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Abstract: In order to have a better understanding of the hot deformation behavior of the as-solution-treated Mg−4Zn−2Sn−2Al 

(ZAT422) alloy, a series of compression experiments with a height reduction of 60% were performed in the temperature range of 

498−648 K and the strain rate range of 0.01−5 s−1 on a Gleeble 3800 thermo-mechanical simulator. Based on the regression analysis 

by Arrhenius type equation and Avrami type equation of flow behavior, the activation energy of deformation of ZAT422 alloy was 

determined as 155.652 kJ/mol, and the constitutive equations for flow behavior and the dynamic recrystallization (DRX) kinetic 

model of ZAT422 alloy were established. Microstructure observation shows that when the temperature is as low as 498 K, the DRX 

is not completed as the true strain reaches 0.9163. However, with the temperature increasing to 648 K, the lower strain rate is more 

likely to result in some grains’ abnormal growth. 
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1 Introduction 
 

Recent years, the Sn-containing magnesium alloys 

have received a lot of attention [1−3], for the Mg2Sn 

phase as the only compound formed in the Mg−Sn 

binary system has a high melting temperature of 1043 K, 

which is comparable to the precipitates in Mg−RE 

systems. Sn-containing magnesium alloys are believed to 

have the potential to become a cost-effective “RE-free” 

Mg-based alloy with superior heat resistance [4−6]. 

Studies have shown that Mg−Zn−Al−Sn alloys 

exhibit good tensile properties and extrudability [7−10]. 

According to CHEN et al [7], the addition of Sn in 

Mg−6Zn−2Al (mass fraction, %, same below) results in 

the suppression of the eutectic transformation and the 

refinement of divorced eutectics, and contributes to the 

improvement in the ambient and elevated-temperature 

strength. SASAKI et al [8] designed a new Mg−9.8Sn− 

1.2Zn−1.0Al alloy which has good extrudability at 523 K, 

and the extruded alloy exhibits high yield strengths of 

308 MPa in tension and 280 MPa in compression, 

showing a high tension to compression ratio of 0.9. 

CHENG et al [9] studied a similar Mg−8Sn−1Al−1Zn  

alloy extruded in an exit speed range of 2−10 m/min and 

a initial billet temperature of 523 K. As the extrusion 

speed increased from 2 to 10 m/min, the yield strength 

decreased from 244 to 199 MPa and the ultimate strength 

decreased from 312 to 286 MPa. CHEN et al [10] 

extruded the Mg−3Sn−xZn−1Al alloy at an exit speed of 

4−5 m/min. With the increasing of Zn addition from 0 to 

2%, the yield strength increased from 164 to185 MPa, 

and the ultimate tension strength increased from 250 to 

290 MPa, the elongation increased from 10.8% to 12.2%. 

Many good results of Mg−Zn−Al−Sn alloys have been 

obtained. However, the deformation and dynamic 

recrystallization behaviors of Mg−Zn−Al−Sn alloys have 

been rarely studied. 
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In our previous work [11], a new Mg−4Zn−2Sn− 

2Al (ZAT422) alloy extruded in the temperatures range 

of 498−648 K and exit speed of 1−2 m/min was studied. 

With the extrusion temperature increasing, the yield 

strength of the alloy decreased from 212 to 142 MPa, and 

the ultimate tension strength decreased from 318 to   

307 MPa, the elongation decreased from 27.6% to 23.1%. 

Therefore, in order to have a better understanding of the 

hot deformation behavior of the Mg−Zn−Al−Sn alloys, 

the present work is focused on investigating the flow 

behaviors of the as-solution ZAT422 and establishing a 

constitutive modeling for the dynamic recrystallization 

(DRX) kinetics. 

 

2 Experimental 
 

The alloy with the chemical composition of Mg− 

3.96Zn−1.92Al−1.98Sn used in the present study was 

prepared with high-purity Mg (>99.9%), Zn (>99.9%), 

Al (>99.95%) and Sn (>99.95%). The ingot specimen 

with the dimensions of 20 mm × 40 mm × 150 mm was 

obtained by melting all the metals in an electric furnace 

under a protective atmosphere (0.5% SF6 + 99.5% CO2, 

volume fraction) and then casting into a steel mould. The 

as-cast alloy ingot was firstly solution treated at 608 K 

for 4 h and 693 K for 4 h, and then machined into     

d8 mm × 12 mm cylindrical samples for thermal 

simulation experiment. The compression tests were 

performed with a height reduction of 60% at the 

temperatures of 498, 548, 598 and 648 K and the strain 

rates of 0.01, 0.1, 1 and 5 s−1 on a Gleeble 3800 thermo- 

mechanical simulator. In order to reduce interface 

friction, a graphite lubricant was used between the 

specimen and press head. Prior to being compressed, the 

specimens were heated to the test temperature at a heat 

rate of 5 K/s, followed by a holding time of 180 s. After 

that, the specimens were deformed to a true strain of 

0.9163 and then quenched in water immediately. During 

the compressing process the variations of stress and 

strain were monitored and recorded continuously by a 

computer equipped with an automatic data acquisition 

system. The samples for observation were cut out from 

the longitudinally central part of the deformed specimens 

with the observed faces parallel to the compression 

direction. 

 

3 Results and discussion 
 

3.1 Flow behaviors 

The true stress−strain curves for ZAT422 alloy are 

illustrated in Fig. 1, which show a classic characteristic 

of dynamic recrystallization [12]. First, the flow stress  

 

 

Fig. 1 True stress−strain curves of ZAT422 alloy at different temperatures with strain rates of 0.01 s−1 (a), 0.1 s−1 (b), 1 s−1 (c) and   

5 s−1 (d) 
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rapidly increases to a critical value (σc), where the 

dislocations piling up resulted from work hardening  

(WH) reaches the level of forming the nucleus of DRX 

grains [12]. Then, the flow stress increases slower and 

slower until to a peak value (σp), which shows that the 

flow softening caused by DRX and dynamic recovery 

(DRV) becomes more and more predominant, until it 

balanced the WH. After that, the flow stress decreases 

gradually to a balance state between DRX and WH. 

Moreover, it is also shown that the flow stress of 

ZAT422 alloy deformed to a certain strain decreases with 

the increasing of temperature or the decreasing of strain 

rate. The reason lies in the facts that higher temperature 

provides higher mobility of dislocations and lower strain 

rate gives longer time for the movement of dislocation, 

which are both beneficial for the nucleation and growth 

of DRXed grains or DRV [13−15]. 

Figure 2 shows the relation of strain rate and peak 

stress at a fixed temperature. It is found that the amount 

of peak stress change decreases with the increasing of 

temperature. According to the literatures [16,17], the 

critical resolved shear stress (CRSS) of prismatic slip 

system in magnesium alloy is much larger than that of 

basal slip at room temperature. With the increasing of 

temperature, the CRSS of basal slip system changes  

little, while the CRSS of prismatic slip system decreases 

rapidly until close to that of basal slip system at 548 K. 

Moreover, it was found in our previous work [18] that 

when the ZAT422 sample was deformed at 548 K, a 

smaller true strain can result in the occurrence of 

discontinuous DRX (DDRX) at 0.01 s−1. For the above 

reasons, the amount of peak stress change between 498 

and 548 K is the largest. 

 

 

Fig. 2 Relation of strain rate and peak stress at fixed 

temperature 

 

In order to describe the hot deformation process of 

the ZAT422 further, εc (the critical strain of the initiation 

of DRX), εp (the strain corresponding to σp) and ε* (the 

strain for maximum softening rate) should be determined. 

According to the literatures [15,19], εc for the onset of 

DRX can be attained when the value of |−dθ/dσ| 

(θ=dσ/dԑ, θ is strain hardening rate) reaches the 

minimum which corresponds to the first inflection of 

dσ/dԑ versus σ curve. And εp corresponds to the strain of 

θ=0 and ε* corresponds to the strain of the minimum θ. 

The relationships between θ and σ calculated from the 

true stress−strain curves of ZAT422 alloy are shown in 

Fig. 3. And then the values of εc/εp which can be used as 

a parameter reflecting the onset of DRX are obtained, as 

listed in Table 1. In many metals, the onset of DRX 

occurs at around 80% of εp, and it is also works for AZ31 

alloy [20]. However, for ZAT422 alloy, the result of 

εc/εp=0.194−0.567 means that DRX can occur at a 

smaller strain, which agrees with the finding in our 

previous work [18]. 

 

3.2 Constitutive equations for flow behavior of 

ZAT422 alloy 

Arrhenius equation is often used to describe the hot 

deformation behavior of magnesium alloy deformed at 

different temperatures and strain rates [15,19], which 

describes the relationship among strain rate  , 

deformation temperature T and stress σ. And it is written 

as 
 

  exp[ / ( )]AF Q RT                          (1) 
 

where A is a material constant, Q is the hot deformation 

activation energy (kJ/mol), R is the mole gas constant 

(8.31 J/(mol·K)), and F(σ) is influenced by the stress 

level [15]: 
 

1 ,  0.8

( ) exp( ),  1.2

sinh( ) ,  for all

n

n

F

 


 



 

  

 

                  (2) 

 
where α, β, n1 and n are the material constants; α=β/n1. 

After substituting Eq. (2) into Eq. (1) and taking natural 

logarithms on both sides, Eq. (1) can be written as 
 

1 1ln ln ln / ( )A n Q RT                      (3) 
 

1ln ln / ( )A Q RT                         (4) 
 

ln ln ln[sinh( )] / ( )A n Q RT                (5) 
 

The peak stress (σp) is dependent on the strain rate 

  and the temperature T. All the σp values in the present 

study were already obtained from Fig. 1, and then used 

in the following calculation. According to Eqs. (3)−(5), 

when   is constant, there is a linear relationship  

among ln  , ln σp, σp and ln[sinh(ασp)], as shown in  

Figs. 4(a)−(c). Therefore, the material constants n1, β, α 

and n can be calculated from Figs. 4(a)−(c), respectively. 

In this study, n1, β, α and n were determined as 8.862, 

0.075, 0.010 and 5.663. 
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Fig. 3 θ versus σ curves at different temperatures with strain rates of 0.01 s−1 (a), 0.1 s−1 (b), 1 s−1 (c) and 5 s−1 (d) 

 

Table 1 Values of εc/εp under different deformation conditions 

Temperature/K 
εc/εp 

0.01 s−1 0.1 s−1 1 s−1 5 s−1 

498 0.376 0.434 0.334 0.229 

548 0.412 0.290 0.353 0.271 

598 0.500 0.348 0.409 0.211 

648 0.567 0.335 0.420 0.194 

 

When   is a constant, Eq. (5) can be rewritten as 
 

ln ln[sin( )]

ln[sin( )] (1/ )
T

Q R
T

    
    

    

 


 

 

ln[sin( )]

(1/ )
Rn

T

 
  

 


                     (6) 

 

As shown in Fig. 4(d), ln[sinh(ασp)] and 1/T show 

good linear relationship, which means that the peak 

stress of ZAT422 alloy deformed under the giving 

conditions fits the Arrhenius equation well [21]. Q and A 

were determined as 155.652 kJ/mol and 5.533×1012, 

respectively. Then, substituting A, n, α, Q and R into  

Eq. (1), the constitutive equation for describing the 

relationship among  , T and σp can be expressed as 
 

1 5 66
p

. 325.533 10 sinh[ ( )0.010 ]     

5[ 1.557 10 /(8.31exp )]4T                   (7) 

 

3.3 Kinetics of DRX 

The change of flow stress during hot deformation is 

attributed to the evolution of microstructure. When the 

flow stress increases to σc, the dislocations density 

reaches the level of forming the nucleus of DRX grains, 

and then the fraction of DRX gradually increases with 

the increasing of strain. Until the flow stress 

reaches a relatively stable value, the microstructure gets 

into a status in which the DRXed grains have equiaxed 

shape and keep constant size, and it can be believed that 

the DRX process have finished. 

According to the Ref. [19], the kinetics of DRX can 

be described by the Avrami equation, which is expressed 

as a function of time t: 
 

DRX 1 exp( )mX kt                            (8) 
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Fig. 4 Relationship among ln  , ln σp, σp, ln[sinh(ασp)] and T−1 of ZAT422 alloy 

 

where m is the Avrami constant and k is the material 

constant. When the strain rate is a constant, t can be 

replaced by ε, and Eq. (8) can be modified as follows: 
 

'

c
DRX 1 exp

*

m

X
  

    
   

 


                  (9) 

 

where εc and ε* under different deformation conditions 

have been obtained from Fig. 3, and their dependence on 

temperature and strain rate can be expressed as a 

function of Z/A (see Fig. 5): 
 

 
0.034

c 0.042 /Z A                          (10) 
 

 
0.070

* 0.212 /Z A                          (11) 
 

where Z is the temperature compensated strain rate 

named the Zener−Hollomon parameter, which is 

expressed as follows: 
 

[sinh( )] exp[ /( )]nZ A Q RT                 (12) 
 
In order to calculate the Avrami constant m', the 

solution adopted by QUAN et al [15] and KIM et al [21] 

is to identify the deformation condition corresponding to 

XDRX=1, and the criterion is the flow stress reaching a 

steady state and the grain size remaining stable. However, 

in order to solve Eq. (9), XDRX approximately equals to 

0.99. As seen in Fig. 1, when the temperature is as low as 

498 K, the flow stress continually decreases till the strain 

 

Fig. 5 Relationships between dimensionless parameter Z/A and 

εc (a) and ε* (b) 
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up to 0.9163, which means that the DRX process has not 

finished. Then, the deformation conditions corresponding 

to XDRX=0.99 are confirmed as listed in Table 2. 

 

Table 2 Deformation conditions corresponding to XDRX=0.99 

Temperature/K Strain rate/s−1 True strain 

548 0.01 0.63 

598 0.01 0.45 

648 0.01 0.36 

548 0.1 0.70 

598 0.1 0.62 

648 0.1 0.40 

548 1 0.72 

598 1 0.66 

648 1 0.63 

598 5 0.70 

648 5 0.68 

 

Substituting εc, ε* and ε0.99 into Eq. (9), the mean 

value of the Avrami constant m' was obtained as 1.706. 

Thus, the kinetic model of DRX of ZAT422 alloy can be 

depicted as Eq. (13): 
 

0.034

0.070

1.706

DRX

0.042( / )

0.212
1 exp

( / )

Z A
X

Z A

   
     

    


    (13) 

 
Based on the calculation results of Eq. (13), Fig. 6 

shows the predicted volume fraction of dynamic 

recrystallization obtained under different deformation 

conditions. Figure 6(a) shows that the DRX process 

accelerates with the increasing of temperature, and when 

the temperature is as low as 498 K, the DRX has not 

completed as the true strain reaches 0.9163. As shown in 

Fig. 7(a), many deformed grains still exist, which agrees 

with the calculation result of Eq. (13). With the 

temperature increasing to 598 K, completely DRXed 

microstructure was obtained (see Fig. 7(b)). This effect 

can be attributed to the increased mobility of dislocation 

with the increasing of temperature. As shown in Fig. 6(b), 

the strain required for the same amount of DRX volume 

fraction increases with the increasing of strain rate, that 

is to say, a smaller strain is required for fully 

recrystallization for a smaller strain rate at a certain 

temperature. As shown in Figs. 7(c, d), completely DRX 

occurs in the two samples with different strain rates. 

While, the DRXed grain size with 1 s−1 is more uniform 

compared to the sample with 0.01 s−1, this is because the 

DRXed grain boundaries of the sample with 0.01 s−1 

having more time to glide results in some grains’ 

abnormal growth. And the effects of deformation 

condition on the operating DRXed mechanisms of 

ZAT422 alloy have been discussed in our another   

paper [18]. 

 

 

Fig. 6 Predicted volume fraction of dynamic recrystallization 

obtained at different temperatures and strain rates 

 

4 Conclusions 
 

1) The flow behavior of ZAT422 magnesium alloy 

shows a typical characteristic of dynamic 

recrystallization. When the deformation temperature 

increases from 498 to 548 K, the influence of strain rate 

on the peak stress is enhanced relatively. 

2) The result of εc/εp=0.194−0.567 shows that the 

DRX of ZAT422 alloy can occur at a small strain. The 

activation energy of deformation is determined as 

155.652 kJ/mol, and the relationships among strain, 

strain rate, temperature and flow stress are described as 
 

5.61 62 35.533 10 sin[ ( )]h 0.010     
 

51.557 10 /(8.3e 1 ])xp[ 4T  . 
 
The DRX kinetic model of Mg−4Zn−2Al−2Sn alloy 

is established as 
 

0.034

0.070

1.706

DRX

0.042( / )

0.212
1 exp

( / )

Z A
X

Z A

   
     

    



.

 

 
3) When the temperature is as low as 498 K, the 

DRX has not completed as the true strain reaches 0.9163. 
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Fig. 7 Microstructures of ZAT422 alloy at different deformation temperatures and strain rates: (a) 498 K, 5 s−1; (b) 598 K, 5 s−1;    

(c) 648 K, 0.01 s−1; (d) 648 K, 1 s−1 

 

While, with the temperature increasing to 648 K, the 

lower strain rate is more likely to result in some grains’ 

abnormal growth. 
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动态再结晶行为动力学数值模拟 
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摘  要：利用 Gleeble 3800 热模拟试验机研究 ZAT422 合金在变形温度为 498~648 K、应变速率为 0.01~5 s−1、压

下量为 60%的热变形行为。基于 Arrhenius 方程和 Avramit 方程对该合金流变行为进行分析，得到变形激活能为 

155.652 kJ/mol，并构建该合金的本构方程和动态再结晶模型。组织观察表明：变形温度低至 498 K，真应变为

0.9163 时，合金发生不完全动态再结晶；温度升高至 648 K 时，较低的应变速率易导致部分晶粒的异常长大。 

关键词：Mg−4Zn−2Al−2Sn 合金；热变形；流变应力；动态再结晶 
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