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Abstract. Compressive deformation behavior of Mg-5Sn-2.5Pb magnesium alloy was investigated at 

the temperature range from 250 to 450°C, strain rate range from 0.001 to 10s
-1

 and the maximum 

deformation degree of 60% on Gleeble-3500 thermal simulator. The constitutive equations were 

established by taking peak stresses as the function of temperatures and strain rates. The results show 

that the flow stress significantly affected by deformation temperature and strain rate, and the flow 

stress decreases with the increase of deformation temperature and the decrease of strain rate. The 

deformation activation energy and stress exponent were evaluated by the hyperbolic-sine 

mathematics model and the hot deformation constitutive equation was established. 

Introduction  

The low density, high specific strength and favorable recycling capability of magnesium alloys are 

particularly suitable for lightweight applications such as in the fields of automotive, aircraft industries, 

and electronic products [1-2]. However, their ductility and formability are very poor at room 

temperature due to their hexagonal close-packed crystal structure and the limited number of activated 

slip systems [3-7]. It limits the plastic forming domain of magnesium alloys. The constitutive 

equation contains deformation temperature, flow stress and strain rate to describe the mechanical 

behavior of the material during the forming process. 

In this paper, hot compressive tests of Mg-5Sn-2.5Pb magnesium alloy were conducted at different 

temperatures and strain rates to characterize the flow behavior of the alloy during hot deformation. 

The constitutive relationship was established with the experimental data. The activation energy and 

stress exponent of the magnesium alloy during hot deformation were calculated to provide guidance 

to the reasonable development of hot deformation processing technology of Mg-5Sn-2.5Pb 

magnesium alloy, such as extrusion and rolling et al. 

Experimental 

The ingot of the fabricated magnesium alloy were machined to cylindrical specimens with 

dimension of Φ10mm×15mm. Hot compressive tests were conducted with Gleeble-3500 thermal 

simulator at a temperature range of 250°C to 450°C and intervals of 50°C. Five typical strain rates 

were chosen from 0.001 to 10s
-1

. The temperature was controlled and measured with a thermocouple 

welded to the sample at mid-height. The samples were compressed evenly on both ends of the 

lubricant and graphite samples in order to reduce the friction between sample and the ends of the 

indenter. The samples were heated to the deformation temperature at a heating rate of 5 °C/s; then 

held 1 min to homogenize the temperature in the sample and subsequently deformed up to a true 

strain of 0.6, and then water quenched immediately after deformation in order to preserve the thermal 

deformation texture. 
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Results and Discussion 

True Stress-strain Relationships  

The true stress-strain curves of Mg-5Sn-2.5Pb magnesium alloy are presented in Fig.1. A similar 

phenomenon can be observed in true stress-strain curves of the other alloys
 
[8-11]. The flow stress 

increase to a peak at a relatively low strain due to the forming mechanism dominated by work 

hardening. Then in the subsequently deformation period, the stress decrease as a result of dynamic 

recrystallization (DRX) which overtakes initial work hardening. The stress reach to a steady state is 

mainly attributed to work hardening and softening reach a dynamic equilibrium, the dislocation 

density remains relatively constant, the softening phenomenon is due to the dynamic recovery (DRV) 

and dynamic recrystallization (DRX) [8, 12-13]. The flow stress significantly affected by strain rate 

and deformation temperature[12-14]. The peak stress decreases with the increasing of deformation 

temperature and the decreasing of strain rate, as shown in Fig.2. 
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Fig.1 True stress-strain curves of the alloy at different deformation conditions: (a) =0.1s
-1

 and (b) 350°C 
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Fig.2 Peak Stress at varied temperatures 

Constitutive Equations 

Various constitutive equations have been used to describe the stress-strain relationship of hot 

deformed alloys. The Arrhenius equation has been widely used to describe the stress-strain 

relationship, especially at a wide range of temperature and strain rate [14-16]. Therefore, in the 

present study the Arrhenius equation (1) was employed to analyze the hot deformation behaviors of 

Mg-5Sn-2.5Pb magnesium alloy. 
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Where A, α (=β/n') are constants of the material, n is stress exponent, Q is an apparent activation 

energy of the deformation, R is the gas constant. Z is the Zener–Hollomon parameter, also known as 

temperature compensated strain rate, which is determined by the strain rate   and temperature T. 

The value Q is calculated from the equation (3), this Q value and the peak stress σp as the σ are 

given in equation (1) and then the values of A and n are obtained from the plot of lnZ versus 

ln[sinh(ασ)]. The plots of flow stress versus strain rate obtained by filled experimental data are shown 

in Fig.3. The α value was determined as 0.0208MPa
-1

 by linear regressed the relation between 

ln -lnσp and ln -σp at varied temperature.  
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Fig.3 Relationship between ln and pln
, ln and p

at different temperatures 
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Fig.4 Relationship between ln  and ln[sinh(ασp)] at different temperatures,  ln[sinh(ασp)] and 1000/T 

at various strain rates 

The Q is an indicator of deformation difficulty degree in plasticity deformation theory, it can be 

calculated by Eq. (3). Fig.4 (a) and (b) show ln versus  )sinh(ln p  and  )sinh(ln p  versus 
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1000/T. The values of   
Tp )sinh(lnln    and     





Tp 1)sinh(ln  can be obtained by linear 

regression algorithm given in Fig.4. They are determined substituting the slopes of Fig.4 into Eq. (3), 

and the calculated value of the deformation activity energy is Q=163.7kJ/mol. 

 By substituting Eq. (2) into Eq. (1) and taking the natural logarithm of both sides, the curve of lnZ 

vs ln[sinh(ασp)] is plotted in Fig.5 by linear regression algorithm. The relationship of  lnZ and 

ln[sinh(ασp)] is given in Eq. (4). 
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Fig.5 Relationship between lnZ and ln[sinh(ασp)] 

From Eq. (4),  n and A can be obtained. Finally, substituting the values of α, n, A and Q into Eq(1), 

the plastic flow semi-empirical model for   and T can be expressed as follows: 

  









RT

7.163
exp)0208.0sinh(ln102187.3

84.512 
                                        (5) 

Fig.6 illustrates the comparison between calculated and measured peak stresses σp. It is found that 

the predicted values and the measured values agree with very well. The maximum relative error is 

14.9% at T=250°C and strain rate  =10s
-1

, the other relative errors are below 5%, and the hyperbolic 

sine law can be applied over entire stress range for the alloy fabricated in this work . 
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Fig.6 Relationship between calculated and measured σp values 
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Summary 

The hot deformation behavior of Mg-5Sn-2.5Pb magnesium alloy has been analyzed by means of 

isothermal compression at the temperature range from 250 to 450°C, strain rate range from 0.001 to 

10s
-1

. The following conclusions have been drawn: 

1. The constitutive equation of Mg-5Sn-2.5Pb magnesium alloy is:  

  









RT

7.163
exp)0208.0sinh(ln102187.3

84.512 
 

2. The relative errors between predicted values and the measured values are less than 15%. 
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