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1. Introduction

Most used commercial magnesium alloys of an AZ series exhibit
a relatively high specific strength (the strength/density ratio) at room
temperature but poor mechanical properties at elevated tempera-
tures [1–4]. These alloys exhibit universally the hexagonal close
packed structure with the limited number of slip systems in the basal
plane. It strongly influences the ductility of such alloys at lower
temperatures. The ductility increases at elevated temperatures due
to possibility of the activation of non-basal slip systems.

During plastic deformation in a certain range of temperature
and strain rate, different micro-mechanisms may play an important
role. The analysis of deformation microstructures has shown that
one should consider dislocation-based mechanisms in order to
explain the deformation behaviour. It is widely accepted that the
resolved shear stress, τ, and necessary for dislocation motion in
the slip plane can be divided into two components:

τ � τi � τ*, (1)

where τi is the (internal) athermal contribution to the stress, result-
ing from long-range internal stresses impeding the plastic flow and
the effective shear stress, τ*, acts on dislocations during their ther-
mally activated dislocation motion. The mean velocity of disloca-
tions, v, is connected with the plastic shear strain rate by the Orowan
equation:

γ� � ρm bv . (2)

In polycrystalline materials, the resolved shear stress, τ, and
its components are related to the applied stress, σ, and its corre-
sponding components by the Taylor orientation factor ψ: σ � ψτ.
A simple relation between the resolved shear strain rate and strain
rate is γ � ψε, then the flow stress 

σ � σi � σ*. (3)

The internal stress component σi is done as 

σi � αGbρt
½, (4)  

where G is the shear modulus, α is a constant describing interac-
tion between dislocations, b is the Burgers vector of dislocations,
and ρt is the total dislocation density. The effective stress compo-
nent, σ*, is defined by the Arrhenius equation (5). The plastic strain
rate, ε�, for a single thermally activated process can be expressed
as:

, (5)

where ε�0 is a pre-exponential factor containing the mobile dislo-
cation density, the average area covered by the dislocations in each
activation process, the dislocation Burgers vector, the vibration fre-
quency of the dislocation line, and the geometric factor. T is the
absolute temperature and k is the Boltzmann constant. ΔG(σ*) is
the change in the Gibbs free enthalpy depending on the effective
stress σ* � σ � σi and its simple form is

ΔG(σ*) � ΔG0 � Vσ*  � ΔG0 � V(σ � σi). (6)
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Here ΔG0 is the Gibbs free enthalpy necessary for overcom-
ing a short-range obstacle without stress and V � bdL is the acti-
vation volume where d is the obstacle width and L is the mean
length of dislocation segments between obstacles. It should be men-
tioned that L may depend on the stress acting on dislocation seg-
ments.

The aim of the present work is to investigate deformation
behaviour of Mg−6Al−1Zn alloy at different temperatures and to
reveal the mechanisms responsible for plastic deformation of the
alloy at elevated temperatures. 

2. Experimental procedure

Magnesium alloy AZ63 (the nominal composition Mg−6Al−
1Zn), in wt. %, was gravity cast. Samples were deformed in com-
pression in an INSTRON 5882 machine at a constant cross
head-speed giving an initial strain rate of 2.8�10�5 s�1 over
a temperature range of 23 to 300 °C. Sequential stress relaxation
(SR) tests were performed at increasing stress along a stress-strain
curve. Duration of the SR was 300 s. Components of the applied
stress (σi , σ*) were estimated using Li’s method [5, 6]. The SR
curves were fitted to a power law function in the form:

, (7)

where a, t0 , and m are fitting parameters. 

The stress relaxation technique has been demonstrated to be
a useful experimental method for estimating the activation volume
and hence for determining thermally activated process(es). In
a stress relaxation test, the specimen is deformed to a certain stress
σ0 and then the machine is stopped and the stress is allowed to
relax. The stress decreases with time t. The specimen can be again
reloaded and deformed to a higher stress and the stress relaxation
test may be repeated. The time derivative σ� � dσ/dt is the stress
relaxation rate and σ � σ(t) is the flow stress at time t during the
SR. Stress relaxation tests are very often analysed under the assump-
tion that the stress relaxation rate is proportional to the strain rate
ε� according to [7]:

ε� � � σ� /M (8)

where M is the combined modulus of the specimen machine set.

Combining (5), (6) and (8), we have

. (9)

Taking the logarithm of this equation we get

. (10)

The stress decrease with time during the SR can be described
by the well known Feltham equation [8]:
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Δσ(t) � σ(0) � σ(t) � αln(βt�1) , (11)

where σ(0) � σ0 is the stress at the beginning of the stress relax-
ation at time t � 0, 

, (12)

, (13)

where ε�(0) is the plastic strain rate at the beginning of the relax-
ation.

3. Results and discussion

3.1 Internal stress

Parts of the true stress−true strain curves measured at various
temperatures are introduced in Fig. 1. Full points (depicted as
σap) indicate the stresses at which the SR tests were performed.
Figs 1a-1e demonstrate the development of the internal stress σi

with temperature. While the internal stress is at ambient tempera-
ture and 50 °C a substantial contribution to the applied stress σap.
The effective stress component σ* forms at lower temperature small
contribution to the applied stress (Fig. 1a.b) but it increases with
increasing temperature and at 300 °C is higher then the internal
stress (Fig. 1e). The internal stress depends on the dislocation
density, i.e. σi ∝ ρ½. A decrease of the internal stress indicates
a decrease of the dislocation density. In the case when the internal
stress is approximately constant or slightly decreasing with strain
(see Fig. 1c), some equilibrium between multiplication and anni-
hilation of dislocations may be considered. The decrease of the
dislocation density with temperature is also visible from Fig. 2,
where the temperature dependences of the ratio σi/σap are shown.
It should be noted that the values were estimated from SR test per-
formed at ε � 0.01. The internal stress of several magnesium
alloys was studied by Milicka et al. [9] in creep experiments. They
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Fig. 2. Variation of the internal/applied stress ratio (obtained at the
strain of about 1%) with temperature. 
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found that the internal stress σi reflects the creep resistance of the
material. Experimental internal stresses determined in creep well

correspond to those determined in SR tests under comparable
testing conditions.

a) b)

c)

e)

Fig. 1. Parts of the true stress−true strain curves obtained at various temperatures. The points of σap on the curves indicate the stresses at which the
SR tests were performed: a) 25 °C, b) 50 °C, c) 150 °C, d) 200 °C, e) 300 °C.

d)
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3.2 Thermal activation

The activation volume was estimated using Eq. (11). The values
of the activation volume (as usual divided by b3) estimated at four
temperatures are introduced in Fig. 3. Four discrete decreasing
curves were observed.

The dislocation (true) activation volume Vd is obtained by the
following equation:

, (14)

where the subscripts T and s indicate that both the temperature
and the dislocation microstructure (especially the mobile disloca-
tion density) have to be constant during the test. Equation (14) is
usually used for the activation volume estimation in tests with
changes in strain rate (or machine speed). The γ�0 term is essen-
tially structure-dependent and can be expressed as

. (15)

where A is the mean area swept by the dislocation segment per
successful thermally activated event, A � V/b, νD is the Debye fre-
quency and ,c is the critical dislocation length for the thermally
activated process to occur. In the stress relaxation experiments of
polycrystals, it is only possible to record the variation of the applied
stress, σap , associated with the change in plastic strain rate (stress
relaxation rate) and to determine an apparent activation volume,
Vapp , considering the mobile dislocation density and the internal
stress as constant. The apparent activation volume, Vapp , estimated
in experiments with polycrystals is proportional to the dislocation
activation volume as Vapp � (1/ψ)Vd . Apparent (experimental)
activation volumes estimated for various temperatures are plotted
against the thermal stress σ* in Fig. 4. All values appear to lie on
one line, “master curve”. Kocks et al. [10] suggested an empirical
relation between the Gibbs enthalpy ΔG and the effective stress
σ* in the following form:

b
A

v
b

m
c

D
c

0
, ,

c t=o

/ln
V

G
kT

*
,

*
,

d

s s

0

2

2

2

2

x x

c cD
= =

x x

o o
e

^
fo

h
p

, (16)

where ΔG0 and σ*0 are Gibbs enthalpy and the effective stress at 
0 K. From Eqs. (5) and (16) it follows:

, (17)

where p and q are phenomenological parameters reflecting the
shape of a resistance profile. The possible ranges of values p and
q are limited by the conditions 0 � p � 1 and 1 � q � 2. Ono
[11, 12], suggested that Eq. (17) with p � 1/2, q � 3/2 describes
a barrier shape profile that fits many predicted barrier shapes.
Equation (17) can be rewritten

(18)

and for the activation volume one obtains:

. (19)

The values of the activation volume should lie at the curve
given by Eq. (19). The fit of the experimental values (taken from
Fig. 4) of Eq. (19) gives for the activation enthalpy ΔG0 � 0.95 �
� 0.05 eV. (see Fig. 4). Similar values of the activation enthalpy
were estimated for other magnesium alloys [14, 15]. Using binom-
inal expansion in Eq. (19), the activation volume should depends
on the effective stress as Vapp ∝ (σ*)�n. Generally, the values of
the power exponent found in the literature vary from �0.5 to �1
[10]. 

The activation enthalpy ΔH = ΔG − TΔS (ΔS is the entropy)
is done by

. (20)

For polycrystals, we can measure experimentally ∂σ/∂T. Sub-
stituting from (14) into (20) it follows for the activation enthalpy
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Fig. 3. Plot of the apparent activation volume (in b3) against the
applied stress σap estimated at four temperatures.

Fig. 4. Plot of the apparent activation volume (in b3) against the
thermal stress σ* estimated for various deformation temperatures
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. (21)

The activation enthalpy calculated according to (21) for 150 °C
gives (0.96 � 0.05) eV. Activation energies for high temperature
creep of polycrystalline magnesium were measured originally by
McG. Tegart [16] for various temperatures and stresses. He esti-
mated that the activation energy is from room temperature up to
0.6Tm (Tm is the melting point in K) more less independent of
temperature and slightly dependent on the applied stress. It was
found for higher stresses to be � 1 eV. Similar values were found
for pure magnesium at 400 K by Milicka et al. [17] and Vagarali
and Langdon [18] and for Mg−0.8% Al [19]. 

The values of the activation volume and the activation enthalpy
may help to identify thermally activated processes considering some
of the common short−range barriers to dislocation motion [13].
The dislocation–dislocation interaction mechanism has an activa-
tion volume ranging from about 102 � 104 b3, with the activation
volume and enthalpy varying with strain. A rapid decrease in the
internal stress with temperature (see Figs. 1d and 1e) indicates
that softening is connected with dynamic recovery. 

Magnesium alloys, with hcp structure, deform on many possible
glide systems with dislocations of Burgers vector �a� � 1/3 [112�0]
in basal, prismatic, and first-order pyramidal planes and with dis-
locations of Burgers vector �c � a� � 1/3 [112�3] in first- and
second-order pyramidal planes. The main deformation mode in
magnesium is basal slip of �a� dislocations. The secondary con-
servative slip may be realised by the �a� dislocations on prismatic
and pyramidal planes of the first order. Couret and Caillard [20,
21] studied by TEM prismatic glide in magnesium in a wide tem-
perature interval. They showed that screw dislocations with the
Burgers vector 1/3 [112�0] are able to glide on prismatic planes
and their mobility is much lower than the mobility of edge disloca-
tions. The deformation is controlled by thermally activated glide of
those screw dislocation segments. A single controlling mechanism
was identified as the Friedel-Escaig cross slip mechanism. This
mechanism assumes dissociated dislocations on compact planes,
like (0001), that joint together along a critical length Lr produc-
ing double kinks on non-compact planes. The activation volume is
proportional to the critical length between two kinks. Amadieh et al.
[22] found for the activation volume of the Friedel-Escaig mech-
anism a value of 70 b3. Prismatic slip was also observed by Koike
and Ohyama [23] in deformed AZ61 sheets The activity of the �a�
dislocations in prismatic planes is possible when the critical resolved
shear stress ratio of prismatic to basal slip exhibits values 1.5-2. It
is realised at elevated temperatures and also at lower temperatures
for a special texture of samples. The activation of the prismatic slip
and subsequent annihilation of dislocation segments with opposite
sign are probably the main reason for the observed internal stress
decrease. The double cross slip may be a thermally activated process
controlling the dislocation velocity. Beside this mechanism, the
thermally activated glide of �c � a� dislocations should be taken
into account. Mathis et al. [24] studied the evolution of non-basal
dislocations as a function of temperature in magnesium by X-ray
diffraction. They found a majority of �a� dislocations in the as-cast
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state. During plastic deformation in tension the �a� -type disloca-
tions remain dominant, however, the dislocation density increased
by about a factor of three up to about 100 °C. At higher tempera-
tures the fraction of �c � a� -type dislocations increased at the
cost of �a� -type dislocations and the increase of the dislocation
density is strongly reduced. The internal stress acting on the dis-
locations is determined by the details of the internal structure at
that moment and it is independent of the applied stress. The stress
that changes when the applied stress is changed is only the effec-
tive stress. The internal stresses during plastic deformation of this
alloy can be considered as the sum of stresses resulting from various
dislocation arrangements and obstacles existing in the deformed
material [9, 25]. The solute atoms do not influence the moving
dislocations at higher temperatures. However, at higher tempera-
tures the solute atoms my diffuse to the staking fault and influence
double cross slip from basal to non-basal planes.

3.3 Strain ageing

From the temperature dependence of the yield stress, intro-
duced in Fig. 5, some local maximum between 50 and 100 °C is
obvious. This maximum is a consequence of the dynamic strain
ageing. It is also manifested at the stress strain curve by the so
called post relaxation effect. When the internal stress as well as
the dislocation density are constant than the deformation process
continues at the same stress as at the beginning of the SR test. On
the stress strain curve shown in Fig. 6 stress increase after SR test
is obvious. The flow stress after the stress relaxation, σ1, is higher
than the flow stress at the beginning of the relaxation. The values
of Δσ � σ1 � σ0 are plotted against strain for two temperatures
of 25 and 50 °C in Fig. 7. For other temperatures the post relax-
ation effect was not observed. From Fig. 7 it is to see that the strain
dependence of Δσ has some maximum at a certain strain. 

In an alloy the flow stress may be consider as a sum of two
additive contributions: 

σ � σf � σd , (22)

Fig. 5. Temperature dependence of the yield stress.
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with σf relating to a friction imposed by the solutes-dislocation
interaction σd relating to the dislocation-dislocation interaction.
Hong [26, 27] suggested that the stress σf could be described by
the following equation:

(23)

where α1 is a constant, δ is the atomic size misfit parameter, c is
the solute concentration and B is the width of the distribution about
the temperature T0 where the maximum of solute-dislocation inter-
action force occurs. The critical dislocation velocity Vc at which
the maximum force occurs can be expressed as:

(24)

where α2 is a constant and D0 is the diffusion constant for solute
atoms, Ω is the atomic volume and QD is the activation energy for
diffusion of solute atoms in magnesium matrix. The critical strain
rate at which the maximum interaction stress occurs can be pre-
dicted using the following equation:
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where ν is the Poisson ratio, ρm is the mobile dislocation density.
From Eq. (23) it can be seen that the friction force due to solute
atoms interaction with moving dislocations exists only in a certain
temperature interval depending on solute atoms type. This friction
force (stress) is added to the temperature dependence of the yield
stress resulting to a local maximum in the temperature dependence
of the yield stress. Such local maximum in the temperature depen-
dence is demonstrated in Fig. 5. Similar local maximum was
observed in the case of ZE41 alloy [28], AZ91 alloy [29] of binary
alloy Mg-0.7Nd [30].

According to Malygin [31] and Rubiolo and Bozzano [32]
solute atoms diffuse to dislocations arrested at local obstacles for
waiting time tw . The concentration of solute atoms at dislocation
lines as a function of the waiting time c(tw) is done by the function 

, (26)

where 

. (27)

c0 is the average concentration of impurities in the crystal and cm

is the limiting value of impurities on the dislocations. WB is the
binding energy of solute atoms to dislocations. The value of n
depends on the details of interaction between solute atom and dis-
locations. The exponent in eq. (26) r � 2/(n � 2) is typically 2/3
and 1/3 for bulk and pipe diffusion, respectively. [33].

The stress increment Δσ after SR due to solute atoms segre-
gation may be also expressed for longer time by the following
equation 

Δσ(t, ε, T) � Δσm(ε,T) {1 � exp[�(t/tc)
p]}, (28)

where Δσm(ε,T) is the stress increment for t→∞ and it depends
on the binding energy between solute atoms and dislocations. (It
increases with increasing solute atom concentration and with
decreasing temperature.) tc is a characteristic time which depends
on the strain as tc � ε�k. [34]. Solute atoms locking dislocations
cause the stress increase after stress relaxation, which depends on
strain and on temperature. An increase in the flow stress is needed
to move the dislocations after stress relaxation. It is reasonably to
assume that Δσ is proportional to the number of impurities on dis-
location lines.   

4. Conclusions

The stress relaxation tests were performed during compression
experiments at various temperatures with the aim to reveal the main
features of the plastic deformation mechanisms. The complex analy-
sis of the stress relaxation curves showed:
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Fig. 6. The stress-strain curve obtained at 50 °C. An increase of the
stress after the stress relaxation test is from the insert well visible. 

Fig. 7. The stress increase Δσ depending on the strain estimated for 
25 and 50 °C.
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� the internal stress decreases with increasing deformation tem-
perature;

� the values of the apparent activation volumes are in the order
of tens to hundreds b3;

� the activation volume depends on the thermal stress so that all
values lie at the master curve Vapp ∝ (σ*)n;

� the estimated activation energy indicates that the main thermally
activated process is very probably the glide of dislocations in
the non-compact planes,

� mobile solute atoms are the reason for the dynamic strain ageing
manifested by the post relaxation effect and the local maximum
in the temperature dependence of the yield stress.
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