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Abstract: The tensile deformation behavior of an extruded Mg-1Y (wt%) sheet was investigated in the temperature range of 

25 (RT) to 300 ºC and at strain rates from 0.001 to 0.1 s

-1

. The results show that ultimate tensile strength (UTS) decreases by 

49.3% from (247.9 ± 5.8) MPa to (125.6+4.7) MPa when temperature increases from RT to 300 ºC at the strain rate of 0.1 s

-1

. 

It is interesting to note that the flow behavior of the studied sheet exhibits pronounced strain rate sensitivity even at RT. The 

UTS at RT decreases by 11.8% as the strain rate decreasing from 0.1 s

-1

 to 0.001 s

-1

. The flow behavior of the alloy can be de-

scribed by the Garofalo hyperbolic sine constitutive equation in the temperature range of RT to 250 ºC. The measured stress 

exponent n is 27.8 ± 8.9, and the activation energy Q is (124.6 ± 6.1) kJ/mol. The Q value implies that deformation is con-

trolled by dislocation climb. At intermediate temperature (150~250 ºC), the sheet exhibits serrated flow behavior, and this 

phenomenon is pronounced at lower strain rates. Simultaneously, the elongation to failure (EL) decreases anomalously with 

the increase of the temperature. The above two deformation features are believed to be closely related to the strong interaction 

between Y solute atoms and dislocations which is known as dynamic strain aging (DSA). The value of strain rate sensitivity (m) 

increases with the increase of the temperature. The m increasing from 0.068 to 0.11 at 300 ºC indicates that the addition of Y 

results in the activation of more slip systems. The deformation microstructure observation reveals that twinning is depressed 

with temperature, which is consistent with the remarkably increased m values. Dynamic recrystallization (DRX) was observed 

at 300 ºC, and it is promoted with lower strain rate. 
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To acquire higher fuel efficiency in the transportation 

sector for environmental protection, quantity demanded of 

light-weight materials became bigger

[1]

. Magnesium (Mg) 

alloys have wide application prospects in the aerospace and 

automotive industries since Mg is the lightest of all the en-

gineering metals, and having a density of 1.74 g/cm

3 [2]

. In 

addition, Mg alloys have also the high specific strength, 

good machinability, and high damping capacity

[3,4]

. Com-

pared with cast Mg alloys, wrought Mg alloys have better 

mechanical properties

[5,6]

. However, widespread use of 

wrought Mg alloys was limited by their poor formability. 

Firstly, hexagonal close-packed (hcp) crystal structure 

which possesses a limited number of slip systems

[7, 8]

 re-

pressed formability. Secondly, a strong basal texture of  

extruded Mg alloys also resulted in poor formability

[6]

. 

To improve Mg alloys formability, it is important to catch 

the point of the deformation behavior under different de-

formation conditions. Extensive ranges of magnesium al-

loys, such as AZ31 AZ80, ZE41, have been researched to 

discuss the effect of temperature and strain-rate on defor-

mation behavior

[9-11]

. Maksoud et al

[10]

 detected the AZ31 

and found that a decrease in the peak stress and an increase 

in the fraction of dynamically recrystallized grains with the 

decrease of the strain rate and the increase of temperature. 
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Maksoud regarded deformation temperature as the major 

factor of dynamic recrystallization (DRX). 

Some researchers investigated that addition of RE can 

improve mechanical properties. Zhang et al

[12]

 found that 

addition of Y could remarkably change AZ91 microstruc-

ture with the formation of two intermetallic phases. Wu et 

al

[13]

 dramatically raised the ultimate tensile strength of 

AZ91D alloys by adding Res. Lu et al

[14]

 showed the 

ultimate tensile strength of WGZ1152 was over 300 MPa at 

room temperature (RT). Stanford et al

[15]

 increased the 

ductility of Mg alloys by additions of rare earth elements. 

Huang et al

[6]

 found that the addition of Y can weaken basal 

texture and improve strength. However few types of 

research have been done to investigate the detailed tensile 

deformation behavior of Mg-Y binary alloys at different 

temperatures and strain rates. 

The aim of this work was to investigate the tensile be-

havior of an extruded Mg-1Y sheet in the temperature range 

of 25~300 ºC, and the strain rate range from 0.001 to 0.1 s

-1

. 

The effect of temperature and strain rate on stress was dis-

cussed. The temperature, strain rate, and peak stress were 

described by the Garofalo hyperbolic sine constitutive 

equation in a temperature range of 25 to 250 ºC. The SRS 

was also discussed and revealed to interpret deformation 

behavior. 

1  Experiment  

The material was prepared by melting purity Mg (99.99%) 

and Mg-30Y master alloy in a steel crucible with a mixed at-

mosphere of CO

2

 and SF

6 

(the ratio of CO

2

 and SF

6 

is 100:1). 

Then pouring was conducted in a steel mold with gravity and 

the as-cast ingots’ diameters were 95 mm. The as-cast ingots 

were homogenized at 530 ºC for 8 h, and then were machined 

into 90 mm diameter size. Sheets with a cross section of 80 

mm×5 mm were extruded from the 90 mm diameter casting 

ingot with an extrusion ratio of 16. The extrusion billets were 

300 ºC and the mold was 400 ºC. The actual composition of 

the studied material was Mg-0.86Y (wt%, all composition in 

this paper was in mass percent) by ICP.  

Uniaxial tensile experiment specimens were rectangular 

dog-bone shaped with gauge dimensions of 3 mm�2 mm 

×18 mm and tensile axes were parallel to the extruded di-

rection (ED). The tests were carried out in the temperature 

range of 25 ºC (RT) to 300 ºC and in the strain rate range of 

0.001 s

-1

 to 0.1 s

-1

 using MTS (CMT-5105) universal testing 

machine. For elevated temperature tests, specimens were 

held on at a specified temperature for 10 min in a furnace 

equipped in MTS universal testing machine. Each test con-

dition was repeated three times for repeatability. 

All microstructure observations were conducted in the 

plane containing the extrusion direction (ED) and trans-

verse direction (TD). In samples preparation, the me-

chanical grinding and polishing was used. Then the 

specimens were etched with a solution of 5 mL HNO

3

 and 

30 mL H

2

O. They were detected by Zeiss Axio Lab A1 

optical microscope (OM). Electron Back-Scattered Dif-

fraction (EBSD) data were obtained by Quanta 250FEG 

emission scanning electron microscope equipped with 

Oxford Instrument Nordlys Nano EBSD detector. The ac-

celeration voltage was 20 kV and the working distance 

was 15 mm with a tilt angle of 70°. The EBSD step size of 

scanning was one-tenth of average grain size for time ef-

ficiency and accuracy. The detailed parameter and facili-

ties were the same as the earlier work

[6]

. 

2  Results  

2.1  Initial microstructure 

Fig.1a shows the initial optical microstructure of the ex-

truded Mg-1Y sheet in ED-TD plane. The microstructure 

consists of α-Mg matrix and a few precipitated phases. The 

average grain size is (6.2 ± 1.8) µm which was measured by 

linear intercept method (D = 1.74 L, L was the linear inter-

cept grain size

[16]

). A few precipitated phases were observed 

within grains and in grain boundaries. Our previous study

[6]

 

has discussed that the precipitated phases were YH

2

 phases. 

Fig.1b reveals inverse pole figure (IPF) map. The white 

lines and black lines represented low-angle grain bounda-

ries (2º�θ<10º) and high-angle grain boundaries (θ�10º) 

in IPF map respectively. Fig.1c shows the grain boundary 

misorientation angle distribution of the Mg-1Y sheet. 

Low-angle grain boundaries ratio is 21.0%, corresponding 

to many low-angle grain boundaries in Fig.1b. Fig.1d 

shows the {0001} pole figure (PF) of the Mg-1Y sheet. The 

{0001} PF exhibits a relatively weak basal texture. The 

maximum intensity is 36.23 MRD and it indicates grains 

with almost the same orientation. The basal pole deviated 

into ED with a tendency of spreading in TD, which might 

be attributed to the non-basal (c+a) slip in extrusion proc-

ess

[17]

. Fig.1e shows that inverse pole figure (IPF) for ED. 

The major intensity distribution is among <112

—

2>, <112

—

1>, 

<101

—

1>, and <202

—

1> and the maximum intensity is 3.57 

MRD. The <112

—

1> was considered as the “RE texture” 

component

[18]

 . 

2.2  Representative true stress-true strain curves 

The representative true stress-true strain curves of the 

Mg-1Y alloy at the strain rate of 0.01 s

-1

 is illustrated in 

Fig.2a. After the peak stress, strain softening stages are not 

remarkable compared with AZ91 and AZ80 under the same 

deformation condition

[19,20]

. There are remarkable yield 

plateaus at the temperature between 150 and 300 ºC. The 

inapparent flow serration appears in 250 ºC indicating dy-

namic strain aging (DSA) occurring. The detailed discus-

sion about flow serration is in section 3.1. Fig.2b demon-

strates the true stress-true strain of two extreme conditions. 

Steady flow stage gets longer for strain rate from 0.01 s

-1

 to 

0.001

 

s

-1

 at 300 ºC. 
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Fig.1  Microstructures of the extruded Mg-1Y sheet: (a) optical micrograph; (b) inverse pole figure map; (c) grain boundary misorientation 

angle distribution histogram; (d) {0001} pole figure; (e) inverse pole figure for extruded direction (ED) 

 

 

 

 

 

  

 

 

 

 

 

 

 

Fig.2  Representative true stress-true strain curves of the alloy at the strain rate of 0.01 s

-1 

(a); tensile true stress-true strain curves of the 

alloy at two extreme deformation conditions (b) 

 

2.3  Effect of temperature, strain rate on strength 

and elongation to failure 

Fig.3a and Fig.3b demonstrate the effect of temperature 

and strain rate on ultimate tensile strength (UTS) and yield 

strength (YS) of the Mg-1Y sheet. UTS and YS decrease 

with the increase of the temperature and the decrease of 

strain rate. UTS decreases by 49.3% from (247.9 ± 5.8) 

MPa to (125.6 ± 4.7) MPa when temperature increases from 

RT to 300 ºC�at the strain rate of 0.1 s

-1

. Similarly, YS de-

creases by 32.3% from (106.4 ± 3.2) MPa to (72.0 ± 3.3) 

MPa under the same condition. The above strength varia-

tion indicates that the addition of Y element improved me-

chanical properties at high temperature. It is interesting to 

note that the flow behavior of the studied sheet exhibits ob-

vious strain rate sensitivity even at RT. UTS at the strain 

rate of 0.001 s

-1

 is 88.2% of that at the strain rate of 0.1 s

-1

 

at RT. The m value is also in favor of it. UTS of the Mg-1Y 

sheet is lower than that of AZ31 (292.1 MPa)

[10]

 at the 

strain rate of 0.001 s

-1

 at RT, which may be due to less 

twinning, weaker solid solution strengthening, and weaker 

basal texture. The difference of UTS between 0.1 and 0.001 

s

-1

 becomes larger in 300 ºC. 

Fig.3c illustrates elongation (EL) variation with different 

tensile temperatures and strain rates. For EL variety, the 

temperature can be separated into three stages: RT; 100~ 

250 ºC; 300 ºC. EL between 100 and 250 ºC is higher than  
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Fig.3  Mechanical properties of the extruded Mg-1Y sheet as a function of tensile temperature at various strain rates: (a) ultimate tensile 

strength (UTS), (b) yield strength (YS), and (c) elongation to failure (EL) 

 

that at RT. The anomalous EL decrease with the increase 

of the temperature in specific deformation condition is 

observed. The temperature ranges for anomalous elonga-

tion to failure (EL) reduction increases when strain rate 

increases: 100~200 ºC at 0.001 s

-1

, 150~250 ºC at 0.01 s

-1

 

and 200~250 ºC at 0.1 s

-1

. The critical temperature (T

c

), 

at which EL starts to decrease, decreases with the in-

crease of the strain rate. In lower strain rate ranges with 

lower temperature (0.001 s

-1

 with 100~200 ºC and 0.01 

s

-1

 with 150~250 ºC), EL decreases by 12.1% and 10.8%. 

However at high strain rate with higher temperature (0.1 

s

-1

 with 200~250 ºC), EL only decreases by 4.2%. It is 

the same trend that the critical temperature at which EL 

started to increase sharply increased with increasing 

strain rate. EL increases by 293% from RT to 300 ºC at a 

strain rate of 0.001 s

-1

, which is due to a larger amount of 

small grains by DRX. This abnormal EL decrease result 

will be discussed in section 3.2. 

2.4  Constitutive equation 

For Mg alloys, the relationship of the peak stress, strain 

rate, and deformation temperature can be described by the 

constitutive equation. And the commonly used constitutive 

equation is the Garofalo hyperbolic sine constitutive equa-

tion

[14, 21, 22]

:  

[ ]

sinh ( ) exp ( )

n

Q RTε Α ασ=     −

�

                  (1) 

Where ε

�

 is strain rate, A and α are material constants, σ is 

stress, n is exponent of stress, Q is activation energy of de-

formation, R is universal gas constant, and T is absolute 

temperature. 

The Zener-Hollomon parameter is expressed by

[22, 23]: 

exp ( ) sinh ( )

Q

Z A

RT

ε ασ=   =   

�

                    (2) 

Eq.(1) can be evolved by Taylor Series Expansion. Next 

two equations can be acquired by erasing terms of Taylor 

Series Expansion at different conditions. 

In the condition of the high-stress level (ασ >1.2), 

Eq.(3) is obtained approximately. 

exp ( ) exp ( )A Q RTε βσ

′′

=        −  

�

                  (3) 

While in condition of low stress level (ασ <0.8), Eq.(4) is 

obtained similarly. 

exp ( )

n

A Q RTε σ

′

′

=     −  

�

                         (4) 

Here A

′

, n

′

, A

′′

, and β  are material constants, and 

nβ α

′

= . 

Eq.(5) and Eq.(6) are derived by Eq.(3) and Eq.(4).  

1 ( ln )

T

β σ ε= ∂ ∂

�

                             (5) 

1 ( ln ln )

T

n σ ε

′

= ∂ ∂

�

                           (6) 

UTS was used in this work for the fitting. The linear fit-

ting of -lnσ ε

�

 and ln -lnσ ε

�

 are illustrated in Fig.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Relationship of -lnσ ε

�
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By calculating the average slope value of two stress condi-

tion in Fig.4, 1 β  and 1 n

′

 are obtained. So 

nα β

′

= = 0.00567 mm

2

/N. 

From Eq.(1), Eq.(7) and Eq.(8) were obtained.  

1 { [lnsinh ( )] ln }

T

n ασ ε= ∂  ∂

�

                    (7) 

{ [lnsinh ( )] (1 )}Q nR T

ε

ασ= ∂  ∂                  (8) 

Similarly, n and Q can be calculated by Fig.5. The value 

of n is 27.8, and Q is 124.6 kJ/mol. 

From Eq.(2),  

ln ln lnsinh ( )Z A ασ= +                          (9) 

So, ln A  is the Y-intercept of Fig.6 (29.13). A is 

4.48

12

10× . The constitutive equation was determined as 

Eq.(10). 

12 27.8

124600

4.48 10 [sinh (0.00567 )] exp ( )

RT

ε α= ×     −

�

  ( 10 ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Relationship of ln sinh ( ) - lnασ ε 

�

(a) and  

ln sinh ( ) -1000 Tασ (b) 

 

 

 

 

 

 

 

 

 

 

Fig.6  Relationship of ln - ln sinh ( )Z ασ  

The experimental values and calculated values are sum-

marized in Table 1. The average error is 2.8%, calculated by 

Eq.(11):  

Average error= 

1 Measured stress Predicated stress

[ ] 100%

Measured stress

N

i

N

  

 | |  × 

 

∑

�

 (11) 

2.5  Strain rate sensitivity 

Strain rate sensitivity is an important parameter to inter-

pret the plastic deformation. Strain rate sensitivity indicated 

the different true stress for different strain rates 

[24, 25]

, rep-

resented by Eq.(12): 

ln

ln

m

σ

ε

∂ 

=

∂ 

�

                                  (12) 

Where m is strain rate sensitivity value. 

Fig.7a, Fig.8a, Fig.9a illustrate the true stress-true strain 

flows for different strain rates at RT, 200, 300 ºC, respec-

tively. The influence of strain rate on flow increases with 

the increase of the temperature. At RT, UTS decreases by 

11.8% with the strain rate decreasing from 0.1 s

-1

 to 0.001 s

-1

. 

This indicates that the effect of strain rate on flow charac-

teristic is obvious with m=0.022~0.027, which is not con-

sistent with AZ31

[10]

. Li et al

[26]

 found that strain rate had an 

anomalous positive dependence of elongation in Mg-Gd-Y 

alloy at RT, which was contributed to activation of 

non-basal slip system. Xu et al

[27]

 found that the same  

 

Table 1  Comparison of experimental UTS value and calcu-

lated UTS value by constitutive equation for all con-

ditions 
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ºC 

Strain rate/ 

s

-1

 

Experimental 
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value/MPa 

Error/ 
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Fig.7  True stress-true strain curves of Mg-1Y sheet tensile at strain rates of 0.1, 0.01 and 0.001 s

-1

 at 25 ºC (a); relationship of ln - lnσ ε

�

 

to determine m value at strains of 0.05, 0.1 and 0.2 at 25 ºC (b) 

 

 

 

 

 

   

 

 

 

 

 

 

 

Fig.8  True stress-true strain curves of Mg-1Y sheet tensile at strain rates of 0.1, 0.01 and 0.001 s

-1

 at 200 ºC (a); relationship of ln - lnσ ε

�

 

to determine m value at strains of 0.05, 0.1 and 0.2 at 200 ºC (b) 

 

 

 

 

 

 

 

 

   

 

 

 

 

Fig.9  True stress-true strain curves of Mg-1Y sheet tensile at strain rates of 0.1, 0.01 and 0.001 s

-1

 at 300 ºC (a); relationship of ln - lnσ ε

�

 

to determine m value at strains of 0.05, 0.1, 0.2 and 0.3 at 300 ºC (b) 

 

trend in Mo-Re alloy at RT. Flow serration appeared at the 

strain rate of 0.001 s

-1

 in 200 ºC. At relatively high tem-

perature, yield plateau was observed which were related to 

dislocation pin-in and pin-off.  

Fig.7b, Fig.8b, Fig.9b show lnσ  versus lnε

�

 at the 

different true strains. The linear fitting results are also dis-

played. The strain rate sensitivity m which is calculated by 

the slope of fitting lines by Eq.(12), are summarized in Ta-

ble 2. The m value increases as the increase of the tem-

perature. And the same tendency is followed by the effect 

of different strains at RT and 300 ºC. It is worthwhile to 

notice that m decreases from the strain of 0.05 to 0.2 at 200 

ºC firstly, and then increases until the strain of 0.3.  

2.6  Deformation microstructure 

Fig.10 shows the optical micrographs of deformation 

microstructure at the strain rates of 0.1 and 0.001 s

-1

 with 
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the temperatures of RT, 200, 300 ºC. More in quantity twins 

appear at RT and a few twins appeared at 200 ºC. Twinning 

was restrained as the temperature increased and disappeared 

at 300 ºC. Several obvious twins were labeled by white ar-

rows in Fig. 10. Grains were elongated at 200 and 300 ºC. 

Due to sufficient nucleation time

[28]

 and temperature, DRX 

occurred at 0.001 s

-1

, 300 ºC. Smaller grains by DRX have 

an influence in higher m value 

[29, 30]

. 

3  Discussion 

3.1  Flow serration 

Fig.2a and Fig.8a show that flow serrations appear in the 

strain rate of 0.01 s

-1

 at 250 ºC, and in the strain rate of 

0.001 s

-1

 at 200 ºC.  

Flow serration was reported in many Mg alloys and related 

to dynamic strain aging (DSA) by many researchers

[31-35]

. 

DSA indicated that deformation behavior was controlled by 

slip movement, which resulted from the interaction between 

solute atoms and moving dislocations 

[34]

. Gao et al

[35]

found 

Mg-Y binary alloys presenting serrated flow in temperature 

of 150 ºC to 250 ºC, in which the dislocation and solute Y 

atoms have interaction. The similar temperature range (150 ºC 

to 225 ºC) was obtained for flow serration in WE54 and 

other Mg alloys

[31-35]

. In view of similar temperature range 

and strain rate range, flow serration in this study may be 

related to DSA. 

On the other hand, the flow serration is also related to the 

shearing of precipitated by dislocation

[32]

. In the present 

study, Fig.1a and Fig.10 demonstrate that the precipitated 

phase exists. The effect of precipitate on flow serration 

should not be ignored. Further investigation needs to cor-

roborate the effect of precipitates on flow serration. 

Flow serrations are only observed at 200 and 250 ºC and 

in the strain rates of 0.01 and 0.001 s

-1

. Elevated tem-

perature improves slip movement velocity in Mg alloys. 

Meanwhile lower strain rate implied that more time was 

taken to form dislocation pile-up

[36]

. So they are perhaps 

the reasons why flow serrations were only observed at a 

relatively higher temperature and in the strain rates of 0.01 

and 0.001 s

-1

. 

3.2  Anomalous EL decrease 

Fig.3c illustrates EL variation with different tensile tem-

peratures and strain rates. The anomalous EL decreases 

with the increase of the temperature in specific deformation 

condition, including temperature ranges of 100 to 200 ºC at 

the strain rate of 0.001 s

-1

, 150 to 250 ºC at the strain rate of 

0.01 s

-1

 and 200 to 250 ºC at the strain rate of 0.1 s

-1

. The 

critical temperature (T

c

) at which EL starts to decrease in-

creases with the increase of the strain rate. 

 

Table 2  Strain rate sensitivity values (m) calculated by Fig.7b, 

Fig.8b and Fig.9b at different temperatures and 

strains 

Strain 

Temperature/ºC 

0.05 0.1 0.2 0.3 

25 0.022 0.026 0.027 - 

200 0.038 0.031 0.025 0.034 

300 0.068 0.079 0.094 0.110 
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When tensile temperature is up from 100 to 200 ºC at 

0.001 s

-1

, EL decreases by 12.1% from 47.6%, where DSA 

takes place (flow serration in 200 ºC). Similarly, when ten-

sile temperature is up from 150 ºC to 250 ºC at 0.01 s

-1

, EL 

decreases by 10.8% from 48.2%, in which DSA appears 

(flow serration in 250 ºC). While tensile temperature is up 

from 200 ºC to 250 ºC at 0.1 s

-1

, EL decreases only by 4.2% 

from 47.0%. No flow serration appears in true stress-true 

strain curves. 

EL increasing with the increase of the temperature have 

been observed by many researchers

[14,37]

. When temperature 

increased, the strain hardening region was narrowed and 

steady flow region was enlarged

[38]

. For Al alloys

[39-41]

 and 

Mg alloys

[2, 33]

, the presence of serration was related to a 

decrease of ductility. Stanford et al.

[2]

 and Robinson et al.

[42]

 

reported negative SRS can reduce the ductility. Negative 

SRS was usually related to DSA for strain rate jump test. So 

it is reasonable to believe that DSA plays a huge contribu-

tion to the decrease of EL in present research because of the 

temperature range anastomose. In addition, the activation of 

the dynamic recovery process also results in lower EL 

[2]

. 

Dynamic recovery should not be ignored in spite of no ob-

servation in this work. 

The critical temperatures at which ELs start to in-

crease sharply increase as strain rates rise. When 

temperature rises to 300 ºC, EL increases rapidly except for 

that in 0.1 s

-1

. In Fig. 10, DRX occurred in the strain rate of 

0.001 s

-1

 at 300 ºC and many small grains nucleated and grew 

in grain boundaries. However, in the strain rate of 0.1 s

-1

 at 

300 ºC, grains are only elongated and few small grains are 

found. Through DRX, deformation can be dispersed into a 

large number of grains by the formation of small grains. 

Small grains can play a significant role in deformation to 

improve EL.  

3.3  Constitutive equation 

For the present result, the stress exponent n is 27.8, and 

activity energy Q is 124.6 kJ/mol in the strain rate range of 

0.001 to 0.1 s

-1

 with temperature from RT to 250 ºC. The 

attempt of establishing a constitutive equation in the 

temperature range of RT to 300 ºC had been done. The all 

fitting slopes of 300 ºC are far from that of RT to 250 ºC 

and the error is 14%. Many previous researchers

[43, 44]

 in-

vestigated different constitutive equation during different 

temperature regions. Chen et al

[43]

 interviewed the Al alloy 

7075 and found that two different constitutive equations 

corresponding to different microstructure. For Al alloy 

7075, the constitutive behavior in the wide temperature 

range (350 ºC to 600 ºC) can be divided into two types: 

plastic deformation when the alloy is in solid state and 

containing a small fraction of liquid (350 ºC to 490 ºC); 

thixotropic deformation when the alloy in the semi-solid 

state (above 490 ºC). Our previous study

[6]

 observed in-

conspicuous grain growth in 300 ºC annealing for the 

Mg-1Y sheet. Grain growing and hardness decreasing were 

observed in 350 ºC annealing for extruded Mg-1Y bar

[45]

. 

Fig. 10 shows small grains evolved by DRX at 300 ºC and 

no DRX under 300 ºC. This gives us sufficient reasons to 

doubt that microstructure changing lead to fitting failure of 

300 ºC. 

The stress exponent is 27.8, which is higher than the 

previous interview. The reason for high n value is not clear 

yet. But some researchers believe that second phase parti-

cles could lead to high-stress exponent

[46, 47]

. Fig. 1a and Fig. 

10 illustrate the second phase exits in the studied material. 

Activity energy is 124.6 kJ/mol, which is close to 

self-diffusion in Mg, indicating deformation mechanism 

was controlled by dislocation climb.  

3.4  Strain rate sensitivity 

Table 2 shows strain rate sensitivity m with variant tem-

peratures and strains. All m values are small and less than 

0.11. The m value increases with the increase of the tem-

perature. Karimi et al

[24]

 researched the effect of tempera-

ture on deformation in AZ31 and the SRS value (m value) 

can be derived as Eq.(13):  

th th

lnln

( ) ( )

ln ln ln

Q kT

m

Q V

σ σσ

ε ε ε

∂ ∂ ∂ ∂ 

= = =  =

∂ ∂ ∂ ∂ 

� � �

        (13) 

Where 

th

σ  is the thermal activation stress, other symbol 

have been referred to before. This equation indicates the 

strong dependence of m value to deformation temperature 

and m value increases with the increase of the temperature. 

The effect of temperature means the change of defor-

mation mechanism from twin-dominant to dislocation 

slip-dominant. Fig.10 illustrates that with deformation 

temperature increasing, twinned area fraction becomes 

smaller. At 300 ºC no twins appeared and DRX took place. 

The twin was found to influence SRS at a lower tempera-

ture in AZ31

[24]

. For lack of independent slip systems, 

twinning plays an important role to accommodate the 

strain at a relatively low temperature. As temperature in-

creases, the CRSS for slip systems decreases and more 

slip systems are activated

[48]

. Therefore, the contribution 

of dislocation slip took the lead relatively, accompanying 

DRX in relatively high temperature. At 300 ºC, m value 

increasing with strain implies the dislocation slip as the 

dominant deformation mechanism in AZ31

[49]

. In another 

AZ31 study

[24]

, there is no variant m value in 300 ºC at the 

different strain. This indicated no more slip system was 

activated except for prismatic <a> slip in AZ31 in the 

same condition. Therefore the addition of Y can improve 

the deformation ability of Mg alloys by activation of more 

slip systems. 

Generally, m value increases with strain because disloca-

tion multiplied during deformation. It is worthwhile to no-

tice that m value decreases from 0.038 to 0.025 for the 

strain from 0.05 to 0.2 at 200 ºC. Firstly twins have an in-

fluence on SRS in previous studies. The increased twinning 
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activity in AZ91 is related to lower SRS. Chun et al

[50]

 re-

ported lower SRS in highly textured wrought AZ31 sheets 

indicating inducing twin would reduce SRS. On the other 

hand, the DSA occurred at 200 ºC from 0.1 to 0.2 in Fig.8a. 

When DSA takes place, dislocation movement is restricted 

by solute and slip becomes more difficult. Meanwhile, twin 

is easy to activate and plays an important role in deforma-

tion. Therefore the m value reduction from 0.038 to 0.025 

for the strain from 0.05 to 0.2 in 200 ºC might be attributed 

to twinning and DSA. 

4 Conclusions 

1) Increasing temperature and decreasing strain rate re-

sult in decreasing UTS and YS. The Mg-1Y sheet exhibits 

obvious strain rate sensitivity even at RT. The UTS at RT 

decreases by 11.8% as the strain rate decreases from 0.1 s

-1

 

to 0.001 s

-1

.  

2) The anomalous EL reduction occurs at intermediate 

temperature range. Flow serration appears in the strain rate 

of 0.01 s

-1

 at 250 ºC, and in the strain rate of 0.001 s

-1

 at 200 

ºC. The anomalous EL reduction and flow serration are be-

lieved to be closely related to DSA. 

3) The constitutive equation in the temperature range of 

RT to 250 ºC, the strain rate range of 0.001 s

-1

 to 0.1 s

-1

: 

12 27.8

124600

4.48 10 [sinh (0.00567 )] exp ( )

RT

ε α= ×     −

�

 

And deformation is controlled by dislocation climb. 

4) The m value increases with the increase of the tem-

perature. The maximum m value is 0.11 in the strain of 0.3 

at 300 ºC, indicating the addition of Y results in the 

activition of more slip systems.  

5) Twinning is depressed with temperature and disap-

pears until 300 ºC. At 300 ºC, dynamic recrystallization is 

observed, and it is promoted by lower strain rate. 
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