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In order to study the hot working behaviour of as-cast AZ80 magnesium alloy, a series of isothermal 
upsetting tests with height reduction of 60% were performed at the temperature range of 523-673 K 
and the strain rate range of 0.01-10 s–1 on a servo-hydraulic Gleeble-1500 machine simulator. Based on 
the regression analysis for Arrhenius type equation of flow stress, the activation energy of deformation 
was determined to be Q = 168.6606 KJ·mol–1, and material constants A, n and α in the equation also 
were calculated respectively to predict the peak stress during hot deformation. A 7th order polynomial 
was used to represent the influence of strain on these parameters (i.e Q, lnA, n and α). The Arrhenius 
equation was further developed by taking account of the effect of strain on the flow stress to describe 
the flow behavior during the whole experimental temperature and strain rate range. Then comparison 
between the predicted results and test results shows that the correlation coefficient and average absolute 
relative error is 0.99 and 6.63%, respectively. The flow stress predicted by developed equation can 
give an accurate and precise description of the flow behaviour for AZ80 magnesium alloy.
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1.	 Introduction
Magnesium alloy is one of the lightest structural metallic 

materials, and it is widely applied in aerospace, automobile 
and electronic industries for its excellent properties such 
as high specific strength superior damping characteristics 
and electromagnetic shielding performance1. Magnesium 
alloy has a hexagonal close-packed crystal structure whose 
dominant slip system at room temperature is basal slip. 
The workability of magnesium alloy becomes sufficiently 
available by thermal activation at the high temperatures due 
to the workability substantially increasing as additional slip 
systems2. It is obvious that warm or hot working condition 
offers the chance to improve the workability of magnesium 
alloy through the activation of the non-basal slip plane.

Constitutive equations  are often used to describe the 
plastic flow properties of the metal and alloys under the 
prevailing loading conditions, such as forming temperature, 
degree of deformation, and strain rate. And most of models 
are various analytical, phenomenological and empirical in 
nature3. A phenomenological approach was proposed by 
Jonas et al.4, in which the flow stress is expressed by the 
hyperbolic laws in an Arrhenius-type equation. And this 
equation  has been widely used to represent the elevated 
temperature flow behavior of a range of metals or alloys5-8. 
However, there are some limitations for the Arrhenius-type 
equation. In recent years, this equation has been improved by 
considering the special effects of the hot forming parameters 
(such as activation energy of deformation Q, material 
constants n and a, and structure factor A) to accurately 
describe and predict the flow stress for the different metals 
or alloys. Lin et al. proposed a revised hyperbolic sine 

constitutive equation, in which the influence of strain was 
incorporated by considering the effect of strain to predict 
the flow stress of 42CrMo steel9-11. Later, the improved 
Arrhenius-type equation was effective for describing the 
high temperature flow behaviors of cast A356 aluminum 
alloy12, 9Cr-1Mo ferritic steel13, Ti-6Al-4V alloy14, T24 
steel15-16. However, the hot compression deformation 
behavior of cast AZ80 magnesium alloys needs further 
investigating to realize the effect of strain.

Accordingly, in the present study, the true stress-strain 
curves were obtained in hot compression tests of AZ80 
magnesium alloy, which was performed under temperature 
range of 523-673 K and strain rate of 0.01-10 s–1. The 
values of activation energy Q, and material constant A, α 
and n in Arrhenius model were invested by multiple linear 
regression analysis. And strain was taken into compensation 
to accurately predict the flow stress which was expressed by 
parameter Q, and material constant A, α and n. Meanwhile, 
constitutive model of AZ80 magnesium alloy, containing 
temperature, strain rate and strain, was established.

2.	 Material and Methods
The material used in this investigation was commercial 

as-cast AZ80 magnesium alloy with a diameter of 100 mm 
and a height of 325 mm. The chemical compositions of AZ80 
magnesium alloy used in this study was (wt %) Al 8.90, Zn 
0.53, Mn 0.20, Si 0.008, Fe 0.004, Cu 0.008, Ni 0.0008, 
Mg (balance). Cylindrical specimens with a diameter of 
10 mm and the height of 12 mm were machined with their 
cylinder axes parallel to the axial line direction of the bar 
for the compression experiments which were conducted 
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on a computer-controlled, servo-hydraulic Gleeble-1500 
machine, in which specimens were heated to the setting 
temperature at the speed of 1 K/s, and held at a fixed 
temperature for 3 min to ensure uniform starting temperature 
and decrease the material anisotropy. The specimens were 
compressed at the temperatures of 523, 573, 623 and 673 K, 
and the stress rates of 0.01, 0.1, 1, 10 s–1 until the reduction of 
height is 60% at the end of the compression tests. And then 
the specimens were immediately cooled by water quenching 
to retain the structure obtained at elevated temperatures.

3.	 Results and Discussion

3.1.	 Constitutive equation of the peak flow stress

True stress-strain curves of AZ80 magnesium alloy 
obtained from hot compression test were shown in Figure 1. 
It shows the relationship of the flow stress and deformation 
temperature as well as strain rates for AZ80 magnesium 
alloy.

The correlation between the hot deformation parameters, 
such as strain rate, deformation temperature and flow 
stress can be described by hyperbolic-sine Arrhenius type 
equation17.

( )exp[ / ( )]AF Q RTε σ= −

	 (1)

F(σ) is the function of stress, it takes three forms, where,

0.8
( ) exp( ) 1.2

[sinh( )] for all
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In which, A, α, β and n are the material constants, 
α = b/n, ε  is the strain rate (s–1), R is the universal gas 
constant (8.31 J·mol–1·K–1), T is the absolute temperature (K), 
Q is the activation energy of hot deformation (KJ·mol–1), σ 
is the flow stress (MPa) for given strain.

Also, the effects of the temperatures and strain rate on 
the deformation behaviors can be represented by Zener-
Hollomon parameter, Z, in an exponent-type equation18.

exp[ ( )]Z Q RT= ε 	 (2)

For the low stress level ( < 0.8α σ ) and high stress level 
( > 1.2α σ ), substituting the power low and exponential law 
into Equation 1, respectively, gives,

= −exp[ ( )]nA Q RTε σ
	 (3)

= −exp( )exp[ ( )]A Q RTε β σ
	 (4)

Figure 1. True strain-stress curves for as-cast AZ80 magnesium alloy under the different deformation temperatures with strain rates of: 
(a) 0.01 s–1; (b) 0.1 s–1; (c) 1 s–1; (d) 10 s–1. 
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Taking the logarithm on both sides of Equation 3 and 
Equation 4, respectively, gives,

= + −1 1ln ln ( ln )Q A
n n RT

σ ε
	

(5)

= + −1 1ln ( ln )Q A
RT

σ ε
β β 	

(6)

The value of n and β can be obtained from the slope of 
ln σ  versus ln ε  and σ  versus ln ε , and = d ln / d lnn ε σ , 

= dln /β ε σ , respectively. Then, substituting the value of the 
peak stress and corresponding strain rate into the logarithm 
Equation 5 and Equation 6 gives the relationship between the 
flow stress and strain rate as shown in Figure 2. It is obvious 
that linear relationship is observed for each temperature 
and the slopes are approximated the same with each other. 
The mean value of all the slope rates is accepted as the 
inverse of material constant n and β, thus n and β can be 
obtained as 7.9064 and 0.1023 MPa–1, respectively. Then, 
a = b/n  = 0.0129 MPa-1.

For all the stress level, substituting the hyperbolic law 
of F(σ) into Equation 1 gives,

= −[sinh( )] exp[ ( )]nA Q RTε α σ
	 (7)

Taking the natural logarithm of both sides of Equation 7 
gives,

= + −ln ln ln sinh[ ]A n Q RTε α σ
	 (8)

For the fixed strain rate conditions, there is a linear 
relationship between ln sinh[ ]α σ  and 1/T, differentiating 
Equation 8 gives,

{ }{ }= d ln[sinh( )] d(1 )Q Rn Tα σ
	 (9)

Therefore, the values of different temperatures and 
peak stresses obtained from each strain rate are substituted 
into Equation 9, and the value of Q can be derived from the 
slope of ln sinh[ ]α σ  versus 1/T by linear fitting method. 
It is obvious that linear relationship is observed for each 
strain rate and the slopes are approximated the same with 
each other, as shown in Figure 3a. The average value under 
different strain rates of all the slope rates is accepted as 
activation energy of hot deformation Q, thus the value of Q 

Figure 2. Relationships between strain rates and peak stresses: (a) ln ε  and ln σ ; (b) ln ε  and σ .

Figure 3. Relationships between: (a) ln sinh[ ]α σ  and 1/T; (b) ln sinh[ ]α σ  and ln ε .
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equals 168.6606 KJ⋅mol-1. Figure 4 shows the flow diagram 
for determining all parameters in constitutive equation.

And Equation 8 can also be expressed as following:

= + −1 1ln sinh( ) ln ( ln )Q A
n n RT

α σ ε
	

(10)

Then, substituting the values of the peak stress at 
different temperatures and strain rates into Equation  10, 
the linear relationships between ln sinh[ ]α σ  and ln ε  
for different temperatures can be obtained as shown in 
Figure 3b. It is obvious that the intercept of ln sinh[ ]α σ  
versus ln ε  plot is the value of 1 ( ln )n Q RT A− , submitting 
the values of material constants a, n and activation energy 
Q, the value of material constant A is easily to be calculated 
as 1.729 × 1013 s–1, 8.749 × 1012 s–1, 7.023 × 1012 s–1, 
1.505 × 1013 s–1 for different temperatures respectively.

Substituting Equation 2 into Equation 1, then the flow 
stress can be written as a function contains Zener-Hollomon 
parameter in the following equation:

= + +
1 2 1

21 ln{( ) [( ) 1] }n nZ Z
A A

σ
α 	

(11)

The constitutive equation  of flow stress for AZ80 
magnesium alloy can be express as:

= + +1 7.9064 2 7.9064 1 21 ln{( ) [( ) 1] }
0.0129

Z Z
A A

σ
	

(12)

3.2.	 Compensation of strain

This model is adopted as a general equation  of hot 
deformation. But this model does not involve the strain on 
hot deformation behaviour, and it ignores the effects of strain 
on the flow stress, so it can only represent steady-state stress. 
In order to promote the practical application of numerical 
analysis on hot forging and investigate the effect of strain 
on hot deformation behavior, it is necessary to improve the 
accuracy of prediction flow stress. So, a set of parameters of 
Q, n, A and a can be calculated as polynomial function with 
strain in the range of 0 ~ –0.9 and the interval of –0.1 using 
the aforementioned method, as show in Equation 13. The 
relationship between Q, n, A, α and strain can be polynomial 
fitting as shown in Figure  5, and the coefficients of the 
polynomial function can be easily obtained by polynomial 
fitting method shown in Table 1.

= + + + + + + +

= + + + + + + +

= + + + + + + +

= + + + + + + +

2 3 4 5 6 7
0 1 2 3 4 5 6 7

2 3 4 5 6 7
0 1 2 3 4 5 6 7

2 3 4 5 6 7
0 1 2 3 4 5 6 7

2 3 4 5 6 7
0 1 2 3 4 5 6 7

ln

Q B B B B B B B B

n C C C C C C C C

A D D D D D D D D

E E E E E E E E

ε ε ε ε ε ε ε

ε ε ε ε ε ε ε

ε ε ε ε ε ε ε

α ε ε ε ε ε ε ε

(13)

Finally, substituting the polynomial function of Q, n, 
A and α, which can be expressed as b(ɛ), c(ɛ), d(ɛ), and 
e(ɛ) respectively into Equation  12. The Arrhenius type 
equation of AZ80 magnesium alloy can be developed as 
following:

Figure 4. Flow diagram for determining all parameters in constitutive equation.

788 Materials Research



The Improved Arrhenius Model with Variable Parameters of Flow Behavior Characterizing for The As-Cast Az80 Magnesium Alloy

= +

+

1 ( )

2 ( ) 1 2

exp[ ( ) 8.31 ]1 ln{( )
( ) ( )

exp[ ( ) 8.31 ]
[( ) 1] }

( )

c

c

b T
e d

b T
d





ε

ε

ε ε
σ

ε ε
ε ε

ε 	

(14)

3.3.	 Verification of the developed constitutive 
equation

According to the developed constitutive equation  of 
AZ80 magnesium alloy mentioned above, this model 
expressing the value of flow stress can be obtained at 

different strains, temperatures and strain rates. Figure  6 
shows the true stress-strain curves obtained from the 
experiment and predicted results. The range of hot 
compression conditions corresponds to temperature between 
523 K and 673 K, strain rate between 0.01 s–1 and 10 s–1. It 
can be seen that the calculated coincide with the measured 
values is acceptable.

The predictability flow stress of the constitutive 
equation is also quantified by employing standard statistical 
parameters such as correlation coefficient (R) and average 
absolute relative error (AARE). These are expressed by 
Equation 15 and Equation 16 respectively.

( )
=

= =

− −∑

− −∑ ∑

1
M M p p

2 21 1
M M p p

( )( )

( ) ( )
%

i
N i i

i i
N Ni i

R
σ σ σ σ

σ σ σ σ 	
(15)

( )
=

−
= ×∑ M p

1 M

1AARE % 100%
N i i

i iN

σ σ
σ

	
(16)

Where Mσ  is the measured value and Pσ  is 
the predicted value obtained from the constitutive 

equation. Mσ  and Pσ  are the mean values of Mσ  and 

Pσ , respectively. N is the number of data which were 
employed in the investigation. The correlation coefficient 
is a commonly used statistical parameter and provides 

Table 1. Polynomial fitting results of Q, n, ln A and α of as-casting 
AZ80 magnesium alloy.

Q n ln A a

B0
127.6204 C0

5.893974 D0
–7.41621 E0

0.0676

B1
–280.9 C1

41.83431 D1
593.379 E1

–1.22327

B2
8664.941 C2

–505.224 D2
–4117.87 E2

10.73411

B3
–53118.6 C3

2644.852 D3
16415.46 E3

–48.3546

B4
156794.6 C4

–7163.31 D4
–38156.6 E4

122.0779

B5
–252838 C5

10394.41 D5
49808.87 E5

–173.994

B6
213012.9 C6

–7637.83 D6
–33463.5 E6

130.5764

B7
–72490.7 C7

2230.64 D7
8983.701 E7

–40.0031

Figure 5. Relationship between: (a) Q; (b) n; (c) lnA; (d) α and true strain by polynomial fit of AZ80 magnesium alloy.
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information about the strength of linear relationship between 
the observed and the calculated values. The AARE is also 
computed through a term-by-term comparison of the relative 
error and therefore is an unbiased statistical parameter to 
measure the predictability of an equation. The value of R and 
AARE was found to be 0.99 and 6.63%, respectively, which 
statistical results shows that the developed deformation 
constitutive equation gives an accurate and precise estimate 
of the flow stress.

4.	 Conclusions
The constitutive analysis of a cast AZ80 magnesium 

alloy has been conducted according to a set of hot 
compression tests. Then Arrhenius equation  with Zener-
Hollomon parameter was developed to incorporate the effect 

of strain on the activation energy Q and material constants 
A, n, and α, to describe the relationship of flow stress and 
strain rate as well as deformation temperature during entire 
forming history. By comparing the values between the 
predicted and measured flow stress, the standard statistical 
parameters such as correlation coefficient and average 
absolute relative error is 0.99 and 6.63% respectively. The 
results manifest that the improved Arrhenius model with 
variable parameters for the as-cast AZ80 magnesium alloy 
of flow stress is valid and accurate.
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Figure 6. Comparisons between predicted and measured flow stress curves of AZ80 magnesium alloy under strain rates of: (a) 0.01 s–1; 
(b) 0.1 s–1; (c) 1 s–1; (d) 10 s–1.
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