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Abstract

A comparative study was carried out on the hot flow stress of AZ31, AZ61, and AZ91 magnesium alloys. Their hot working behaviors were
studied through constitutive analysis based on a simple physically-based approach which accounts for the dependence of the Young's modulus
and the self-diffusion coefficient of magnesium on temperature. Since the main difference between these alloys is the difference in their amount
of aluminum, the differences in constitutive behavior were quantitatively characterized by relating the hot flow stress to amount of Al, which was
not possible without the consideration of physically-based parameters. It was concluded that the used approach in the current work can be
considered as a versatile tool in future hot working and alloy development studies.
Copyright 2014, National Engineering Research Center for Magnesium Alloys of China, Chongqing University. Production and hosting by
Elsevier B.V.
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1. Introduction

The AZ magnesium alloys are based on the MgeAleZn
system [1]. Since the solid solution hardening effect of Al in
Mg is significant, several alloys based on MgeAl system have
gained commercial attention [2e4]. Among them, AZ31 (Mg
e 3 wt% Al e 1 wt% Zn), AZ61 (Mg e 6 wt% Al e 1 wt%
Zn), and AZ91 (Mg e 9 wt% Al e 1 wt% Zn) are some of the
most commonly used alloys. Due to their hexagonal closed
packed (HCP) crystal structure with a limited number of slip
systems, the ductility of polycrystalline Mg alloys are usually
poor at room temperature and hence hot deformation pro-
cessing is a suitable shaping method due to the activation of
additional slip systems at elevated temperatures [5,6]. The

structural refinement is another important advantage of hot
working [7,8].

The understanding of the hot working behavior and the
constitutive relations describing material flow are two of the
prerequisites for the implementation of shaping technology in
the industry [9]. The modeling of hot flow stress is thus
important in metal-forming processes because any feasible
mathematical simulation needs accurate flow description.
Moreover, since the main difference between the AZ magne-
sium alloys is the difference in their amount of aluminum, the
difference in constitutive behaviors can be characterized by
relating the hot flow stress to amount of Al.

A common constitutive equation in hot working is
expressed by a hyperbolic sine relation of the form
Z ¼ _εexpðQ=RTÞ ¼ A½sinhðasÞ�n, where Z is the Zen-
ereHollomon parameter, Q is the deformation activation en-
ergy, _ε is the strain rate, T is the deformation temperature and
its unit is Kelvin, and finally A (the hyperbolic sine constant),
n (the hyperbolic sine power), a (the stress multiplier) are the
material's parameters [8]. Conventionally, A, n, a, and Q are
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considered to be apparent parameters. However, a reliable
constitutive equation will be resulted by consideration of the
underlying mechanisms.

Recently, it has been shown that when the deformation
mechanism is controlled by the glide and climb of disloca-
tions, a constant hyperbolic sine power of n ¼ 5 and self
diffusion activation energy ðQsdÞ can be used to describe the
appropriate stress [10]. This is possible by taking into account
the dependences of Young's modulus (E ) and self-diffusion
coefficient (D) on temperature in the hyperbolic sine law.
Accordingly, the unified relation can be expressed as
_ε=D ¼ B½sinhða0s=EÞ�5 where D ¼ D0 expð�Qsd=RTÞ, in
which D0 is a pre-exponential constant. The constants a

0 and B
are the modified stress multiplier and the hyperbolic sine
constant, respectively. The consideration of physically-based
constants (the hyperbolic sine power of 5 and self diffusion
activation energy) reduces the number of unknown parameters
and constants to 2 (a0 and B). This results in a more reliable
constitutive equation, simplifies the constitutive analysis, and
makes it possible to conduct comparative hot working studies.

In the current work, the constitutive behaviors of AZ31,
AZ61, and AZ91 alloys will be studied by consideration of
physically-based material's parameters in order to propose a
reliable constitutive equation for hot deformation of each
material and elucidate the effect of Al on hot working
behavior of Al-bearing magnesium alloys.

2. Experimental materials and procedures

2.1. Hot flow stress database for MgeAleZn alloys

The flow stress data for hot compression testing of AZ31,
AZ61, and AZ91 alloys were taken from the literature
[11e24]. The considered flow curves exhibited typical dy-
namic recrystallization (DRX) behavior with a single peak
stress (sP) followed by a gradual fall towards a steady state
stress. Note that the description of flow stress by equation
_ε=D ¼ B½sinhða0s=EÞ�5 is incomplete, because no strain for
determination of flow stress is specified. Therefore, charac-
teristic stresses that represent the same deformation or soft-
ening mechanism for all flow curves, such as steady state or
peak stress, should be used in this equation. Since the peak
stress (sP) is the most widely accepted one in obtaining the hot
working constants [25e28], its values were taken with
emphasis on the consistency of stress level among different
research works for each material.

Since the flow data has been taken from the literature and
the details of the considered materials and experiments in each
research work is different, some other factors such as the
initial microstructure and grain size [29,30], the details of the
precipitates [31,32], and small variations in chemical com-
positions can affect the level of flow stress or the hot defor-
mation behavior. However, the consideration of these
parameters is not easy and needs a huge database, which is not
the case for the considered materials in the current work.
Therefore, the following analysis can fairly demonstrate the

averaged constitutive behavior of these materials based on the
differences in the amount of Al.

2.2. Temperature dependence of E and D

In equation _ε=D ¼ B½sinhða0s=EÞ�5, the values of D0 and
Qsd can be taken from the Frost and Ashby tables [33]. In these
tables, the dependence of the shear modulus (G) on tempera-
ture in the form of G=G0 ¼ 1þ hðT � 300Þ=TM is also
available. Here, G0 is the shear modulus at 300 K, TM is the
melting temperature of the material, and h ¼ ðTM=G0ÞdG=dT
shows the temperature dependence of the shear modulus.
According to the relation of E ¼ 2Gð1þ nÞ, the values of E
can be estimated (n is usually taken as 0.3). Using the avail-
able data for magnesium (as shown in Table 1), the following
expressions can be derived for D and E:

D¼ 1:0� 10�4 � exp
�� 135000

�
RT

� ð1Þ

E ¼ 43160�f1� 0:49ðT � 300Þ=924g ð2Þ

3. Results

In equation _ε=D ¼ B½sinhða0s=EÞ�5, there are only two
unknown parameters (B and a0). In order to find the value of
a0, the power (Z ¼ A0sn

0
) and exponential (Z ¼ A

00
expðbsÞ)

laws for description of flow stress were modified as
_ε=D ¼ B0ðsP=EÞn

0
and _ε=D ¼ B

00
expðb0sP=EÞ, respectively. In

the modified equations, B0, B00, n0, b0 are constants. Therefore,
the value of a0 can be estimated by b0/n0 [10]. It follows from
these expressions that the slope of the plot of lnð _ε=DÞ against
lnðsP=EÞ and the slope of the plot of lnð _ε=DÞ against sP=E can
be used for obtaining the values of n' and b', respectively.
These plots are shown in Fig. 1. The linear regression of the
data resulted in the values of a0 ¼ 632, 529, and 431 for the
AZ31, AZ61, and AZ91 alloys, respectively.

According to equation _ε=D ¼ B½sinhða0s=EÞ�5, the slopes
of the plots of f _ε=Dg0:2 against sinhfa0sP=Eg by fitting
straight lines with the intercept of zero (y ¼ axþ 0 as shown
in Fig. 2) was used for obtaining the values of B0:2 ¼ 453.3,
531.1, and 531.6 for the AZ31, AZ61, and AZ91 alloys,
respectively. The resultant constitutive equations can be
expressed as:

_ε

D
¼
8<
:

453:35 �fsinhð632� sP=EÞg5⇔AZ31
531:15 �fsinhð529� sP=EÞg5⇔AZ61
531:65 �fsinhð431� sP=EÞg5⇔AZ91

ð3Þ

where D ¼ 1:0� 10�4 � expð�135000=RTÞ. Therefore, suit-
able constitutive equations for describing the hot working
behaviors of these materials can be expressed as:

Table 1

Data used to obtain the temperature dependence of D and G for Mg.

D0 (m
2/s) QSD (kJ/mol) h G0 (MPa) TM (K)

1.0 � 10�4 135 �0.49 16,600 924
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