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Stress–strain data were collected from uniaxial compression tests over a wide range of strain rates and then corrected for defor-
mation heating. The effect of the data correction on the constitutive behaviour, incorporating a strain-dependent parameter, of
wrought magnesium alloy Mg–Al4–Zn1 was evaluated. The results show that the strain-dependent analysis provides a constitutive
equation that leads to a good agreement between the calculated and measured flow stresses in the relevant temperature range.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Magnesium is a lightweight material with a high spe-
cific strength. As such, it has a great potential to be used
in automobiles to reduce vehicle weight and hence fuel
consumption. However, the use of wrought magnesium
alloys has so far been restricted, partly because of their
low formability due to the small number of slip systems
available for deformation. It is a challenge to explore the
deformation limits of wrought magnesium alloys and to
provide the metal-forming industry with well-defined
material-processing opportunities.

Process modelling is a powerful tool to predict mate-
rial behaviour under specified deformation conditions.
The reliability of the output from modelling depends
to a large extent on the trustworthiness of input data.
The material data necessary for the modelling of a
forming process in terms of a relationship between flow
stress, strain, strain rate and temperature can be ob-
tained from hot-working tests at a number of tempera-
tures and strain rates for a consistent representation of
deformation behaviour.

At present, the stress–strain data of many wrought
magnesium alloys at high-strain rates >10 s�1, typical
of industrial bulk-forming processes, are unavailable.
This is partly due to the limitation of hot-working tests
not attaining high-strain rates. Industrial forming pro-
cesses need to achieve large reductions over a short time
to maximize productivity. It is therefore important to
understand the hot deformation behaviour of magne-
sium alloys in the high-strain rate regime.

Either uniaxial compression testing or torsion testing
can be used to investigate the deformation behaviour of
a wrought magnesium alloy. The feasibility of applying
high-strain rates makes hot uniaxial compression testing
more suitable for constitutive analysis applicable to
industrial bulk-forming processes, as a local strain rate
of 50 s�1 or even higher may be reached, e.g. during
extrusion.

Previous studies have demonstrated the usefulness of
the data generated from compression tests for modelling
purposes [1,2]. Similar tests were performed to character-
ize the response of magnesium alloys to hot deformation
[3–5]. In most previous investigations of the hot deforma-
bility of magnesium alloys, the stress–strain data col-
lected were used uncorrected to establish constitutive
equations [6–10]. In the plots of lnr vs. 1000/T, the tem-
perature at the beginning of the deformation was used
with no indication of the actual temperature of the spec-
imen during testing. In fact, at a low strain rate (<0.1 s�1),
the specimen temperature may change during testing due
to the increasing area of contact with the anvils, which
can cause a noticeable change in the flow stress. At an
intermediate strain rate and a high-strain rate (>1 s�1),
deformation heating causes the specimen temperature
to change from the preset temperature. The thermal
and frictional effects during hot deformation can clearly
be seen in the work of Peng et al. [7]. In principle, consti-
tutive analysis requires isothermal stress–strain data. In
our opinion the results obtained from hot-working
tests at strain rates higher than 10 s�1 are not suitable
for immediate constitutive analysis unless (adiabatic)
temperature changes during high-strain rate deformation
are accounted for in the constitutive analysis.
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In the present research, a DSI Gleeble 3800 thermo-
mechanical simulator was used at strain rates up to
100 s�1 for a constitutive analysis that takes thermal
effects into account. The aim was to evaluate the effect
of stress–strain data correction on the accuracy of con-
stitutive constants and the reliability of the flow stresses
calculated from the constitutive equation.

Constitutive equations are commonly used to calcu-
late the flow stresses of a material during deformation.
Each of the equations developed has an optimum range
of strain rates for calculating flow stresses. For creep,
the power law is preferred, but it cannot be used when
stresses are high. The exponential law is suitable for
hot-working processes, but it is limited to relatively
low temperatures and high-strain rates [11]. From the
literature, it has been found [2,12–15] that the sine
hyperbolic description for the Zener–Hollomon param-
eter can be used for flow stress calculation in the hot-
working regime. The sine hyperbolic law combines the
power law and the exponential law in, respectively, the
low and high stress limit, resulting in a single expression
suitable for analysis over the range of temperatures and
strain rates currently applied. For the present constitu-
tive analysis of the hot deformation behaviour of a
wrought magnesium alloy, the following sine hyperbolic
equation was used:

Z ¼ Ae½sinh ar�n ¼ _e exp
Q

RT

� �
: ð1Þ

In Eq. (1), the flow stress r is related to both the
absolute temperature T during deformation and to
strain rate _e. The material parameters a and n are the
stress multiplier and stress exponent, respectively. The
variation of flow stress with strain [16,17] was incorpo-
rated into a strain-dependent parameter Ae = f(e).

The as-cast Mg–Al4–Zn1 alloy, the composition of
which is given in Table 1, was extruded at a reduction
ratio of 10 into a round bar with a diameter of
15.8 mm. Cylindrical specimens, having a diameter of
10 mm and a height of 12 mm, were machined from
the extruded bar. The longitudinal axis of the specimens
was parallel to the extrusion direction. During machin-
ing, the surface of the specimens was kept as smooth
as possible in order to exclude any surface effects on
the hot deformation behaviour.

Wide ranges of strain rates and temperatures were
applied during the hot compression tests using a DSI
Gleeble 3800 system. Temperature was varied from
250 to 500 �C in increments of 50 �C. At every tempera-
ture, tests were performed at strain rates of 0.01, 0.1, 1,
10 and 100 s�1. The specimen was heated at a rate of
10 �C s�1 and soaked for 60–120 s at the preset temper-
ature in low vacuum to allow the temperature to equal-
ize throughout the specimen. The specimen was then hot
compressed at a constant strain rate to a true strain of 1,
which resulted in a height reduction from 12 to 4.4 mm.
The Gleeble system uses thermocouple feedback to con-

trol resistance heating to reach and maintain the preset
temperature. A thermocouple was spot welded to the
surface of the specimen at the mid-height to measure
the actual specimen temperature. To minimize the fric-
tion, graphite foils were attached to the water-cooled
tungsten carbide anvils using a nickel-containing paste.
After the uniaxial deformation, the specimen was air
quenched down to room temperature. Three repeat tests
at each set of parameters were performed.

The method commonly used for constitutive analysis
based on the results obtained from hot uniaxial com-
pression testing has been described previously [16]. In
the present work, an attempt was made to advance the
method by introducing a strain-dependent parameter
of lnA into the constitutive analysis. The stress–strain
data obtained were corrected as described elsewhere
[17] for adiabatic heating, load cell ringing and synchro-
nization of force with displacement. The results of the
constitutive analysis based on the corrected stress–strain
data were compared to the measured stresses.

For comparison purposes, the stress–strain data ob-
tained from the compression tests, both corrected and
uncorrected for deformation heating, were used in the
constitutive analysis. Because the flow stress curve of
the present wrought magnesium alloy displayed a dis-
tinct stress peak, it was necessary to perform the consti-
tutive analysis at fixed values of strain.

The constitutive analysis yielded the values of activa-
tion energy for deformation Q, stress exponent n, stress
multiplier a and material parameter A in Eq. (1), as
given in Table 2. The activation energy Q is usually com-
pared to the activation energy of self-diffusion of Mg,
which is between 130 and 140 kJ mol�1 [2,14,18]. The
value of 160 kJ mol�1 obtained for the present alloy is
considerably higher than that for AZ61 [16], which is
in the range of 131–115 kJ mol�1. There are no explana-
tions that could be used to account for the high value of
activation energy for the present alloy, obtained from
the raw stress–strain data. As will be shown later, the
overestimated Q value in the constitutive equation will
lead to erroneous results of the flow stress.

The adjustable stress multiplier a was found to pro-
duce parallel lines in a plot of ln[sinhar] against ln_e at
a value of 0.01 MPa�1. This value is comparable to that
found earlier for AZ61 [16]. The plots of lnZ against
ln[sinhar] at fixed strains showed that the calculated va-
lue of the stress exponent n varied with strain. The linear
regression gave an equation of the type y = Bx + C, in
which B denotes lnAe and C is equal to the stress expo-
nent n. Instead of displaying a single value, the n value
increased from 4.9 at the peak stress to 6.6 at a strain
of 0.8.

The most important use of a constitutive equation is
to calculate the flow stresses during hot working. The

Table 1. Composition of the Mg–Al4–Zn1 alloy used in the research

Element Al Zn Mn Si Fe Mg

Wt.% 4.76 0.85 0.32 0.01 0.008 Bal.

Table 2. Values of constitutive parameters obtained from both raw
and corrected stress–strain data

a
[MPa�1]

n Q

[kJ mol�1]
lnA

Uncorrected 0.01 5–6.6 160 29–32
Corrected 0.01 4.1 130 1.0078lne + 25.042
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