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Abstract: The dynamic recrystallization refinement of magnesium alloy AZ80 by compression tests was studied, and its effect on the 
mechanical properties was investigated. It is observed that the microstructure of the as-cast billet with grain size of 240 µm becomes 
refined to about 120, 110, 94 and 50 µm after upsetting at 350 ˚C under strain rates of 0.01, 0.1, 1 and 10 s−1 respectively. The 
changes in the mechanical properties according to grain size show that yield strength significantly decreases with grain size 
increasing, while strain hardening exponent and micro hardness increase very sharply. Further, the grain size vs strain rate and 
change in Vickers micro hardness according to the various strain rates show that grain size and micro hardness decrease with strain 
rate increasing. 
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1 Introduction 
 

At present, hot pressure forming is regarded as one 
of the most important processes to manufacture products 
with good mechanical properties and fine metallurgical 
structures. Considerable investigations have been done in 
order to establish flow stress relationships of materials 
during hot deformation based on the experimental results 
and great progress has been made[1]. Therefore, the 
equation for flow stress is numerically analyzed in order 
to promote the practical application of wrought 
magnesium alloys. Most of the constitutive equations for 
magnesium alloys are based on the compression 
deformation[2−6]. The mechanical properties of the 
workpiece under hot working are generally expressed by 
a constitutive equation, which connects flow stress and 
the variables such as strain, strain rate and temperature 
[7]. 

During hot forming the material is liable to undergo 
recrystallization, i.e. dynamic recrystallization that 
affects the crystallographic texture and thus, material 
anisotropy. Hence, it is of great importance to reveal the 
texture forming mechanisms during hot working with 
concurrent recrystallization since most commercial 
wrought Mg alloys are fabricated to semi-finished 

products by such processing. Recrystallization is 
understood to proceed by nucleation of strain free grains 
and their subsequent growth until complete impingement. 
Dynamic recrystallization in magnesium and its alloys 
has been reported to occur by several mechanisms. Those 
recrystallization mechanisms can be divided, according 
to the nature of the recrystallization process, into two 
groups: continuous and discontinuous recrystallization. 
Although this mechanism of forming new grains is 
considered by many researchers[8−13] as a 
recrystallization mechanism, it is stressed that the very 
nature of this mechanism is a strong recovery process 
rather than a classical recrystallization phenomenon, also 
referred to as discontinuous recrystallization 
characterized by nucleation and nucleus growth by high 
angle boundary migration. 

Although the recrystallization mechanism is 
considered worldwide, this work that is focused on the 
relationship description for mechanical properties vs 
grain size is the latest. In the present work, compression 
tests were also carried out to investigate the effect of 
grain refinement on the mechanical properties such as 
yield strength, strain hardening exponent and micro 
hardness at 350 ˚C under strain rates of 0.01, 0.1, 1 and 
10 s−1. Meanwhile, the effect of the processing 
conditions such as strain rates on the grain refinement  
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during compression experiments was investigated. 
 
2 Experimental 
 

The chemical composition of AZ80 magnesium 
alloy used in this study was (mass fraction, %) Al 8.90, 
Zn 0.53, Mn 0.20, Si 0.008, Fe 0.004, Cu 0.008, Ni  
0.000 8, Mg balance. A computer-controlled, servo- 
hydraulic Gleeble 1500 machine was used for 
compression testing. It can be programmed to simulate 
both thermal and mechanical industrial process variables 
for a wide range of hot deformation conditions. The 
specimens were resistance heated at a heating rate of   
1 ˚C/s and held at 350 ˚C for 180 s by thermocoupled- 
feedback-controlled AC current, which could decrease 
the anisotropy in flow deformation behavior effectively. 
So, the influence of compression direction on the 
deformation behavior was not considered in the present 
study. The homogenized ingot was scalped to diameter of 
10 mm and height of 12 mm with grooves on both sides 
filled with machine oil mingled with graphite powder as 
lubrication to reduce friction between the anvils and 
specimen during isothermal hot compression tests with 
the total height reduction of 60% in 350 ˚C at strain rates 
of 0.01, 0.1, 1 and 10 s−1. 

The variations of stress and strain were monitored 
continuously by a personal computer equipped with an 
automatic data acquisition system. During the tests, the 
temperatures of the specimens were controlled to within 
±0.1 ˚C through three thermocouples adhibited with the 
specimens at the gauge zero. The true stress and true 
strain were derived from the measurement of the nominal 
stress−strain relationship according to the following 
formula: σt=σn(1+εn), εt= ln(1+εn), where σt is the true 
stress, σn is the nominal strain, εt is the true strain and εn 
is the nominal strain[4]. 
 
3 Results and discussion 
 
3.1 Stress−strain behavior 

The true compressive stress—strain curves of AZ80 
alloy deformed at 350 ˚C under four strain rates are 
shown in Fig.1. The flow stress as well as the shape of 
the flow curves is sensitively dependent on strain rate. 
For all of specimens, after initial yielding, the flow stress 
decreases monotonically with different softening rates 
due to the initiation of dynamic recrystallization. By 
comparing these curves with one another, it is found that, 
for a specific temperature, the flow stress decreases 
markedly with strain rate. Further, changes in strain rate 
have a significant effect on the dynamic softening rate. 
The degree of dynamic softening is considerably smaller 
during deformation at 350 ˚C under lower strain rates of 
0.01 s−1 and 0.1 s−1, with a nearly horizontal line 
obtained, suggesting that the rate of thermal softening is 

balanced by the rate of work-hardening. In contrast, for a 
fixed temperature, the flow stress generally increases as 
the strain rate increases due to an increase of dislocation 
density and the dislocation multiplication rate. 
 

 

Fig.1 True stress—strain curves of AZ80 magnesium alloy 
obtained by thermal simulation 
 
3.2 Strain hardening and strain rate sensitivity 

In order to understand the plastic behaviour of 
AZ80 magnesium alloy at 350 ˚C, the flow stress curves 
were analyzed by Fields-Backofen equation[14−16], 
which is the common formula for most metal materials: 
 

n mCσ ε ε= &                                  (1)  
where σ is the flow stress, ε is the strain, n is the strain 
hardening exponent, ε&  is the strain rate, m is the strain 
rate sensitivity exponent. This equation is the most 
common formula to describe the stress−strain 
relationship and it can well express the work-hardening 
phenomenon by the strain hardening exponent (n-value) 
and the strain rate sensitivity exponent (m-value), which 
are important parameters to influence the filling ability 
of metal. 

According to Eq.(1), the following equation can be 
obtained:  
ln ln ln lnC n mσ ε ε= + + &                      (2)  

1) Calculation of n-value 
From the relationship between true stress and true 

strain in double logarithmic scale at a certain temperature 
and a certain strain rate, it can be seen that the values of 
stress under the uniform deformation stage are almost on 
the same line, in which the slope is equal to the value of 
strain hardening exponent. So, the slopes corresponding 
with the different strain rates can be obtained as 0.333, 
0.335, 0.349 and 0.375. The mean value 0.348 of these 
slopes is accepted as n-value. 

2) Calculation of m-value 
It is assumed that the value of ln C+nln ε at a certain 

temperature under a certain strain is a constant of K1. The 
following formula can be obtained from Eq.(2): 
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1lnln Km += εσ &                              (3) 
 
Then, .ln/dlnd εσ &=m  The linear relationships 
between ln σ and ε&ln  are fitted out, and the result of 

m-value is obtained as 0.115 3. 
 
3.3 Grain refinement 

Fig.2 shows the optical photographs illustrating the  
 

 
Fig.2 Optical photographs showing microstructural change and grain size distributions at 350 ˚C under different strain rates: (a) As- 
received; (b) 0.01 s−1; (c) 0.1 s−1; (d) 1 s−1; (e) 10 s−1 
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grain refinement processes and grain size distributions at 
350 ˚C under different strain rates. As depicted, the 
microstructure of the as-cast billet with grain size (d) of 
240 µm becomes refined up to about 120 µm after 
upsetting under strain rate of 0.01 s−1, to about 110 µm 
under strain rate of 0.1 s−1, to about 94 µm under strain 
rate of 1 s−1, to about 50 µm under strain rate of 10 s−1. It 
can be seen that area fraction of large grains greater than 
240 µm after upsetting gets smaller to 10%, 9%, 2% and 
0%. On the other hand, the area fraction of 12.6% of the 
finer grain less than 30 µm after upsetting is increased up 
to 28%, 30%, 39% and 43%. 
 
3.4 Mechanical properties vs grain size 

Mechanical properties of compressed AZ80 such as 
yield strength, strain hardening exponent (n-value), and 
Vickers micro hardness were investigated using 
upsetting tests at temperatures of 350 ˚C and strain rate 
of 0.01, 0.1, 1 and 10 s−1. Changes in the mechanical 
properties according to grain size are shown in Fig.3. As 
shown in Figs.3(a) and (b), the yield strength 
significantly decrease with grain size increasing, while 
strain hardening exponent increases very sharply. 

It is worthy noting that opposite tendency between 

the strength and hardness takes place in terms of grain 
size. Fig.3(c) shows that micro hardness increases as the 
grain size increases. This may be due to the difference 
between the local deformation in micro hardness testing 
and macro deformation in compression testing. That is, 
locally increased dislocation density or the number of 
mechanical twinnings leads to the hardening of the 
material during the micro hardness testing. On the other 
hand, softening effect is more predominant owing to the 
grain refinement by dynamic recrystallization during the 
compression testing[17−18]. 

Fig.4 shows that the grain size vs strain rate and 
change in Vickers micro hardness according to the 
various strain rates. As can be seen in Fig.4(a), as the 
strain rate increases, the grain size decreases. Similarly, 
the micro hardness decreases with strain rate increasing, 
as shown in Fig.4(b). 
 
4 Conclusions 
 

1) It is observed that the microstructure of the 
as-cast billet with grain size of 240 µm becomes refined 
to about 120, 110, 94 and 50 µm after upsetting at 350 ˚C 
under strain rates of 0.01, 0.1, 1 and 10 s−1, respectively. 

 

 

Fig.3 Changes in yield strength (a), strain hardening 
exponent (n-value) (b), Vickers micro hardness (c) 
according to various strain rates at constant 
temperature of 350˚C 
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Fig.4 Changes in grain size (a) and micro hardness (b) at 
various strain rates 
 

2) The changes in the mechanical properties 
according to grain size show that yield strength 
significantly decreases with grain size increasing, while 
strain hardening exponent and micro hardness increases 
very sharply. 

3) The grain size vs. strain rate and change in 
Vickers micro hardness according to the various strain 
rates show that grain size and micro hardness decrease 
with strain rate increasing. 
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