract

Mechanical properties of AZ31 H24 magnesium alloy sheets were investigated by tensile
tests over a wide temperature range from room temperature to 400◦C at an initial strain rate of
1.3 × 10−3 s−1. The deformation behaviour of the AZ31 alloy sheet was also investigated after
annealing. The yield stress and the maximum stress decrease with increasing temperature. The
values of the yield stress and maximum stress of the samples with tensile axis parallel to the
rolling direction are lower than those of the samples deformed perpendicular to the rolling
direction. The elongation to failure increases very rapidly with increasing temperature. The
results are explained by the dislocation glide in the basal and non-basal slip systems and by
deformation twinning.
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1. Introduction

Investigations of the deformation behaviour of
commercial cast magnesium alloys have shown that
their elongation to failure, if deformed at room tem-
perature, is low, in most cases only a few percent. The
elongation to failure may increase with increasing tem-
perature reaching about 30 % at 300◦C [1]. Limited
ductility of Mg alloys may be due to their hexagonal
close packed structure. According to the Taylor cri-
terion [2], five independent slip systems are required
for homogeneous deformation of polycrystalline mate-
rials. The dominant slip mode for the hexagonal crys-
tals such as Mg at ambient temperature is the basal
slip. The number of independent mode for the basal
slip is only two, which is not sufficient for the satisfying
the Taylor criterion [2]. The activity of non-basal slip
systems is therefore required. In Mg, the glide of dislo-
cations in second-order pyramidal slip systems should
be considered [3, 4]. For magnesium and its alloys,
the critical resolved shear stresses of non-basal slip
systems are much higher than for the basal slip sys-
tem at room temperature [5–10]. On the other hand,
the critical resolved shear stresses for non-basal slip
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systems decrease very rapidly with increasing tempe-
rature. Thus, the activity of dislocation slip in the non-
-basal systems increases with increasing temperature,
which should result in a higher ductility of Mg alloys
with increasing temperature. The deformation beha-
viour of Mg alloys depends also on alloying elements;
see e.g. [11–14]. Dynamic strain ageing associated with
solute atoms is observed in some magnesium alloys, if
deformed at certain temperatures [15–17].
Magnesium wrought alloys with improved mecha-

nical properties may find high engineering applica-
tions. Some structure products are made from fine-
-grained sheets using superplastic gas pressure form-
ing. In our last papers [18, 19] we could show that
the mechanical properties of AZ31 magnesium alloy
sheets are strongly influenced by the test tempera-
ture. The commercial AZ31 alloy was investigated over
a wide temperature range from room temperature to
400◦C. The yield stress and maximum stress decrease
with increasing temperature and the strain to fracture
increases with increasing temperature. A preheating
temperature may influence the yield stress and the
maximum stress of AZ31 magnesium alloys prepared
by hot rolling [20]. The texture and the microstruc-
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ture of rolled AZ31 sheets in the stress-relieved (H24)
temper are also influenced by annealing [21].
The aim of the present work is to study the influ-

ence of temperature on the tensile behaviour of AZ31
Mg alloy sheets, with the tensile axes parallel and per-
pendicular to the rolling direction, at temperatures
between room temperature and 400◦C. The differences
between the mechanical response of both the rolled
H24 structure and the pre-aged one are focused as
well.

2. Experimental procedure

Commercial magnesium alloy AZ31 (the nom-
inal chemical composition: Mg-3Al-0.9Zn-0.15Mn in
mass %) sheets in stress-relieved (H24) state were
studied in the present work. The average grain size
after rolling was 45 ± 5 µm. The rolled sheets had
basal texture – in most cases, grains are oriented such
that their (0001) basal planes are close to the plane
of the sheet and the 〈112̄0〉 direction was very close
to the rolling direction. Tensile specimens of 25 mm
gauge length, 5 mm width and with a thickness of 1.6
mm were machined. Tensile tests were carried out at a
constant cross head speed using an INSTRON univer-
sal testing machine. The tests were conducted between
room temperature and 400◦C at an initial strain rate
of 1.3 × 10−3 s−1. The temperature was controlled to
within ± 2◦C. The tensile axis was chosen parallel or
perpendicular to the rolling direction.
Some sheets were annealed in a furnace at differ-

ent temperatures and Vickers microhardness (HVm)
was measured, after annealing, on the polished sur-
faces under a load of 100 g for 15 s. Each data point
was the mean value of at least ten indentations. Micro-
structural features were examined by light microscopy
(Olympus IX 70). Metallographic specimens were cut
from the sheets, mechanically ground on progressively
finer grade of SiC impregnated paper and then mech-
anically polished. Specimens were etched in a solution
5 ml acetic acid, 6 g picric acid, 100 ml ethanol and
10 ml H2O.

3. Experimental results

The variation of microhardness as a function of the
annealing temperature and time is shown in Fig. 1.
After an initial drop over the period of 2 h, micro-
hardness is practically stabilised, whereas the grain
size is gradually increasing.
The microstructure of magnesium alloy AZ31

sheets was investigated in detail in [22, 23]. A typ-
ical microstructure of the as-received specimens is
shown in Fig. 2. The microstructural observations re-
vealed inhomogeneous grain size distribution. Twins
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Fig. 1. Ageing curves for microhardness.

Fig. 2. Initial state H24, rolling direction horizontal.

are present in many grains. They are often either per-
pendicular or deviated to the rolling direction [19].
Changes in the microstructure after annealing are il-
lustrated in Fig. 3. Annealing results in a more homo-
geneous microstructure. The volume fraction of twins
observed in the light microscope decreases with in-
creasing annealing temperature. Most of twins are
eliminated.
The true stress-true strain curves of the AZ31 spe-

cimens in H24 condition (hereafter H24) with the
tensile axis parallel to the rolling direction obtained
at various temperatures are shown in Fig. 4. It can be
seen that the flow stress decreases and the elongation
to fracture increases with increasing testing tempe-
rature. Two flow curves at 100 and 200◦C presented
in Fig. 4 show small scatters in ductilities. At higher
temperatures, above 250◦C, the flow stress is practic-
ally independent of strain; no significant work harden-
ing was observed for any specimens. The results indi-
cate that dynamic recovery can take place. The values
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Fig. 3. State after ageing for 7.5 h at 300◦C. Mean intercept
λ = 8.6 µm, grain size d = 1.7, λ = 14.9 µm.

Fig. 4. Tensile curves for initial state H24 and tensile axis
R.

of the yield stress, σ02, determined as the flow stress
at 0.2 offset strain and the maximum stress, σmax,
determined as the maximum flow stress are plotted
against temperature in Fig. 5. Figure 5 shows that
both σ02 and σmax decrease very rapidly with increas-
ing temperature. The values of σ02 and σmax are prac-
tically the same at and above 250◦C, which corres-
ponds to nonsignificant work hardening identified by
a nearly constant flow stress.
To estimate the effect of loading orientation on

tensile properties, two types of specimens: a) speci-
mens with tensile axis parallel to the rolling direction
(hereafter R specimens) and b) specimens with tensile
axis perpendicular to the rolling direction (transversal
direction, hereafter T specimens) were tested. Figure
6 shows representative true stress-true strain curves
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Fig. 5. Yield and maximum stresses for initial state H24
and tensile axis R.

Fig. 6. Tensile curves for initial state H24, comparison of
tensile axes R and T.

for both specimen types. It is obvious that there is
a difference in the flow stress. The flow stresses of T
specimens are higher than those of R specimens. On
the other hand, at a temperature of 200◦C, the flow
curves for both specimen types are very similar.
Figure 7 shows the true stress-true strain curves

for the sheets deformed after annealing (at 300◦C/8
h) at an initial strain rate of 1.3 × 10−3 s−1 at dif-
ferent temperatures ranging from room temperature
to 250◦C. The specimens were deformed with tensile
axis parallel to the rolling direction. It can be seen
that the influence of temperature on the course of the
stress-strain curves is qualitatively the same as for
the as-received specimens. For comparison, the flow
curves for both annealed (A) specimens and the spe-
cimens in the H24 condition (H) are given in Fig. 7.
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Fig. 7. Comparison of tensile curves for aged state
300◦C/8 h (A) and initial state H24 (H). Tensile axis R.
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Fig. 8. Yield and maximum stresses for aged state
300◦C/8 h and tensile axis R.

The flow stresses at 23 and 100◦C are lower for the
annealed sheets, whereas the flow stress for A speci-
mens is higher than that for H specimens deformed at
200◦C. Note the flow curves at 150◦C – the flow stress
for the A specimens at the beginning deformation (low
strains) is lower than for the H specimens, whereas
the flow stress for the A specimens at higher strains
is higher than for the H specimens. A steady state
– deformation at a constant flow stress – is obtained
at a temperature of 250◦C. At this temperature, the
flow curves for both specimen types are practically
the same. Figure 8 shows the temperature variations
of the yield stress, σ02, and the maximum stress, σmax,
for the annealed structure in comparison to the initial
H24 state. The effect of annealing on the yield stress

Fig. 9. Tensile curves for aged state 300◦C/8 h, comparison
for tensile axes R and T.
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Fig. 10. Plastic anisotropy in terms of maximum stresses
for both initial state H24 and aged state 300◦C/8 h.

is significant at the testing temperatures below 200◦C.
Figure 9 shows the effect of the tensile direction

with respect to the rolling direction on the deforma-
tion behaviour of the annealed specimens at different
testing temperature over a temperature range from
room temperature to 200◦C. The flow stress of the spe-
cimens with tensile axis perpendicular to the rolling
direction (T specimens) is higher than that for the
specimens deformed parallel to the rolling direction
(R specimens) – the anisotropy is observed. The flow
stress for both deformation modes decreases with in-
creasing temperature. The anisotropy characteristics –
defined as the difference between the maximum stress
of specimens deformed perpendicular to the rolling
direction, σmaxT, and the maximum stress of speci-
mens deformed parallel to the rolling direction, σmaxR,
i.e. σmaxT−σmaxR, are plotted against the testing tem-



J. Balík et al. / Kovove Mater. 45 2007 135–140 139

perature in Fig. 10. The anisotropy characteristics are
shown for both structure types.

4. Discussion

The flow curves in Figs. 4, 6, 7, and 9 show changes
in the shape of the stress-strain curves with the test-
ing temperatures. The shape of the flow curves is in-
fluenced not only by the testing temperature but also
by heat treatment. The deformation behaviour is also
influenced by the tensile direction with the respect to
the rolling direction, especially at low temperatures
(Figs. 6, 9 and 10). At temperatures above 250◦C,
the work hardening rate is very close to zero. Such a
steady-state deformation occurring at higher tempe-
ratures may be a result of a dynamic balance between
hardening and softening processes, including processes
related to dynamic recovery. The processes of soften-
ing are thermally activated ones. From the disloca-
tion theory point of view, it means that there is a
dynamic balance between storage of dislocations lead-
ing to hardening and annihilation of dislocations lead-
ing to softening. The intensity of the latter is highly
dependent on temperature. The activity of non-basal
slip systems plays an important role in both hardening
and recovery processes in magnesium alloys.
From the activities of the non-basal slip modes,

motion of dislocations with 〈c + a〉 Burgers vector
in the second-order pyramidal slip systems is expec-
ted [3, 24–28]. The Taylor [2] criterion is then fulfilled
resulting in further straining and enhanced ductility.
Moreover, the glide of 〈c+a〉 dislocations may be re-
sponsible for an additional work hardening because
of the development of several systems of immobile
or sessile dislocations. Different reactions between 〈a〉
basal dislocations and 〈c + a〉 pyramidal dislocations
can occur [3, 24, 27]. Within the basal plane, immobile
〈c〉 dislocations may arise by the following reactions:

1
3
〈21̄1̄3〉gl → 〈0001〉+ 1

3
〈21̄1̄0〉

or
1
3
〈21̄1̄3〉gl +

1
3
〈2̄110〉 → 〈0001〉 ,

where the subscript gl denotes glissile (glide) disloca-
tion. Another reaction that employs the basal 〈a〉 dis-
location yields a sessile 〈c + a〉 dislocation (subscript
ses)

1
3
〈21̄1̄3〉gl +

1
3
〈1̄21̄0〉 → 1

3
〈112̄3〉ses .

Finally, a combination of two glissile 〈c+a〉 dislo-
cations gives rise to a sessile dislocation of 〈a〉 type,

which lays along the intersection of the second order
pyramidal planes, according to the reaction

1
3
〈21̄1̄3〉+ 1

3
〈1̄21̄3̄〉 → 1

3
〈112̄0〉ses .

Dislocation reactions may produce sessile disloca-
tions and an increase in the density of the forest dis-
locations. In both cases, additional obstacles of the
dislocation type are formed and hence an increase in
hardening should result. On the other hand, screw dis-
locations of the 〈c + a〉 type can move to the paral-
lel slip planes by double cross slip. Then, annihila-
tion of dislocations can follow, the dislocation dens-
ity decreases and softening occurs, which causes a de-
crease in the work hardening rate. It is obvious that
the softening processes depend strongly on the test-
ing temperature. The glide of 〈c + a〉 dislocations
depends on the testing temperature, applied stress
and microstructure (the densities of basal and pyr-
amidal dislocations). The activation of non-basal slip
system depends on the testing temperature – the crit-
ical resolved shear stress for pyramidal slip system
rapidly decreases as the temperature is increased. At
lower temperatures, grain boundaries and twins act as
obstacles to dislocation motion, which results in dislo-
cation pile-ups. The stress concentration at the head of
pile-ups may initiate the activity of the pyramidal slip
system – the 〈c+a〉 dislocations may move. A possible
source mechanism for non-basal 〈c + a〉 dislocations
as proposed by Yoo et al. [29] cannot be excluded.
The observed anisotropy at temperatures below

about 150◦C, i.e. the strength of T specimens is higher
than that of R specimens, is connected with the tex-
ture. On the contrary, the nearly isotropy at tempera-
tures above 150◦C may be a consequence of the en-
hanced activity of the pyramidal slip systems. The
critical resolved shear stress (CRSS) for the pyramidal
slip system decreases very rapidly with temperature.
As the temperature rises, the CRSS ratio between
non-basal 〈c + a〉 slip and basal slip decreases, which
makes easy the glide and cross slip of 〈c + a〉 dislo-
cations. This behaviour is in agreement with plastic
anisotropy simulation by Agnew and Dyugulu [30].
The increase in the strain to fracture connecting

with a decrease in the flow stress may be also ex-
plained by an increase in the activity of non-basal slip
systems with increasing temperature.

5. Conclusions

The work hardening behaviour of an AZ31 mag-
nesium alloy was investigated at several tempera-
tures between room temperature and 400◦C at strain
rate of 1.3 × 10−3 s−1. The test temperature influ-
ences significantly the deformation behaviour of the
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alloy. The deformation behaviour is influenced by heat
treatment. The yield stress and the maximum flow
stress decrease very rapidly with increasing tempe-
rature from about 180 MPa at room temperature to
about 10 MPa at 400◦C for the yield stress and from
about 340MPa to about 10 MPa at 400◦C for the max-
imum stress. The work hardening rate decreases with
increasing temperature; it becomes very close to zero
at higher temperatures. The deformation behaviour of
the AZ31 sheets at different temperatures can be at-
tributed to the activity of non-basal slip systems. Dis-
location glide on the second order pyramidal planes
and double cross slip of 〈c + a〉 dislocations have a
significant effect on the deformation behaviour, espe-
cially at elevated temperatures.
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