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Abstract 
The formability of magnesium alloy sheets at room temperature is generally low because of the inherently limited 

number of slip systems, but higher at temperatures over 150ºC.  Therefore, prior to the practical application of these 
materials, the forming limits should be evaluated as a function of the temperature and strain rate.  This can be achieved 
experimentally by performing a series of tests or analytically by deriving the corresponding modeling approaches.  
However, before the formability analysis can be conducted, a model of flow stress, which includes the effects of strain, 
strain rate and temperature, should be carefully identified.  In this paper, such procedure is carried out for Mg alloy AZ31 
and the concept of flow stress surface is proposed.  Experimental flow stresses at four temperature levels (150ºC, 200ºC, 
250ºC, 300ºC) each with the pre-assigned strain rate levels of 0.01s-1, 0.1s-1 and 1.0s-1 are collected in order to establish 
the relationships between these variables.  The temperature-compensated strain rate parameter which combines, in a 
single variable, the effects of temperature and strain rate, is introduced to capture these relationships in a compact manner. 
This study shows that the proposed concept of flow stress surface is practically relevant for the evaluation of temperature 
and strain dependent formability. 
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(a) Stres-strain curve at crosshead speed 0.2mm/s 
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(b) Stres-strain curve at crosshead speed 2.0mm/s 
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(c) Stress-strain curve at crosshead speed 20.0mm/s

Fig. 1 Stress-strain curves from the tensile test of 
magnesium based alloy AZ31 sheet material 
[1]
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Fig. 2 Procedure to determine flow stress model of 
magnesium based alloy AZ31 sheet material 
with strain, strain rate and temperature 
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(a) Crosshead speed 0.2mm/s 
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(b) Crosshead speed 2.0mm/s 
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(c) Crosshead speed 20.0mm/s

Fig. 3 Relationships between effective stress and strain 
under various temperatures and crosshead 
speed levels 
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Table 1 Strength coefficients and work hardening 
exponents under various temperatures and 
crosshead speed levels 

Crosshead
Speed
[mm/s] 

Temperature 
[oC]

Strength 
Coefficient, K

[MPa] 

Work 
Hardening 

Exponent, n
150 350.3 0.2021 
200 292.5 0.2017 
250 217.9 0.1940 

20

300 156.1 0.1632 
150 311.7 0.1886 
200 239.3 0.1816 
250 174.3 0.1634 

2

300 117.7 0.1528 
150 273.6 0.1876 
200 208.2 0.1937 
250 134.8 0.1468 

0.2 

300 79.1 0.0488 

,
.

� � � �, , ,K K T n n T� �� �� � (2)

,
,

(temperature-
compensated strain rate, Z) .

[10]. 

exp QZ
RT

� � 	� 
 �
� 

� (3)

, R (universial gas constant, 
8.31 J mol-1 K-1) , Q

(activation energy) ,
 135 kJ mol-1
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(a) Relationship between stress and strain rate under 
various temperatures and strain levels 
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Fig. 4 Relationships among stress, strain, strain rate 
and temperature 
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(a) Relationship between strength coefficient and 
temperature-compensated strain rate (Z) 

3.58491E9 7.8963E13

0.04979

0.13534

W
or

k 
H

ar
de

ni
ng

 E
xp

on
en

t

Z (Temperature-Compensated Strain Rate)  [ln scale]

(b) Relationship between work hardening exponent 
and temperature-compensated strain rate (Z) 

Fig. 5 Relationships among strength coefficient, work 
hardening exponent and temperature-
compensated strain rate (Z) 

Table 2 Curve-fitted parameters in flow stress model 

Parameter Curve-Fitted Value 

K1 - 372.122 

K2 19.009

n1 0.195

n2 - 2986.919 

n3 - 0.418 
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(a) Crosshead speed 0.2mm/s 
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(b) Crosshead speed 2.0mm/s 
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(c) Crosshead speed 20.0mm/s

Fig. 6 Comparison between the measured stress-strain 
curves and the modeled flow stress curves 
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(a) Flow stress surfaces with respect to the crosshead 
speed

(b) Flow stress surfaces with respect to the temperature 
Fig. 7 Comparisons of flow stress surfaces under 

various temperatures and crosshead speed 
levels 
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