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Abstract  

 

The isothermal compression experiments of Mg-2Bi alloys were carried out under different 

temperature and strain rate by Gleeble 3500D thermal simulation test machine. The 

rheological stress variation law of the Mg-2Bi alloy was analysed under 200-350oC and 0.001-

1.0 s-1. The results present that the peak stress enhances and the dynamic recrystallization grain 

size reduces with the decline of deformation temperature and the improvement of strain rate 

during isothermal compression of the Mg-2Bi alloy. In addition, the activation energy for alloy 

deformation is 130.03 kJ/mol. The softening mechanism of the Mg-2Bi alloy is mainly twin and 

dynamic recrystallization under a low temperature (200oC) condition. While at a higher 

temperature of 350oC, the softening mechanism changes to single dynamic recrystallization. 
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Introduction 
 

As the lightest metal structural material at present, magnesium alloys present the 

advantages of excellent electromagnetic shielding, good thermal conductivity, high specific 

strength and stiffness, rich resources and easy recycling, which are known as "green metal 

structural materials in the 21st century" [1]. With the increasingly severe situation of energy crisis 

and environmental pollution of the world, more and more attention has been paid to develop low-

cost and high-performance magnesium-based light alloys and promote their wide application in 

civil fields such as auto parts [2]. 

In recent years, low-cost Mg-Bi-based alloys have been paid more and more attention by 

researchers because of their great potential in the development of high strength and toughness 

magnesium alloys, heat-resistant magnesium alloys, high-speed extruded magnesium alloys and 

biomedical magnesium alloys. Bi is a typical precipitable strengthening element in Mg, and 

Mg3Bi2 phases can be dynamically precipitated in Mg-Bi-based alloy during plastic processing, 

resulting in precipitation strengthening effect [3]. In addition, the melting point of Mg3Bi2 is 

831oC, which is comparable to that of magnesium and rare earth in terms of thermal stability [4]. 

In the early stage, Bi element was selected by researchers to alloying with Mg-Al-based, Mg-Si-

based and Mg-Zn-based commercial magnesium alloys [5-9] to optimize their microstructure and 

mechanical properties. The aging strengthening behavior of Mg-6.41Bi-1.3Zn (wt.%) alloy was 

studied by Sasaki et al. [10]. The edge precipitated strengthening phase was found in the alloy, 

showing better strengthening effect than base plane precipitation. Researchers began to use Bi as 
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the main alloying element to systematically study the characteristics of precipitation behavior 

[11]. After introducing 6wt.% Bi into pure Mg, the extruded Mg-6Bi alloy shows a more uniform 

and finer microstructure, which is significantly finer than that of extruded pure Mg. Moreover, a 

large amount of nano-sized Mg3Bi2 phases is dynamically precipitated in Mg-6Bi alloy. On this 

basis, a series of Mg-Bi-based multicomponent alloys with excellent strength, toughness, and 

high-speed extrusion properties have been revealed [12,13]. However, there is still a lack of 

studies on the hot workability of Mg-Bi-based alloys. 

In current work, the hot workability of Mg-Bi alloys was evaluated through 

thermophysical simulation experiments. The extruded Mg-2Bi alloy was studied, and the 

isothermal hot compression experiments were performed under four different deformation 

temperatures (200-350oC) and four different strain rates (0.001-1.0 s-1). The flow stress-strain 

curves of the samples under different hot working conditions were detected, and the deformation 

behaviors during hot deformation were compared and analyzed. Through the fitting and analysis 

of the data, the required thermophysical constants of the material can also be obtained, and its 

constitutive equation can be constructed to provide reference for future work.  Furthermore, 

combined with the results of microstructure evolution, its further hot workability can be 

comprehensively evaluated to provide reference for the next step of plastic deformation. 

 

Materials and Methods 

 

The nominal chemical composition of the experimental alloy is Mg-2wt.%Bi. The target 

alloy is melted using Mg ingot (99.99%) and Bi ingot (99.9%) through a crucible resistance 

furnace (SG-5-10). The melting craft, solid solution conditions and extrusion processes are 

carried out in accordance with the mature process explored in the previous study [3]. The sample 

was cut from the as-cast alloy ingot. The content of Bi element in the alloy was detected by 

inductively coupled plasma spectrometer (ICP, Opfima 7300V), which was close to 1.56 wt.%, 

revealing a certain extent of melting loss of Bi. The isothermal hot compression test is performed 

by Gleeble 3500D. The maximum heating/cooling rate, maximum output load and deformation 

speed are 10000 oC s-1, 10 T and 1 m s-1, respectively. The cylindrical samples (Φ 8 mm × 12 mm) 

were used for the isothermal hot compression testing. The strain rates are 0.001, 0.01, 0.1 and 1 

s-1, respectively. At each strain rate, four different experimental temperatures (200, 250, 300 and 

350 oC) were performed. The compression test stops when the true strain reaches 0.8 or when the 

fracture occurs. The extruded and hot compressed samples for microstructure observation were 

cut from the center of the sample and polished with sandpaper with different mesh numbers from 

40 to 300 μm, and then polished with diamond suspensions with particle sizes of 3, 1 and 0.5 μm, 

respectively. A mixed solution (70 ml ethanol, 10 ml acetic acid, 4.2 g picric acid, and 10 ml 

distilled water) was prepared to etch the specimen. After corrosion, optical microscope (OM, 

OLYCIA M3) was utilized to reveal the microstructure. 

 

Results and Discussion 

 

Characteristics of true stress-true strain curve 

The true stress-true strain curves of extruded Mg-2Bi specimens during isothermal hot 

compression at different strain rates and temperatures are uncovered in Fig. 1. The curves 

obtained under 16 different kinds of process conditions possess similar curve shape. While the 

flow stress of different samples firstly increases with the improvement in strain. After reaching 

the peak value rapidly, it begins to decrease slowly and gradually tend to steady flow. When the 

deformation temperature is 200 oC and the strain rate is 0.001 s-1, the curve shows a single peak, 

which is in accord with the typical characteristic of a true stress-true strain curve, indicating that 

the microstructural evolution of the Mg-2Bi alloy during hot deformation follows the principle 
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of discontinuous dynamic recrystallization [14]. Before the arrival of the peak stress, the true 

stress enhances rapidly with the addition of strain. In this stage, the work-hardening effect of 

isothermal hot compression on the alloy is generally greater than the softening effect of the 

internal structural evolution caused by dynamic recrystallization and dynamic recovery [15-17]. 

It is generally believed that the mechanisms of recrystallization and recovery have occurred in 

the alloy before the true stress peak appears. With the gradual improvement in softening effect, 

the increasing rate of softening effect becomes equal to the increasing rate of work hardening. In 

this situation, the peak value of stress occurs. Subsequently, the effect of the softening mechanism 

continues to increase, and the stress begins to reduce from the peak value. When the 

microstructural softening effect and the work hardening effect are equivalent, the flow stress 

changes into a steady flow state, indicating that the deformation resistance of the material remains 

unchanged in this stage. 

 

 
 

Fig. 1. True stress-true strain curves of extruded Mg-2Bi alloys at different strain rates and temperatures:  

(a) 𝜀 ̇= 0.001 s-1; (b) 𝜀=̇ 0.01 s-1; (c) 𝜀 ̇= 0.1 s-1; (d) 𝜀=̇ 1 s-1 

 

When the isothermal hot compression carried out under strain rates at 0.001~1 s-1, the true 

stress of extruded Mg-2Bi alloy declines with the improvement in temperature. Within the same 

isothermal temperature, the true stress increases with the addition of strain rate. As disclosed in 

Fig. 1a and b, when the strain rate boosts from 0.001 to 0.01 s-1 at 200 oC, the peak stress enhances 

from 44.8 to 69.61 MPa, while the strain hardening stage of the Mg-2Bi alloy becomes longer. It 

can be seen that during isothermal hot compression process, the work hardening in the Mg-2Bi 

alloy is in competition with the softening, which is dominated by microstructure evolution, such 

as recrystallization. The stacking fault energy of most magnesium alloys is low, as a result, 

dynamic recrystallization tends to occur during hot deformation for most magnesium alloys, 

which further leads to material softening during deformation. Based on the shape characteristics 

of true stress-true strain curves obtained by isothermal hot compression toward extruded Mg-2Bi 

alloy, a deduction can be obtained that discontinuous dynamic recrystallization becomes the 
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major mechanism for the microstructure evolution (exerting a softening effect) of the alloy during 

hot working under the experimental conditions [18, 19]. It should be noted that when the strain 

rate reaches to 1 s-1 (Fig. 1d), the true stress-true strain curve of extruded Mg-2Bi alloy presents 

a wavy shape, which further reveals that the discontinuous dynamic recrystallization mechanism 

is the primary mechanism for softening the Mg-2Bi alloy under current conditions [20]. 

When plastic deformation is carried out at a higher deformation temperature and a lower 

strain rate (Fig. 1), the flow stress basically tends to a steady flow after reaching the peak value. 

This characteristic indicates that the work hardening and dynamic recrystallization softening 

effect of the Mg-2Bi alloy almost reach equilibrium at the peak stress. As revealed in Fig. 1b, 

when the strain rate is 0.01 s-1, under a relatively high temperature, the deformation activation 

energy is approximately equivalent to the volume diffusion energy of the alloy. Therefore, as the 

deformation process goes on, the increasing number of dislocations can induce the climbing of 

abundant dislocations and the generation of subgrains. Meanwhile, the process of dynamic 

recrystallization is further promoted by the rotation and merging of subgrains. Furthermore, the 

improvement in temperature also increases the thermal mobility of atoms in the material. In this 

case, a part of the slip system may be activated due to the reduction of the critical shear stress, 

which leads to the decrease of the deformation resistance of the alloy. As a result, the peak stress 

moves forward with the raise of temperature. 

 

Microstructural evolution 

To further study and verify the microstructure evolution of the Mg-2Bi sample after 

isothermal hot compression deformation with different process conditions, the microstructures of 

the Mg-2Bi alloys were detected. Fig. 2 displays the optical microstructures of the Mg-2Bi alloys 

after isothermal hot compression at 200 oC under strain rates of 0.001 s-1 and 1 s-1, respectively. 

No cracking occurs during the isothermal hot compression. Under a low temperature and a high 

strain rate condition (T = 200 oC,  = 1 s-1) (Fig. 2a and b), a mass of twins form in the alloy after 

isothermal hot compression. At the same time, it can also be found that the dynamic 

recrystallization grains have formed, playing a softening effect, which is in accord with the true 

stress-true strain curve reported above. At a low temperature and a low strain rate condition (T = 

200 oC,  = 0.001 s-1) (Fig. 2c and d), twins still exist in the microstructure after isothermal hot 

compression process. However, the volume fraction of twins is significantly reduced, and the 

proportion of dynamic recrystallized microstructure is obviously increased. At the same time, 

these recrystallized grains do not appear in the twin boundary or twin interior, indicating that the 

two types of microstructure evolution are relatively independent during the isothermal hot 

compression process, and no obvious twins induced dynamic recrystallization phenomenon can 

be found. 

Microstructures of extruded Mg-2Bi alloys processed by isothermal hot compression at 

350 oC and different strain rates from 0.001 to 1 s-1 are displayed in Fig. 3. Different from the 

relatively low temperature (200 oC), there are no twins in all the 350 oC hot compressed alloys. In 

addition, the recrystallization fraction of the alloy is obviously increased. With the addition in 

strain rate, the unrecrystallized area in the alloy increases gradually, and the recrystallized grain 

microstructure is slightly refined. 

Among the study towards the effect of hot working process on the microstructural 

evolution, Zener and Hollomon [21] found, through a large number of theoretical integration and 

experimental studies, that the strain rate ( ) and deformation temperature (T), which present 

significant influences on flow stress (σ) during the hot deformation process, can be integrated as 

the temperatures-compensated strain rate factor. That is, Zener-Hollomon (Z parameter) is used 

to describe the relations. The Z parameter under all stress states is expressed in Equation 1: 

 

𝑍 = 𝜀̇ exp(
𝑄

𝑅𝑇
)                                                               (1) 
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where R, T, Q and  represents the gas constant, deformation temperature, deformation activation 

energy and strain rate, respectively. In general, with the increase of Z parameter value, the 

recrystallization fraction in the microstructure decreases, and the recrystallization grain size 

decreases. It can be seen from Equation 1 that Z parameter reduces with the improvement of hot 

compression temperature and the decline in strain rate. In this study, the evolution law of the 

fraction of recrystallized microstructure and the size change of recrystallized grain of extruded 

Mg-2Bi alloy at 350 oC and different strain rates are consistent with the general evolution law of 

Z parameter towards microstructure during hot working. 

 

 
 

Fig. 2. Optical microstructure of extruded Mg-2Bi alloys after isothermal hot compression:  

(a, b) T = 200 oC, 𝜀 ̇= 1 s-1; (c, d) T = 200 oC，𝜀 ̇= 0.001 s-1 

 

Construction of constitutive relation 

According to the above data of isothermal hot compression true stress-true strain curve as 

well as the corresponding analysis and discussion, it is found that the true stress of extruded Mg-

2Bi alloy during isothermal hot compression deformation is in connection with the deformation 

temperature, strain variable and strain rate. The relationship between flow stress (σ) and strain 

rate ( ) of metal materials under different stress conditions can be expressed by power function 

(low stress conditions) and exponential function (high stress conditions) [22]. Moreover, the 

relationship between flow stress and strain rate, under the condition of all the stress, can be 

expressed by the hyperbolic sine function. Therefore, the above three functional relations can be 

described in Equation 2, 3 and 4, respectively: 

 

𝜀̇ = 𝐴1𝜎𝑝
𝑛1     (ασ＜0.8)                                                  (2) 

𝜀̇ = 𝐴2exp (𝛽𝜎𝑝)   (ασ＞1.2)                                         (3) 

𝜀̇ = 𝐴[sinh(𝛼𝜎𝑝)]𝑛exp (−
𝑄

𝑅𝑇
)   (𝑓𝑜𝑟 𝑎𝑙𝑙 𝜎)                          (4) 
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Fig. 3. Optical microstructure of extruded Mg-2Bi alloy after isothermal hot compression:  

(a, b) T = 350 oC, 𝜀=̇ 0.001 s-1; (c, d) T = 350 oC, 𝜀=̇ 0.01 s-1; (e, f) T = 350 oC, 𝜀 ̇= 0.1 s-1; (g, h) T = 350 oC, 𝜀 ̇= 1 s-1. 

 

Through transformation, the following unified Equation 5 can be obtained to express the 

relationship among different parameters, which is described separately by Equation 2, 3 and 4, 

respectively: 

 

𝜀̇ = 𝐴𝐹(𝜎)exp (−
𝑄

𝑅𝑇
)
                                                         (5) 

𝐹(𝜎) = {

𝜎𝑝
𝑛1                  (𝛼𝜎 < 0.8)

exp(𝛽𝜎𝑝)      (𝛼𝜎 > 1.2) 

[sinh(α𝜎𝑝)]𝑛  (𝑓𝑜𝑟 𝑎𝑙𝑙 𝜎)   
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In the above function expressions, the units of strain rate  is s-l. While A, A1, A2, n1,α and 

β are all constants relative to the Mg-2Bi alloy, which can be fitted according to the experimental 

data and then through the correlated equation. Furtheromre, α=β/n1, R represents the gas constant 

(8.314 J/mol·K). The units of deformation temperature T, activation energy Q, and flow stress σ 

at a given strain are K, kJ/mol and MPa, respectively. Because the hyperbolic sine relation model 

can be utilized to express the relationship among flow stress, strain rate and deformation 

temperature in the whole stress range (including high stress condition and low stress condition). 

Therefore, in this study, the hyperbolic sinusoidal model is selected to establish the constitutive 

equation of extruded Mg-2Bi alloys during isothermal hot compression deformation. 

In addition, combined with the hyperbolic sinusoidal model (Equation 4), the expression 

of Z parameter in all stress states (Equation 1) is transformed into Equation 6: 

 

𝑍 = 𝜀̇ exp (
𝑄

𝑅𝑇
) = 𝐴[sinh(𝛼𝜎𝑝)]𝑛                                         (6) 

 

The rules of steady-state stress and peak stress in the true stress-true strain curve of 

magnesium alloys during isothermal hot compression deformation are similar. Therefore, peak 

stress (σp) can be utilized to express the stress-strain curves of the extruded Mg-2Bi alloy with 

typical peak value. In terms of the true stress-true strain curve, the relation between ln  and ln σp, 

and between ln  and σp are presented in Fig. 4a and b, respectively. The least square method is 

adopted to carry out linear regression processing on the obtained data points. As presented in Fig. 

4a and b, good linear relationship can be found between ln  and lnσp as well as between ln  and 

σp. Combined with the corresponding linear regression analysis results, n1=5.622795) and 

β=0.08875) can be obtained. Furthermore, the α value is determined according to α = β/n1, which 

is 0.015784 MPa-1. At a determinate strain rate, the Q of the Mg-2Bi alloy can be estimated by 

the following Equation 7: 

 

𝑄 = 𝑅[
𝜕ln [𝑠𝑖𝑛ℎ(ασ)]

𝜕(
1

𝑇
)

]𝜀̇[
𝜕𝑙𝑛𝜀̇

𝜕ln [sinh(ασ)]
]𝑇                                          (7) 

 

Clear linear relationship between ln[sinh(ασp)] and ln  as well as between ln[sinh(ασp)] 

and 1/T can be found from Equation 5, according to the transformation of the mathematical 

equation. The above two groups of data are respectively drawn and fitted, and the curves are 

shown in Fig. 4c and d, respectively. In addition, the stress index n can be obtained from Fig. 4c 

and expressed in Equation 8: 

 

𝑛 = [
𝜕ln𝜀̇

𝜕ln [sinh(ασ)]
]𝑇=4.50784                                                (8) 

 

Combined with the fitting results of Fig. 4c and d, the average activation energy of hot 

deformation can be calculated through Equation 7 as 130.03 kJ/mol, which is lower than that of 

ZK60 (140 kJ/mol) and ZKE600 (145.76 kJ/mol) alloys under isothermal hot compression [23]. 

This is mainly because the role of Bi element in magnesium alloy is different from that of Zn 

element in magnesium alloy. For example, they possess big difference in the solute drag effect. 

Mathematical processing was carried out on Equation 6. As shown in Fig. 5, after taking 

the logarithm, ln[sinh(ασp)] and lnZ is conform to a linear relationship. Its slope corresponds to 

N value with a magnitude of 4.41, and its intercept corresponds to lnA value with a magnitude of 

1.34×1011. After mathematical processing, the constitutive Equation 9 can be obtained finally: 

 

𝜀̇ = 𝐴
[sinh(𝛼𝜎)]𝑛 exp(−

𝑄

𝑅𝑇
) = 1.34 × 1011[sinh (0.0158𝜎)]4.41exp (−

130.03×103

𝑅𝑇
)       (9) 
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Fig. 4. Relationship among peak flow stress, strain rate and deformation temperature of extruded Mg-2Bi magnesium 

alloys after isothermal hot compression: the relationship between (a) lnσp and ln𝜀̇; (b) σp and ln𝜀̇;  

(c) ln[sinh(ασp)] and ln𝜀;̇ (d) ln[sinh(ασp)] and 1/T. 

 

 
 

Fig. 5. Relationship between flow stress and Zener - Hollomon parameters 

 

In combination with the definition of hyperbolic sine function, the flow stress expression 

can also be expressed by the following Equation 10 with parameter Z: 

 

𝜎𝑝 =
1

𝛼
𝑙𝑛 {(

𝑍

𝐴
)

1

𝑛 + [(
𝑍

𝐴
)

2

𝑛
+ 1]

1

2}                                            (10) 

 

The parameters α=0.015784 MPa-1, Z= exp(130030/(R·T)), A= 1.34×1011, n= 4.41 

obtained by numerical fitting were substituted into Equation 10. As a result, the functional 
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relationship among flow stress, deformation temperature, strain and strain rate can be obtained, 

which reveals the constitutive relation of hot working of the extruded Mg-2Bi alloy. 

 

Conclusions 

 

The hot working behavior of the extruded Mg-2Bi specimens was studied by isothermal 

thermophysical simulation. 

1) The flow stress of extruded Mg-2Bi alloy declines with the improvement in deformation 

temperature and the reduction of strain rate during isothermal compression. 

2) The activation energy of hot deformation towards extruded Mg-2Bi alloy is calculated 

to be 130.03 kJ/mol on account of the hyperbolic sinusoidal constitutive model. 

3) The flow stress constitutive equation of hot compression deformation processing 

towards extruded Mg-2Bi alloy is:  

𝜀̇ = 1.34 × 1011[sinh(0.0158𝜎)]4.41exp (−
130.03×103

𝑅𝑇
)   

4) The softening mechanism of the extruded Mg-2Bi alloy is mainly twinning and dynamic 

recrystallization at a low temperature of 200oC. While at a higher temperature of 350oC, the 

softening mechanism tends to single dynamic recrystallization. 
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