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Abstract

The influence of two fabrication techniques – cast and rolling – on the deformation beha-
viour of Mg-3Al-1Zn (AZ31) alloys was investigated. The tensile tests were conducted over
a wide temperature range of 25 and 300◦C at a constant strain rate. The rolled (textured)
samples exhibit a strong basal texture – the flow stress depends on the orientation of the
tensile to the rolling direction. It is shown that the deformation behaviour of AZ31 alloy poly-
crystals depends on their microstructure produced by processing and temperature. The values
of the yield stress, flow stress and maximum stress of the AZ31 sheets are significantly higher
than those of the AZ31 cast alloy if samples are deformed at room temperature, whereas
the difference in the stress values for both types of samples is insignificant if deformed at
300◦C. The plots of the strain hardening rate against flow stress for the AZ31 sheets indicate
interactions between basal and non-basal dislocations. The values of internal stress decrease
with increasing deformation temperature, which indicates that recovery processes play an
important role during deformation at higher temperatures. The activity of two deformation
mechanisms is considered: (a) interaction between dislocations moving in basal and non-basal
slip systems producing sessile and glide dislocations, which leads to hardening and (b) cross
slip of dislocations through prismatic planes causing softening.
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1. Introduction

Owing to their low density, high specific strength
at room temperature, good damping and recyclabil-
ity, magnesium alloys are very attractive for various
applications. On the other hand, the yield strength
and ultimate tensile strength of many magnesium al-
loys decrease rapidly with increasing temperature; at
elevated temperatures they are poor. Disadvantages
of magnesium alloys are their low ductility and lim-
ited formability connected with the hexagonal close-
-packed (hcp) crystal structure. The main (easy) glide
system in Mg and its alloys is the basal slip system,
i.e. motion of <a> dislocations in the basal plane in
one of two independent directions. However, five in-
dependent deformation modes are necessary for ho-
mogeneous plastic deformation of a polycrystal, ac-
cording to the von Mises criterion [1]. An improve-
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ment in ductility may be owing to the activity of
non-basal slip systems and/or deformation twinning
[2–5]. Twinning may also accommodate strain along
the c axis. Among non-basal slip systems, prismatic
and second-order pyramidal slip systems are often
considered. The second-order pyramidal slip systems,
{112̄2} 〈112̄3〉, that have dislocations with the Bur-
gers vector <c + a>, offer five independent slip
systems. The activity of a non-basal slip system de-
pends on its critical resolved shear stress (CRSS).
The CRSS for non-basal slips at room temperature
are much higher than that for basal slip. However,
they decrease very rapidly with increasing temperat-
ure. Therefore, the activity of second-order pyram-
idal slip systems with glide of <c + a> disloca-
tions is expected to be easier at elevated temperat-
ures.
Only few studies are dealing with investigations
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of the deformation behaviour of magnesium alloys at
different temperatures. These studies enable to estim-
ate not only the temperature dependences of the yield
stress and tensile strength, as important characterist-
ics, but also to determine the dislocation mechanisms
responsible for the deformation behaviour. It is widely
accepted [6] that the resolved shear stress, τ , neces-
sary for dislocation motion in the slip plane can be di-
vided into two components: the athermal (called also
internal) stress, τ i, and the effective shear stress (often
called thermal), τ∗ . In polycrystal deformation, the
applied stress is related to the resolved shear stress
as σ = Mτ , where M is the Taylor factor. It should
be mentioned that the value of the Taylor factor for
magnesium alloys depends on the sample texture [7].
One may write the flow stress and its components:

σ = σi + σ∗. (1)

The (internal) athermal contribution to the stress res-
ults from long-range internal stress fields impeding the
plastic flow. The effective stress σ∗ acts on dislocations
during their thermally activated motion when they
overcome short range obstacles. The plastic strain rate
ε̇ for a single thermally activated process can be ex-
pressed as:

ε̇ = ε̇0 exp [−∆G(σ∗)/kT ], (2)

where ε0 is a pre-exponential factor containing the
mobile dislocation density, the average area covered
by the dislocations in each activation act, the Burgers
vector of dislocations, the vibration frequency of the
dislocation line, and the geometric factor. T is the ab-
solute temperature and k is the Boltzmann constant.
∆G(σ∗) is the change in the Gibbs free enthalpy de-
pending on the effective stress σ∗ = σ – σi and its
simple form is

∆G(σ∗) = ∆G0 −V σ∗ = ∆G0 −V (σ − σi). (3)

Here ∆G0 is the Gibbs free enthalpy necessary for
overcoming a short-range obstacle without the stress
and V = bwL is the activation volume, where b is
the Burgers vector, w is the obstacle width and L
is the mean length of dislocation segments between
obstacles. It should be mentioned that L may depend
on the stress acting on dislocation segments. It should
be noted that the stress-strain curves of a polycrys-
tal deformed at various temperatures are significantly
influenced by storage and annihilation of dislocations
and changes in the texture.
The aim of this paper is to study the effect of two

different fabrication routes on the deformation beha-
viour of AZ31 magnesium alloy in a wide temperat-
ure range and to describe dislocation mechanisms con-
trolling the behaviour. The results could get a better

insight in the strain hardening at different temperat-
ures.

2. Experimental procedure

In this work the material for investigation was pre-
pared from AZ31 magnesium alloy (nominal compos-
ition in mass%: 3 Al, 0.8 Zn, 0.2 Mn) by two different
fabrication routes: a) casting and b) warm-rolled con-
ditions. Samples of cast alloy for tensile tests having a
cylindrical form with a diameter of 5 mm and a gauge
length of 25 mm were deformed using an INSTRON
tensile machine at a constant cross head speed giv-
ing an initial strain rate of 6.7× 10−5 s−1. The mi-
crostructure of the cast alloy was homogeneous with
an average grain size of 250µm. The AZ31 sheets
were in the stress-relieved (H24) temper – annealed
at 150◦C for 1 h (hereafter referred to as H24 or H).
Tensile specimens of AZ31 sheets with a gauge length
of 25 mm, 5mm width and 1.6 mm thickness were also
deformed in an INSTRON tensile machine at an ini-
tial strain rate of 1.3× 10−3 s−1. It should be noted
that in the case of AZ31 alloy deformed at room tem-
perature, a strain rate increase of one order causes an
increase in the yield strength of 1 to 1.5MPa. The
mean grain size of the AZ31 H24 sheets was 45 µm.
Some sheet specimens were annealed at 300◦C for 8 h
in order to obtain an alternative state with the lower
preliminary hardening due to stored dislocations and
twin boundaries (hereafter referred to as 300/8 or A).
The resulting microstructure appears highly uniform,
equiaxed with a grain size of 15 µm and free of twins.
For sheet specimens, tensile tests with load axis par-
allel (hereafter R specimens) to the rolling direction
were conducted. Tensile tests were carried out at vari-
ous temperatures between room temperature and 300
or 400◦C. The temperature in furnace was controlled
to within ± 2◦C.

3. Results and discussion

The rolled AZ31 sheets exhibit a strong basal tex-
ture as shown in previous papers [8, 9]. The true stress-
-true strain curves for the cast AZ31 alloy obtained
in tension at different temperatures are presented in
Fig. 1. The true stress-true strain curves of the AZ31
sheets in the H24 condition with the tensile axis paral-
lel to the rolling direction obtained at various temper-
atures are given in Fig. 2 – reproduced from [9]. In the
same Fig. 2, the true stress-true strain curves for an-
nealed AZ31 sheets are also presented. It can be seen
that the testing temperature influences strongly the
deformation behaviour. The shape of the true stress-
-true strain curves of specimens prepared by both pro-
cessing routes is very sensitive to the testing temper-
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Fig. 1. True stress-true strain curves for the AZ31 cast
alloy at different testing temperatures.

Fig. 2. True stress-true strain curves for the sheets in the
H24 state (denoted H) and after annealing at 300◦C for 8 h
(denoted A). Samples were deformed at different temper-
atures with the tensile axis parallel to the rolling direction

[9].

ature. The flow stress decreases and the elongation to
fracture increases with increasing temperature. The
strain hardening effect of both specimen types is also
influenced by temperature. At higher temperatures,
above about 200 to 250◦C, the flow stress is practically
independent of strain, i.e. no significant strain harden-
ing is observed. Softening occurs at higher strains for
testing at elevated temperatures. It can also be seen
that processing methods influence the value of the flow
stress.
The yield strength, σ0.2, determined as the flow

stress at 0.2 % offset strain and the maximum flow
stress, σmax, determined as the maximum flow stress
are plotted against temperature in Figs. 3 and 4 [9] for

Fig. 3. Temperature dependence of the yield strength and
maximum stress for the AZ31 cast alloy.

Fig. 4. Temperature dependence of the yield strength and
maximum stress for the AZ31 sheets in the H24 state de-
formed with the tensile axis parallel to the rolling direction

[9].

the cast AZ31 and the AZ31 sheets, respectively. Fig-
ure 3 shows a moderate decrease of the yield strength
and a rapid decrease of the maximum stress of AZ31
specimens prepared from cast ingots. On the other
hand, both the yield strength and the maximum stress
of AZ31 sheets decrease rapidly with a temperature
increase. The values of both the yield stress and max-
imum stress for the annealed AZ31 sheets are lower if
the specimens are deformed between room temperat-
ure and 150◦C [9]. It can be seen that the values of the
yield stress and maximum stress for the AZ31 sheets
are much higher than those of the cast AZ31 samples
deformed at the same temperature as expected. The
difference between the yield stress of the sheets de-
formed at room temperature and that of the cast spe-
cimens is about 130MPa whereas the difference of the
same stresses for specimens deformed at 300◦C is in-
significant. The value of the yield stress is influenced
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by the grain size, the dislocation density and texture.
The stress required to the polycrystal deformation de-
pends on the grain size according to the well-known
Hall-Petch relation [10, 11]:

σ0.2 = σ0 + k0d
−1/2, (4)

where σ0 is a constant (the extrapolation to the stress
axis) and the slop k0 depends on the material invest-
igated and on the testing temperature. The values of
k0 vary over a wide range (see e.g. [12–14]). One can
calculate the difference between the yield stresses of
the sheets and the cast specimens due to the different
grain sizes using Eq. (4); it has a value between 30 and
40MPa depending on the value of k0 [12, 14]. It is clear
that an increase in the yield strength of the sheets in
comparison to the cast specimens cannot be accoun-
ted for only by the grain size difference. It should be
considered texture and first of all a higher dislocation
density in the sheets duo to their fabrication (rolling)
route. It is obvious that the dislocation contribution
may be estimated according to the well-known rela-
tionship between the stress and the total dislocation
density, ρ, in the following form:

σ =MαGbρ1/2, (5)

where α is a constant, G is the shear modulus and b is
the Burgers vector. Using (5) one can estimate an in-
crease in the total dislocation density in the sheets due
to rolling to be about 7–10 times higher than in the
cast specimens. It is interesting to note that the dif-
ference between the maximum stress (ultimate tensile
strength) and the yield strength at room temperature
is practically identical for both specimen types, it is
about 150MPa. Zuberova et al. [15] investigated the
effect of the deformation processing on tensile ductility
of AZ31 magnesium alloy deformed at room temper-
ature. They showed that the grain size was reduced
and the yield stress increased after hot cross rolling
in comparison to coarse grained specimens prepared
by squeeze casting. The difference in the yield stresses
was about 130MPa. They did not study the deforma-
tion behaviour at different temperatures. Balík et al.
[9] have reported that the values of the yield strength
of the AZ31 sheets after annealing at 300◦C for 8 h
are lower than those of the AZ31 sheets deformed
without annealing. We believe that this difference was
caused by a decrease of the dislocation density and
the volume fraction of twins. It has been also repor-
ted that the flow stress of the AZ31 sheets deformed
with the tensile axis perpendicular to the rolling dir-
ection was higher than that for specimens deformed
in the rolling direction [9].
In contrast to the different values of the yield

strength (and the maximum stress) of the specimens
prepared by both fabrication routes, the shapes of the

true stress-true strain curves are very similar for the
both specimen types. The deformation behaviour is
significantly influenced by temperature. The results
demonstrate that the effect of temperature on the de-
formation behaviour of the both specimen types is
qualitatively the same. It should be mentioned that
similar stress-strain curves as in this work have been
reported for magnesium alloys AX41, AX91, AJ51 and
AJ91 processed by the squeeze cast technique and de-
formed in tension and compression at different tem-
peratures between room temperature and 300◦C [16].
It can be seen that the flow stress and the strain

hardening rate change with strain and temperature
(Figs. 1 and 3). At temperatures above about 200–
250◦C, the flow stress is practically independent of
strain or decreases with strain at higher strains. The
strain hardening rate is very close to zero. It means
that hardening is compensated for by dynamic re-
covery. It should be taken into account both harden-
ing and softening during straining. In tests at elev-
ated temperatures, we did not observe any change
in the grain size during straining. Thus, we may as-
sume that changes in the flow stress and the strain
hardening rate are caused due to changes in the total
dislocation density with strain and temperature dur-
ing plastic deformation. Therefore we may assume
that the athermal (internal) component of the flow
stress, σi, depends on the total dislocation density,
ρ, according to Eq. (5). Glide dislocations stored at
obstacles create long-range stress fields and therefore
contribute to hardening. On the other hand, mov-
ing dislocations may cross slip and/or climb. After
double cross slip and/or climb, dislocations may an-
nihilate and hence, the total dislocation density de-
creases, which causes a decrease in the strain harden-
ing – dynamic recovery (and/or dynamic recrystalliz-
ation) may take place. The activity of cross slip and
climb is strongly influenced by the testing temperat-
ure. The total dislocation density should decrease with
an increase in the testing temperature. Under some
test conditions, a dynamic balance between harden-
ing and softening may occur. Figure 5 shows the tem-
perature variation of the internal/applied stress ratio
obtained from the stress relaxation tests at a strain
of 0.01 (at the very beginning of plastic deformation).
The stress relaxation tests and the method how to
estimate the internal stress component are described
by Trojanová and Lukáč [16]. The internal stress com-
ponent is about 95 % of the applied stress of the AZ31
cast alloy deformed at room temperature. Preliminary
results obtained for the AZ31 sheets show that the in-
ternal stress component is about 89 % of the applied
stress. From Fig. 5 it is obvious that the internal stress
component decreases with increasing temperature. It
means the total dislocation density decreases with an
increase in the testing temperature, which is connec-
ted, as we expect, with a growing intensity of softening
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Fig. 5. Temperature variation of the internal/applied stress
ratio obtained from the first stress relaxation test at the
beginning of strain estimated for the AZ31 cast alloy.
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Fig. 6. Stress dependence of the strain hardening rate at
different temperatures for the AZ31 sheets deformed after

annealing at 300◦C for 8 h.

mechanisms leading to a decrease in strain hardening,
as observed experimentally (Figs. 1 and 3).
The strain hardening behaviour may be analysed

using a plot of the strain hardening rate, θ, against
the flow stress. This is shown in Fig. 6 for specimens
in an annealing state deformed at different temper-
atures. Figure 7 shows the strain dependence of the
strain hardening rate. The experiments were repeated
– the θ vs. σ curves (Figs. 6 and 7) exhibit insignific-
ant scatter. It can be seen that in the early straining
stages, the strain hardening rate first decreases, then
increases and after an increase again decreases with
increasing stress (and strain). The θ vs. σ and also θ
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Fig. 7. Strain dependence of the strain hardening rate at
different temperatures for the AZ31 sheets deformed after

annealing at 300◦C for 8 h.

vs. ε plots for the 300/8 AZ31 sheets are accompanied
by a lift in the strain hardening rate. The lifts were
observed independent of the tensile direction with re-
spect to the rolling direction. They were not observed
for the AZ31 sheets in the H24 state [8]. We assume
that these lifts are connected with the activity of a
non-basal slip rather than twinning – they are related
to the transition from basal (primary) to a non-basal
(secondary) slip. The activity of double prismatic slip
is very probable. The activities of non-basal slip sys-
tems play an important role in both hardening and
softening processes.
The activity of the non-basal slip systems such as

prismatic and pyramidal slip systems (as well as twin-
ning) are considered as conditions for plastic deform-
ation of polycrystalline magnesium and its alloys, e.g.
[4, 5]. However, their activities based on the disloca-
tion theory are rarely taken into account [2, 3, 17–19].
{101̄2} twinning and {112̄2} 〈112̄3〉 second-order pyr-
amidal slip system allow the macroscopic strain along
the c axis. Moving dislocations in the basal plane –
<a> dislocations – may interact with the dislocations
in the pyramidal slip systems – <c + a> dislocations.
Different dislocation reactions can occur [2, 3, 9]. The
following reactions are important:

1
3
〈21̄1̄3〉g +

1
3
〈2̄110〉g → 〈0001〉s . (6)

Gliding dislocations (glissile) in pyramidal planes
meet gliding dislocations in the basal planes and im-
mobile (sessile) <c> dislocations may arise within
the basal planes. Another dislocation reaction between
gliding pyramidal dislocations and the basal <a> dis-
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location produces a sessile <c + a> dislocation ac-
cording to the reaction:

1
3
〈21̄1̄3〉g +

1
3
〈1̄21̄0〉g →

1
3
〈112̄3〉s . (7)

Two glissile <c + a> dislocations may interact ac-
cording to the reaction:

1
3
〈21̄1̄3〉g +

1
3
〈1̄21̄3̄〉 → 1

3
〈112̄0〉s . (8)

A sessile dislocation of <a> type is produced. It is
situated along the intersection of the second-order pyr-
amidal planes. The subscript g and s in the reactions
denotes glissile (moving) and sessile (immobile) dislo-
cation, respectively.
It is obvious from the dislocation reactions that

the interactions between <c + a> and <a> dislo-
cations may produce both sessile and glissile disloca-
tions. Therefore the glide of <c + a> dislocations is
responsible for strain hardening because immobile or
sessile dislocations – obstacles for moving dislocation
– may be created. On the other hand, the activity of
the second-order pyramidal slip systems with the glid-
ing <c + a> dislocations may contribute to soften-
ing because mobile or glissile dislocations can also be
formed. The activation of the pyramidal slip systems
is possible if the resolved shear stress in the system
reaches a critical stress. It is important to mention
that the critical value of the stress for the system ac-
tivation may be lower than the critical resolved shear
stress for the non-basal slip system in single crystal
considering the fact that the stress concentration at
the head of the dislocation pile-ups formed at grain
boundaries (they are also obstacles for moving dislo-
cations) decreases the resolved shear stress necessary
for the activity of non-basal slip systems. The resolved
shear stress is decreasing with increasing temperat-
ure. An increase in the activity of non-basal slip sys-
tems with increasing temperature contributes to the
enhanced ductility observed with the temperature in-
crease. In this connection should be mentioned that
Máthis et al. [20] who studied the evolution of non-
-basal dislocations as a function of temperature have
reported that at higher temperatures the fraction of
<c + a> dislocations increased at the cost of <a>
type dislocations.
On the other hand, screw components of both <a>

and <c + a> dislocations may move to the paral-
lel slip planes by double cross slip through prismatic
and/or first-order pyramidal planes. After the double
cross slip, dislocations can annihilate, which leads to
softening. Couret and Caillard [21, 22] who investig-
ated motion of dislocations in Mg single crystal ori-
ented for prismatic slip using in-situ TEM experiments
concluded that dislocations were more mobile in the

basal plane than in the prismatic ones. They claimed
that the mobility of screw components of <a> dislo-
cations was much lower than that of edge components
and therefore the deformation in prismatic planes was
controlled by thermally activated glide of the screw
segments. A fraction of dislocations may also be an-
nihilated by climb of dislocations with jogs with help
of pipe diffusion. The activity of both cross slip and
climb increases with increasing temperature. The ef-
fect of both cross slip and climb of dislocations on the
stress dependence of the strain hardening rate were
considered by Lukáč and Balík [23].

4. Conclusions

The strain hardening behaviour of the cast AZ31
alloy samples and AZ31 sheets in the H24 as well as in
the state after annealing at 300◦C for 8 h is compared.
Two processing routes – cast technique and rolling
– influence significantly the yield strength. The ob-
served difference in the yield strength values may be
accounted for by the difference in the grain size and
mainly by an increase in the dislocation density after
rolling.
The shapes of the true stress-true strain curves

of samples prepared by both routes are very sim-
ilar. However, the testing temperature influences sig-
nificantly the deformation behaviour of AZ31 al-
loy independent of fabrication technique. The flow
stress and strain hardening decrease with increas-
ing temperature. At temperatures above 200–250◦C,
a dynamic balance between hardening and soften-
ing takes place; the strain hardening rate is close
to zero. The AZ31 sheets in the state after anneal-
ing at 300◦C for 8 h exhibit lower flow stresses than
their counterparts in the H24 state. The lifts in the
course of the stress dependence of the strain harden-
ing rate for the annealed sheets are likely connec-
ted with dislocation glide in non-basal slip systems.
The observed deformation behaviour is discussed from
the view of the dislocation motion in different slip
planes. Glissile and sessile dislocations are created
by an interaction between basal and non-basal slips,
which contributes to hardening and softening. The
double cross slip of screw components of both <a>
and <c + a> dislocations on prismatic planes may
cause annihilation of dislocations leading to soften-
ing.
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