
Rare Metal Materials and Engineering 

Volume 50, Issue 3, March 2021 

Available online at www.rmme.ac.cn 

 

 

Cite this article as: Rare Metal Materials and Engineering, 2021, 50(3): 0835-0847. 

 

 

               

Received date: March 22, 2020 

Foundation item: Natural Science Foundation of Shanxi Province (201901D111241); Key Research and Development Program of Shanxi Province (201603D111004, 

201703D111003); Major Science and Technology Projects of Shanxi Province (20181101002); National Natural Science Foundation of China (U1610253, U610256, 

51604181) 

Corresponding author: Liu Guangming, Ph. D., Professor, School of Materials Science and Engineering, Taiyuan University of Science and Technology, Taiyuan 

030024, P. R. China, E-mail: liugm@tyust.edu.cn 

Copyright © 2021, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved. 

ARTICLE 

 

Science Press 

 

Microstructural Evolution and Strain-Compensated Con-

stitutive Equation for As-Cast Mg-3Sn-1Mn-1La Alloy Dur-

ing Isothermal Compression 

Zhang Libin

1,3

,    Liu Guangming

1,3

,    Han Tingzhuang

1,3

,    Huang Wenzhan

1

,    Wang 

Rongjun

2,3

,    Ma Lifeng

2,3

 

1

 School of Materials Science and Engineering, Taiyuan University of Science and Technology, Taiyuan 030024, China; 

2

 School of 

Mechanical Engineering, Taiyuan University of Science and Technology, Taiyuan 030024, China; 

3

 Coordinative Innovation Center of 

Taiyuan Heavy Machinery Equipment, Taiyuan University of Science and Technology, Taiyuan 030024, China 

 

 

Abstract: Hot deformation behavior and microstructural evolution of the as-cast Mg-3Sn-1Mn-1La alloy were investigated by 

isothermal compression at temperature of 200~450 °C and strain rate of 0.001~1.0 s

-1

. The results show that the flow stress 

increases obviously with the decrease of the temperature and the increase of the strain rate. The recrystallized grain size 

increases with increasing the temperature and decreasing the strain rate. At lower deformation temperatures, many twins form 

to coordinate deformation and continuous dynamic recrystallization is the main mechanism. However, discontinuous dynamic 

recrystallization becomes the predominant operating mechanism of dynamic recrystallization at high deformation temperature. 

Plate-shaped MgSnLa compounds, which have a coherent relationship with the matrix, have a pinning effect on the α-Mg grain 

boundary. The effects of friction and deformation heating on flow stress were analyzed and corrected. The results show that 

deformation heating has a significant influence on the flow stress at higher strain rates and lower temperatures, while the 

influence of frictional effect is slight. Based on the experimental results, a strain-compensated Arrhenius-type equation was 

developed. Comparison of the experimental data with the calculated flow stress indicates that the developed constitutive 

equations can adequately describe the hot deformation behavior of the experimental alloy. 
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Magnesium alloys have been used in aircraft and auto-

mobile industries due to its corresponding advantages, such 

as high specific strength and low density

[1]

. However, the 

restricted heat resistance, ductility and formability strongly 

hinder the wide applications of magnesium alloys

[2]

. In re-

cent years, the Mg-Sn based alloys have aroused many 

concerns

[3-6]

. Owing to the formation of thermal-stable 

Mg

2

Sn phases with high melting temperature (higher than 

the melting temperature of Mg

17

Al

12

), the Mg-Sn-based al-

loys show promising mechanical properties of Mg alloys at 

room temperature and high temperature

[7]

. The melting 

temperature of Mg

2

Sn is 778 °C

[8]

, and Mg-Sn-based alloys 

exhibit higher creep properties at 150 °C

[9]

. The addition of 

Mn element in Mg alloys can improve the corrosion resis-

tance and refine the grain size

[5,10,11]

. The addition of rare 

earth (RE) elements can also improve the mechanical per-

formance of the Mg-Sn alloys. For instance, Wei et al

[12]

 

investigated the influence of La addition on creep proper-

ties of Mg-Sn-La alloys and found that Mg-Sn-La alloy ex-

hibits superior creep properties than Mg-Sn alloy does. 

Zhao et al

[13]

 studied the effect of La on the microstructure 

and mechanical properties of Mg-3Sn-1Mn-xLa alloy and 
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found that the maximum tensile strength and elongation are 

obtained with 1.0wt% La. The above studies of 

Mg-Sn-based alloys mainly focused on the alloying element 

addition. While hot working is a typical and widely used 

metal formation method which can also improve the me-

chanical properties of materials

[14]

. Therefore, it is neces-

sary to investigate the effects of deformation conditions on 

the microstructure evolution and the flow behavior during 

hot working process of the Mg-Sn-Mn-La alloy. 

A reliable constitutive model is very important for 

describing the plastic flow behaviors in deformation 

processes, such as rolling and forging. The constitutive 

models can usually be divided into three categories: 

physical based models, artificial neural network (ANN) and 

phenomenological models

[15]

. Compared with physical 

based models, the phenomenological models involve less 

material constants and the required experiments can be 

easily conducted

[16]

. Therefore, various phenomenological 

models, such as Johnson-Cook (JC) models and Arrhenius 

models, are used for the flow stress prediction. Many 

Arrhenius models with and without strain compensation 

have been established because they can accurately describe 

the relationship between flow stress, temperature and strain 

rate

[8,17,18]

. 

In order to build a reliable constitutive model, the accu-

racy of flow stress data is also important. Although various 

lubricants are used to reduce the effect of friction during 

testing, the cylindrical specimen still becomes bar-

rel-shaped after compression instead of a standard cylin-

drical shape, which indicates that the friction effect is 

eliminated completely. Errors still exist in experimental 

data because friction leads to an increase in the as-measured 

flow stress. Besides, when specimen is subjected to the 

large plastic deformation during experiment, a significant 

proportion of the plastic work converts into deformation 

heating, which may cause an obvious increase in sample 

temperature

[19]

. In that case, the actual flow stress is higher 

than the experimental flow stress. In order to improve the 

accuracy of constitutive equation, friction correction and 

deformation heating correction are essential. 

In this research, the hot deformation behavior of 

Mg-3Sn-1Mn-1La alloy was studied by hot compression 

test at temperature of 200~450 °C and strain rate of 0.001~1 s

−1

. 

The effects of temperature and strain rate on the micro-

structure and dynamic recrystallization (DRX) behavior of 

this alloy were investigated by optical microscope (OM), 

transmission electron microscope (TEM) and electron 

backscatter diffraction (EBSD) techniques. A constitutive 

equation was proposed based on an Arrhenius equation, and 

the Zener-Hollomon parameters, considering the effects of 

friction, deformation heating and strain, were used to model 

the flow behavior of Mg-3Sn-1Mn-1La alloy. The reliabil-

ity of the constitutive equation was evaluated.  

1  Experiment 

Alloy ingots of Mg-3Sn-1Mn-1La alloys were prepared 

by induction melting in an electric resistance furnace under 

the mixed protective gases of CO

2

 and SF

6

. The chemical 

composition of Mg-3Sn-1Mn-1La used in the present study 

is given in Table 1. 

After casting, the ingot was homogenized at 380 °C for 8 h 

followed by air cooling to reduce the non-homogeneity in 

composition and microstructure. The microstructure of 

Mg-3Sn-1Mn-1La alloy after homogenization is shown in 

Fig.1a. The initial grains of the alloy are equiaxed and large 

with an average size of ~70 µm. As shown in Fig.1, the sec-

ond phase with continuous net structure mainly is distributed 

at the grain boundaries. Based on EDS analysis and XRD 

results (Fig.1b and Fig.2, respectively), the compounds 

formed at the grain boundaries are MgSnLa compounds 

composed of Mg

2

Sn, Mg

17

La

2

 and La

5

Sn

3

 phases.  

Cylindrical shaped specimens with the dimension of Ф10 

mm×15 mm were prepared for isothermal compression tests. 

The hot compression tests were conducted on the Glee-

ble-3800 thermo-mechanical simulator at deformation tem-

peratures of 200~450 °C (interval of 50 °C) and strain rates 

of 0.001, 0.01, 0.1, and 1.0 s

-1

. To obtain uniform tempera-

ture, specimens were heated to corresponding test tempera 

 

Table 1  Chemical composition of experimental alloy (wt%) 

Sn Mn La Si Cu Ni Fe Mg 

3.09 0.98 1.07 0.045 0.0026 0.0031 0.0034 Bal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  SEM image (a) and EDS analysis (b) of Mg-3Sn-1Mn-1La 

alloy  
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Fig.2  XRD pattern of homogenized Mg-3Sn-1Mn-1La alloy 

 

tures with the rising rate of 5 °C/s and consequently kept for 

90 s. All specimens were compressed to the state of total true 

strain of 0.7. To study the effect of strain on microstructure 

evolution, some additional specimens were compressed at 

400 °C and 0.1 s

-1

 to the state of true strain of 0.2 and 0.4 

separately. After compression, the compressed specimens 

were immediately water-cooled to maintain the microstruc-

ture. 

The hot deformed specimens were sectioned parallel to the 

compression axis. The specimen surfaces were ground with 

gradually finer SiC papers (800#~2000#) and polished me-

chanically. After polishing, the specimens were etched by a 

solution of 4.2 g picric acid, 8 mL acetic acid, 5 mL water 

and 50 mL ethanol. The phase identification of the surface 

was performed by X-ray diffraction (XRD, X’Pert). The mi-

crostructures at the center of the cross-sectional surface were 

characterized by scanning electron microscope (SEM, ZEISS 

Aztec INCA) equipped with energy dispersive spectroscope 

(EDS), EBSD and TEM (JEM-F200). The EBSD investiga-

tion was performed on a Nordlys Nano from OXFORD, and 

the step size was 0.5 µm. The corresponding data were ana-

lyzed by the HKL’s channel 5 software. 

2  Results and Discussion 

2.1  True stress-strain curves 

Fig.3 shows the true stress-strain curves at various strain 

rates and temperatures. It can be observed from Fig.3a that 

the flow stress increases with the increase of the strain rate. 

The peak stress of the alloy increases from 59 MPa to 98 

MPa when strain rates increases from 0.001 to 1 s

-1

. This is 

because there is not enough time for dislocation rearrange-

ment and annihilation at higher strain rate, which leads to 

the work hardening effect. It can also be observed from 

Fig.3b that the peak stress of the alloy decreases from 109 

MPa to 27 MPa when temperature increases from 200 to 

450 °C. With the increase of temperature, the critical shear 

stress of crystal slip decreases, which reduces the obstacle 

of dislocation motion

[20]

. Moreover, dynamic recovery 

(DRV) and dynamic recrystallization are more likely to oc-

cur at higher temperature, resulting in the decrease of dis-

location density

[21]

. Therefore, the flow stress decreases. 

In general, all curves exhibit similar trends which can be 

divided into hardening and softening stages. The work 

hardening rate, which can be obtained by equation 

θ=dσ/dε

[22]

 through true strain-stress curves, is usually used 

to describe the hot deformation behavior of metals. Fig.4 

shows the relationship of the sample compressed at 400 °C 

and 0.1 s

-1

. At the beginning of work hardening stage, the 

strain hardening rate is relatively high and the dislocations 

accumulate continually with the increase of the strain, 

which makes the flow stress increase rapidly. As the strain 

increases, the work hardening rate decreases, which means 

that the dynamic softening including DRV and DRX occurs. 

However, the dynamic softening effect is weaker than that 

of work hardening and the flow stress keeps increasing. After 

reaching the peak stress value, the flow stress decreases 

gradually and the deformation enters the softening stage. It is 

known that the deformation usually enters a steady stage, 

where work hardening and softening effects reach the dy-

namic balance and θ maintains nearby zero. However, the 

flow stress continues to decline and the value of θ maintains 

negative even at the end of the curve with the strain of 0.7, 

which indicates that the dynamic softening still predominates 

till the end of the hot deformation process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  True strain-stress curves under different conditions:     
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Fig.4  True stress-strain and work hardening rate, θ-stain curves 

 

2.2  Microstructural evolution 

In order to study the microstructure characteristics at 

each deformation stage, some specimens were examined by 

TEM. Fig.5 shows TEM images of samples compressed at 

400 °C/0.1 s

-1

 with strains of 0.2, 0.4 and 0.7. Fig.5a indi-

cates that the original grains elongate along the compres-

sion direction with high dislocation density, and cell struc-

ture produced by dislocation tangle is the main microstruc-

tural feature at the strain of 0.2. At the strain of 0.4, dislo-

cation walls build at subgrain boundaries due to the dislo-

cation motion and rearrangement, as shown in Fig.5b. 

Fig.5c shows DRX grains with regular and clear grain 

boundaries, which are the evidence of recrystallization. The 

characterization of TEM microstructures at different strains 

accounts for the variation of flow stress. The flow stress 

increases rapidly to a peak value due to work hardening 

with the formation of tangled dislocations. Then the stress 

decreases gradually, which results from dynamic softening 

caused by DRV and DRX

[23]

. Then the specimens remain in 

a stable state, which is the result of the cooperation of work 

hardening and dynamic softening effects during hot 

deformation. 

Fig.6 presents the inverse pole figures (IPFs) of the de-

formed specimens with true strain of 0.7 at various tem-

peratures and strain rates observed by EBSD. The coarse 

original grains elongate along the compression direction  

 

 

 

 

 

 

 

 

 

Fig.5  TEM images of specimens deformed at 400 °C/0.1 s

-1

 with different strains: (a) ε=0.2, (b) ε=0.4, and (c) ε=0.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Inverse pole figures (IPFs) of specimens deformed under different conditions: (a) 200 °C/0.1 s

-1

; (b) 300 °C/0.1 s

-1

; (c) 400 °C/0.1 s

-1

; 

(d) 400 °C/0.01 s

-1

; (e) enlarged IPF map of region marked E in Fig.6a; (f) cumulative misorientation profile along L1 direction in 

Fig.6e 
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and many new DRX grains form. At 200~300 °C/0.1 s

-1

, 

some DRX grains are observed at the intersection of twins 

and grain boundaries, as shown in Fig.6a and 6b. With the 

temperature increasing to 400 °C, many grain boundaries 

become serrated and bulged, and the original coarse grains 

are partially replaced by DRX grains, as shown in Fig.6c. 

The fraction and average size of DRX grains increase with 

increasing the temperature from 200 °C to 400 °C, com-

paring the microstructures in Fig.6a~6c

[24]

. Furthermore, 

with the decrease of strain rate from 0.1 to 0.01 s

-1

 at 400 

°C, DRX grain size increases (Fig.6d) and DRX proceeds 

more thoroughly because of the more deformation time for 

the nucleating and growing of DRX grains

[25]

. Meanwhile, 

there are still many elongated original grains, indicating 

that the DRX process is incompleted. 

In Fig.6a and 6b, a lot of twins form in the original 

coarse grains, and fine DRX grains are observed near the 

coarse grain boundaries. Under the high strain rate and low 

temperature conditions, due to the restricted slip systems of 

close-packed hexagonal (hcp) structure, DRX process is re-

stricted, and many twins form to coordinate deformation. It 

can be seen from the Fig.7a that the original grains are 

separated into many twins and twin boundaries hinder the 

movement of dislocations. Therefore, many dislocations 

accumulate around the twin boundaries. The local misori-

entation is imaged by Kernel Average Misorientation (KAM) 

mapping, as shown in Fig.7b, and used as a measurement of 

the intragranular misorientation of the specimen. KAM 

value is related to the dislocation density. It can be ob-

served that the new recrystallized grains with lower dislo-

cation density (blue color in Fig.7b) at the twin boundaries 

exist in the initial grains. Meanwhile, the new grains nucle-

ate as a consequence of formation of twin segment along 

the boundary of the deformed grain, implying that the for-

mation of nucleus at the twin boundaries can serve as a 

supplementary mechanism for the nucleation of DRX

[26]

. 

Fig.7b also shows the relatively high values of dislocation 

density. The dislocations are mainly distributed at the grain 

boundaries and twin boundaries, which supports that the 

grain boundaries and twin boundaries effectively pin the 

dislocations and the microstructural evolutions are not yet 

accompanied. DRX grains in twins formed during the 

process at the low-angle grain boundaries in twins grow to 

high-angle grain boundaries with the increase of the strain, 

which is a typical character for the continuous dynamic re-

crystallization (CDRX). With the increase of deformation 

temperature, the critical shear stress of twins decreases, 

which decreases the stress concentration to hinder the twin 

nucleation. Meanwhile, the cross-slip and non-basal slip are 

activated at higher deformation temperatures, and DRX 

occurs easily at the original grain boundaries. 

In order to illustrate the DRX mechanism, the corre-

sponding grain boundary angles are measured, as shown in 

Fig.8. Low angle grain boundary (LAGB, 2°~15°) and high 

angle grain boundary (HAGB, >15°) are in red and black, 

respectively. Fig.8e exhibits the misorientation angle dis-

tribution under different conditions, and it is clear that as 

the deformation temperature increases and the strain rate 

decreases, the fraction of HAGB increases due to the for-

mation of recrystallized grains. As shown in Fig.8a and 8b, 

the grain boundaries are relatively flat, many twins form in 

the original coarse grains under the lower deformation 

temperature, and a lot of new small recrystallized grains 

form along the original grain boundaries forming a necklace 

type structure. In addition, the point to origin misorienta-

tion and point to point misorientation along the labeled line 

(L

1

 in Fig.6e) are obtained based on the orientation analysis. 

Fig.6e shows the cumulative misorientation profile of par-

ent grains from the center to the grain boundary, and a sig-

nificant increase in the misorientation along the line is ob-

served. The above analyses indicate that the main mecha-

nism of DRX under lower deformation temperature is 

CDRX mechanism

[27]

. The generation and tangle of dislo-

cations produce many subgrain structures in the initial 

grains at the early stage of deformation. As the deformation 

progresses, these LAGBs become HAGBs through con-

stantly absorbing dislocations, thereby leading to the for-

mation of equiaxed DRX grains

[28]

. However, when the de-

formation temperature increases and strain rate decreases, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  TEM image (a) and KAM map (b) of specimen deformed 

at 200 °C/0.1 s
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as shown in Fig.8c and 8d, the initial grain boundaries 

bulge and a lot of recrystallization nuclei form along the 

initial grain boundaries, suggesting the occurrence of dis-

continuous dynamic recrystallization (DDRX) during hot 

deformation

[29]

. As the temperature increases, the grain 

boundaries migration rate increases obviously, and the in-

hibition effect of the grain boundary on the motion of dis-

locations reduces, making the formation of pile-up disloca-

tions difficult and also decreasing the stress concentration 

to hinder the twin nucleation

[30]

. As a result, the CDRX 

process is hindered under such conditions. Based on the 

above analysis, DDRX mechanism is the main DRX 

mechanism under high deformation temperature and low 

strain rate. 

Fig.9 presents the OM image and TEM images of the 

deformed specimens with true strain of 0.7 at 400 °C/0.1 s

-1

. 

It can be seen from Fig.9a that some fine DRX grains form 

near the particles, which are large enough to encourage the 

particle stimulate nucleation (PSN) mechanism

[31]

. PSN 

usually occurs around particles with a diameter greater than 

~1 µm. As shown in Fig.9b, it contains two typical types of 

precipitates: plate-shaped precipitates with the average 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Grain boundary maps of samples deformed under different conditions: (a) 200 °C/0.1 s

-1

; (b) 300 °C/0.1 s

-1

; (c) 400 °C/0.1 s

-1

;  

(d) 400 °C/0.01 s

-1

; (e) misorientation angle distribution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Microstructures analyses of deformed specimens with true strain of 0.7 at 400 °C/0.1 s

-1

: (a) OM image; (b) bright field TEM image; 

(c) microstructure near the broken particles; (d) EDS analysis of position B in Fig.9b; (e) high-resolution TEM image of MgSnLa 

compounds; (f) SAED pattern of the white circle region in Fig.9b
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length of 2 µm and the average width of 250 nm; 

spherodized precipitates with the average diameter of 80 

nm. The plate-shaped precipitates, which are identified as 

MgSnLa compounds from the EDS results (Fig.9d), are 

mainly distributed at the grain boundaries. As shown in 

Fig.9e, the MgSnLa compounds are coherent with the α-Mg 

matrix. During the deformation, the MgSnLa compounds 

effectively pin the movement of dislocation and grain 

boundaries, inhibiting the microcracks and enhancing the 

mechanical properties of the alloy. As shown in Fig.9b and 

9c, a lot of dislocations move and gather near the MgSnLa 

compounds, resulting in the formation of DRX grains. 

Moreover, as the white circle region in Fig.9b shows, many 

fine spherical precipitates are detected, and the selected 

area electron diffraction (SAED) results (Fig.9f) indicate 

that this spheroidized precipitate is Mg

2

Sn phase. Because 

of the relatively high melting temperature (778 °C), the 

Mg

2

Sn phase can effectively pin the dislocation movement 

at room temperature and high temperature and improve the 

mechanical properties of the alloy. 

2.3  Correction of true strain-stress curves 

2.3.1  Deformation friction correction  

Fig.10 shows the schematic diagram of isothermal 

compression test sample.  

In this study, isothermal compression experimental data are 

evaluated by the physical quantity of expansion coefficient B 

proposed by Roebuck

[24]

. When B�1.1, it can be considered 

that the friction effect in compression experiment is small and 

no correction is needed. When B�1.1, the friction effect has 

great influence on the experimental data, and necessary cor-

rections should be made

[19]

. The B parameter is calculated by 

Eq.(1) and the meaning of related parameters is the same with 

that in Fig.10: 

2
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Fig.10  Schematic diagram of isothermal compression test 

sample 

As shown in Fig.11, all the values of B under the de-

formation conditions of this study exceed 1.1, so it is 

necessary to consider the friction correction. 

The results of Ebrahimi’s research

[32]

 indicate that the 

coefficient of friction µ between the sample and indenter 

during the isothermal compression deformation can be 

calculated by Eq.(2): 
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where b is the barrel parameter; ∆R is the difference between 

maximum and top radius (∆R=R

M
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T

); R is the average ra-

dius of cylinder after deformation (

0 0

/R R H H= ); ∆H is 

the height reduction (∆H=H

0

−H). 

The flow stress can be corrected by Eq.(3): 

σ

f

=kσ                                       (3) 

with 

2

2[exp 1]

C

k

C C

=

− −� �

 

0

0

2 R

C

H

µ

=

 

where σ

f

 is the flow stress after friction correction, σ is 

the experimentally measured flow stress, and k is the 

friction correction coefficient. 

Fig.12a and 12b show the comparison of the true 

stress-strain curves before and after friction correction at 

250 °C and strain rate of 0.1 s

-1

, respectively. It can be 

observed that the frictional effect has a greater impact at 

high strain rates and low temperatures. At 200 °C/1 s

-1

,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  Values of B under different deformation conditions 
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Fig.12  Comparison of true stress-strain curves before and after 

friction correction under different conditions:         

(a) T=250 °C and (b) ε

�

=0.1 s

-1 

 

the maximum friction correction is 14 MPa. 

2.3.2  Deformation heating correction 

Due to the deformation heating effect, the temperature 

increases significantly depending on the materials and 

deformation conditions, such as strain, deformation 

temperature and strain rate. The temperature rise (∆T) can be 

described as Eq.(4)

[33]

:

 

0
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∫

                         (4) 

where C

p

 is the specific heat, ρ is the material density, ε  

is the strain, σ is the flow stress, and η is the thermal 

efficiency, calculated by Eq.(5). 
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Values of ∆T are calculated via Eq.(4) and Eq.(5) for 

strains in the range of 0.1~0.7 with an interval of 0.2. 

Fig.13a shows the variation of ∆T with ε for samples 

deformed at different strain rates and deformation tem-

peratures. It can be observed that ∆T increases with the 

increase of ε, due to the accumulation of the deformation 

heat. Fig.13b shows the detailed variation at different 

strain rates and deformation temperatures with the strain 

of 0.7. It can be observed that ∆T decreases with the in-

crease of temperature and the decrease of strain rate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13  Temperature variation under different deformation 

conditions: (a) at true strain from 0.1 to 0.7 and (b) at 

the strain of 0.7 

 

Moreover, it is obvious that ∆T is more pronounced at 

higher strain rates and lower deformation temperatures. 

With the increase of ε

�

, there is little time for 

deformation heat to dissipate which results in the larger 

∆T

[19]

. The temperature rise has a great impact on the 

flow stress, and the flow stress value need to be corrected 

for a reliable constitutive equation. 

The isothermal flow stress σ

I

 can be determined by 

Eq.(6): 

0 0

( )
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i

i
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T T T
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σ ε ε σ ε ε

ε ε
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Ι
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where σ

I

 is the corrected stress, and σ

H

 is uncorrected 

flow stress. In this study, σ

H

 is σ

f

 (friction corrected 

stress); T

0

 is target test temperature; T

i

 is the actual de-

formation temperature with T

i

=T

0

+∆T. 

Fig.14a and 14b show the true stress-strain curves be-

fore and after deformation heating correction at 250 °C 

and at strain rate of 0.1 s

-1

, respectively. It is apparent 

that the impact of temperature rise on the flow stress is 

more pronounced at higher strain rates and lower tempera-

tures. And as the strain increases, the difference between the 

two curves is more significant. At 200 °C/1 s

-1

, the maxi-

mum temperature rise reaches 35 K and the flow stress 

reduction caused by temperature rise is 51 MPa. 

2.4  Kinetic analysis 
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Fig.14  Comparison of the true stress-strain curves before and after deformation heating correction under different conditions:  

(a) T=250 °C and (b) ε

�

=0.1 s

-1

 

 

2.4.1  Determination of material parameters 

Malik et al

[34]

 proposed a widely accepted constitutive 

model to describe the relationship between the 

Zener-Hollomon parameter (Z)

[19]

 and flow stress, de 

formation temperature and strain rate. It can be ex-

pressed as follows

[35]

: 

1
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where σ is the flow stress (MPa); ε

�

 is the strain rate (s

-1

); A, 

A

1

, A

2

, β, α, n

1

 and n are material constants; Q is deformation 

activation energy (kJ·mol

-1

); R is the gas constant (8.314 

J·mol

-1

·K

-1

); T is the absolute temperature (K). The relationship 

among α, β and n

1

 can be expressed as Eq.(8): 

1

n

β

α =

                                    (8) 

From Eq.(7), different equations should be adopted to 

different stress levels. The power law is preferred at low 

stresses, and the exponential law is suitable at relatively 

high stresses. The hyperbolic sine law can be used for all 

stress ranges. Taking the natural logarithm on both sides 

of Eq.(7), and then Eq.(9) is obtained as follows: 
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Assuming that deformation activation energy Q is not 

a function of temperature T, according to Eq.(9), the 

values of n

1

, β and n can be defined as follows: 
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If the strain rate ε

�

 is a constant, Q can be calculated 

by Eq.(13): 
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The discrete flow stress data at strains ranging from 

0.05 to 0.7 with an interval of 0.05 are used to calculate 

the mentioned parameters. Fig.15a~15d show the rela-

tionships between lnε

�

 and σ, lnε

�

 and lnσ, lnε

�

 and 

ln[sinh(ασ)], ln[sinh(ασ)] and 1/T. According to 

Eqs.(10~12), the slopes of corresponding regression lines 

represent 1/n

1

, 1/β, n and D, respectively. So the values 

of α, n and Q at strain of 0.6 can be calculated as 0.024, 

5.84 and 148.90 kJ/mol according to Eq.(8) and Eq.(13). 

The parameters A and n can be obtained from Eq.(14): 

ln ln ln[sinh( )]Z A n ασ= +

                    ( 1 4 ) 

The relationship between lnZ and ln[sinh(ασ)] at strain 

of 0.6 is described in Fig.15e. The data are then fitted 

through linear regression, and the slope (5.88) and in-

tercept (24.96) represent n and lnA at strain of 0.6, re-

spectively. The relative difference between the n values 

in Eq.(12) and Eq.(14) is less than 0.8%. 

The evaluation of values for α, Q, n, and lnA at various 

strains with the range of 0.05~0.7 and the interval of 

0.05 are calculated by the corresponding flow stress. 

Fig.16 displays the variations of α, Q, n, and lnA with 

strain, which can be described by the 6th-order polyno-

mial relationships, as given in Eq.(15). The equation fit-

ting coefficients of α, n, lnA and Q for Mg-3Sn-1Mn-1La 

alloy are given in Table 2. 
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Fig.15  Relationship between lnε

�

 and σ (a), lnε

�

 and lnσ (b), lnε

�

 and ln[sinh(ασ)] (c), ln[sinh(ασ)] and 1/T (d), and lnZ and 

ln[sinh(ασ)] (e) 

 

Table 2  Coefficients of polynomial functions 

α n lnA Q/kJ·mol

−1

 

1

B =0.03 

1

C =8.51 

1

D =15.04 

1

E =101 715.11 

2

B =−0.06 

2

C =−42.60 

2

D =137.81 

2

E =622 409.50 

3

B =−0.26 

3

C =426.38 

3

D =−303.37 

3

E =−1.12×10

6

 

4

B =2.64 

4

C =−1 864.29 

4

D =−588.67 

4

E =−4.28×10

6

 

5

B =−7.09 

5

C =3 916.88 

5

D =−2 938.67 

5

E =1.75×10

7

 

6

B =8.21 

6

C =−3 962.90 

6

D =−3 767.87 

6

E =−2.22×10

7

 

7

B =−3.54 

7

C =1 556.78 

7

D =1 622.66 

7

E =9.64×10

6

 

 

Taking the inverse function of Eq.(7), the flow stress 

can be expressed as Eq.(16): 
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2.4.2  Verification of the developed constitutive equa-

tions 

In order to verify the accuracy of the developed con-

stitutive equations, experimental results are compared 

with the calculated values for the entire range of strain, 

deformation temperature and strain rate, as shown in 

Fig.17. It can be observed that the calculated flow 

stresses have the same trend with the experimental re-

sults. The calculated flow stress gives a good approxi-

mation to the experimental stress. 

Besides the visual examination, the correlation coeffi-

cient (R) and average absolute relative error (AARE) are 

used to further assess the credibility of the model, which 

can be expressed as Eq.(17) and Eq.(18), respectively: 
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where X

i

 and Y

i

 are experimental values and theoretical 

prediction values, respectively; X  and Y  are average 

experimental values and average theoretical prediction 

values, respectively; N is the number of data points used 

in the calculation. 

As presented in Fig.18, a good correlation (R=0.984) 

exists between the predicted and experimental stresses. 

The value of AARE is 4.426%. From the above analyses, 

it can be concluded that the strain-compensated constitu-

tive equation can adequately describe the flow behavior 

of the Mg-3Sn-1Mn-1La alloy. 
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Fig.16  Relationships between constitutive constants and true strain: (a) α-ε, (b) n-ε, (c) lnA-ε, and (d) Q-ε 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.17  Relationships between calculated and experimental stress and true strain under different strain rates: (a) 0.001 s

-1

, (b) 0.01 s

-1

,   

(c) 0.1 s

-1

, and (d) 1 s

-1
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Fig.18  Correlation between calculated and experimental stresses 

 

3 Conclusions 

1) The flow stress increases rapidly and reaches a peak 

value in the early stage, and then gradually decreases until 

the steady state. The whole hot deformation process is 

mainly affected by the work hardening and dynamic sof-

tening effects. 

2) According to microstructural evolution analysis, as the 

deformation temperature increases and the strain rate de-

creases, the dynamic recrystallization grain size increases 

during hot deformation. Continuous dynamic recrystalliza-

tion mainly occurs at low deformation temperature and high 

strain rate, while the discontinuous dynamic recrystalliza-

tion is the main dynamic recrystallization mechanism at 

high deformation temperature and low strain rate. 

3) Plate-shaped MgSnLa compounds with the average 

length of 2 µm and the average width of 250 nm are coher-

ent with the α-Mg matrix. Meanwhile, the spheroidized 

Mg

2

Sn phases with the average diameter of 80 nm form in 

the α-Mg matrix. These two types of precipitates effectively 

pin the movement of dislocation and improve the mechani-

cal properties of the Mg-3Sn-1Mn-1La alloy. 

4) Due to the application of suitable graphite sheet and 

lubricant, the frictional effect on the flow stress is slight. 

However, the deformation heating effect increases signifi-

cantly with the decrease of the temperature and the increase 

of the strain rate. At 200 °C/1 s

−1

, the maximum tempera-

ture rise reaches 35 K and the maximum flow stress reduc-

tion caused by temperature rise is 51 MPa. 

5) Based on the Arrhenius constitutive models, a 

strain-compensated constitutive equation is developed from 

the corrected friction and deformation heating stress-strain 

curves to predict the flow stress. The accuracy of the de-

veloped constitutive equations is assessed by statistical 

analyses, and the constitutive equations show highly precise 

prediction for the hot deformation flow stress of the 

Mg-3Sn-1Mn-1La alloy. 
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