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Abstract: Base on the Gleeble-3500 thermo mechanical simulator, the real stress-strain data of C71500 cupronickel alloy in 

isothermal compression test were obtained in the temperature range of 1073~1273 K and strain rate range of 0.01~10 s

-1

. 

Johnson-Cook, modified Johnson-Cook, modified Zerilli-Armstrong, Arrhenius-type, Fields-Backofen-Zhang and Zhou-Guan 

models were used to regress the constitutive equation of high temperature flow stress. The applicability of the six models was 

evaluated by comparing the accuracy, correlation coefficient (R), root mean square error (RMSE), average absolute relative error 

(AARE), the number of uncertainty and the time consuming for calculation of these parameters. According to the fitting results of 

parameters and time consumption, the Zhou-Guan model is the best for predicting the deformation resistance of C71500 alloy at 

different strain rates and temperatures. The most suitable thermal deformation constitutive equation of C71500 alloy is established, 

which will provide the basic data for the design of the hot working process and the simulation analysis of the thermal deformation 

process of the alloy. In addition, this research can provide important reference in the same field. 
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Cupronickel alloys (primarily C70600, C71000 and C71500) 

are commonly utilized as the engineering materials for the 

manufacture of ship condensing pipes

[1]

, the heat exchanger of 

coastal power plant, the pipes of desalination plant, the hull 

and some marine engineering applications, because of their 

good corrosion resistance

[2-10]

, fine mechanical working 

ability

[11,12]

, good ductility, excellent conductivity and thermal 

conductivity, and excellent antifouling performance in the sea 

water. According to the statistics, the consumption of 

cupronickel alloy in merchant and military ships accounts for 

2%~3% of the total mass

[13]

. 

In the process of the hot deformation, the constitutive 

equation of materials is complex, and the hardening and 

softening processes of alloys are significantly affected by 

strain rate, strain and distortion temperature

[14]

. Thus, a fully 

understanding of the flow behavior of the material is strongly 

necessary for designing the processes of hot working

[15]

. The 

description of rheological process only uses a few parameters 

by empirical and semi-empirical models, which are widely 

used to predict the thermal deformation behavior of metal 

materials. These models include Johnson-Cook

[16]

, modified 

Johnson-Cook

[17]

, modified Zerilli-Armstrong

[18,19]

, Arrhenius- 

type

[20-22]

, Fields-Backofen

[23-26]

, Fields-Backofen-Zhang

[27]

, 

Zhou-Guan

[28]

, and Khan-Huang-Liang

[29]

 models, etc. Since 

the validation of these models are based on the steel

[30,31]

, 

titanium

[32]

, aluminum

[33]

 and magnesium alloys

[34]

, the appli- 

cability of cupronickel alloy needs to be verified. Although 

some scholars

[35,36]

 have analyzed the constitutive model of 

cupronickel alloy, they all adopted just a single model. 

In this research, six common models are used to analyze the 



4130                           Gao Xin et al. / Rare Metal Materials and Engineering, 2020, 49(12): 4129-4141 

deformation resistance of C71500 cupronickel alloy, and the 

correlation coefficient (R), root mean square error (RMSE) and 

average absolute relative error (AARE) are employed to verify 

the practicability of the models and to find out the most 

suitable one for cupronickel alloy. With the complexity of the 

section shape and the improvement of processing speed, the 

tonnage of thermal processing equipment for cupronickel 

alloy increased. The accuracy of rheological stress model can 

provide a theoretical basis for the selection and verification of 

thermal deformation equipment. 

1  Experiment 

The material used in this study was C71500 cupronickel 

alloy with lower C, O and S element content. The chemical 

composition was: 30.54wt% Ni, 0.93wt% Mn, 0.80wt% Fe 

and balance Cu. The compression test was carried out using a 

cylindrical specimen with the height of 15 mm and diameter 

of 10 mm. The isothermal hot compression test was carried 

out on a Gleeble-3500 thermo-simulation system. The test 

temperature range was 1023~1273 K, the interval was 50 K 

and the true strain rate was 0.01, 0.1, 1 and 10 s

-1

. The 

reduction in height was 50% of the original by the end of the 

compression tests. The detailed experimental procedure is 

shown in Fig.1. Each specimen was heated to 1323 K at a rate 

of 10 K/s, held for 3 min to make the sample uniformly heated, 

and then cooled at a rate of 5 K/s to reach the isothermal 

conditions for 30 s before compression tests. The true 

stress-strain curve obtained from the test is shown in Fig.2. 

The deformation resistance of C71500 alloy decreases with 

the increase of temperature and deformation rate, which 

conforms to the law of dynamic recovery and recrystallization 

of metal materials. However, the dynamic recrystallization of 

the material is very small, which shows that the stress does not 

decrease obviously with the increase of the strain, so it is more 

significant to choose an appropriate constitutive equation. 

2  Results 

2.1  J-C model 

The Johnson-Cook (J-C) model can be indicated as 

follows

[16]

: 

σ=(A+Bε

n

)(1+Clnε

�

)(1−T

*m

)                        (1) 

where σ, ε, A, B, and n are the equivalent flow stress (MPa),  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Experimental procedure of hot compression test for C71500 

alloy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  True stress-strain curves of C71500 alloy at different temperatures and strain rates: (a) 0.01 s

-1

, (b) 0.1 s

-1

, (c) 1 s

-1

, and (d) 10 s

-1

 

T
e
m

p
e
r
a
t
u

r
e
/
K

 

Time/s 

10 K/s 

5 K/s 

1323 K, 3 min 

30 s 

T=1023~1273 K, ε=70% 

-1

0.01,  0.1,  1,  10 sε =

�

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0

50

100

150

T
r
u

e
 
S

t
r
e
s
s
/
M

P
a

 

 

1223 K

1073 K

1123 K

1173 K

1273 K

1023 K

a

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0

50

100

150

200

250

 

 

1223 K

1073 K

1123 K

1173 K

1273 K

1023 K

b

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0

50

100

150

200

250

T
r
u

e
 
S

t
r
e
s
s
/
M

P
a

True Strain

 

 

1223 K

1073 K

1123 K

1173 K

1273 K

1023 K

c

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0

50

100

150

200

250

300

1223 K

1123 K

1073 K

1173 K

1273 K

True Strain

 

1023 K

d



                            Gao Xin et al. / Rare Metal Materials and Engineering, 2020, 49(12): 4129-4141                           4131 

 

plastic strain, yield stress, strain hardening coefficient, and 

strain hardening exponent, respectively; C and m are the strain 

hardening rate and thermal softening exponent coefficient, 

respectively; 

*

0

/ε ε ε=

� � �

 is the dimensionless strain rate    

( ε

�

 is the strain rate and ε

�

0

 is the reference strain rate); 

T

*

=(T–T

r

)/(T

m

–T

r

), where T, T

m

, and T

r

 are the absolute, 

melting and reference temperatures, respectively. 

The temperature of 1023 K is taken as reference 

temperature (T

r

) and the strain rate of 1 s

-1

 is assumed to be 

the reference strain rate ( ε

�

0

) to acquire the material constants 

of the J-C model. A can be measured as 58.5926 MPa and T

m

 

is 1468.7 K. The material constants of the J-C model can be 

easily evaluated by measuring stress-strain data. 

2.1.1  Calculation of n and B 

Eq.(1) can be expressed as follows at the reference 

temperature and reference strain rate: 

( )

n

A B= +σ ε                                  (2)

 

Take logarithm on both sides of Eq.(2): 

ln( ) ln lnA B n− = +σ ε                           (3)

 

By substituting the stress and strain values into Eq.(3), the 

relationship between ln( )A−σ  and lnε  can be obtained, 

as shown in Fig.3. Through linear-regression analysis of the 

ln( ) - lnA−σ ε  plots, the values of n and B can be obtained 

as 0.236 57 and 183.4771 MPa, respectively. 

2.1.2  Calculation of C 

Eq.(1) can be expressed as follows when the deformation 

temperature is 1023 K and T

*

=0 without flow softening term: 

*

1 ln

( )

n

C ε

A Bε

= +

+

�

σ

                           

(4)

 

By selecting series of strain (0.1~0.6), the relationship 

between σ/(A+Bε

n

) and lnε

�

 can be analyzed, as shown in Fig.4. 

The material constant C obtained by linear fitting method is 

0.077 16. In Fig.4, only the average fitting line is shown. 

2.1.3  Determination of m 

At reference strain rate of Eq.(1),  

*

(1 )

( )

m

n

σ

T

A Bε

= −

+

                          (5)

 

Take logarithm on both sides of Eq.(5): 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Relationship between ln(σ−A) and lnε 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Relationship between σ/(A+Bε

n

) and lnε

�

*

 

 

*

ln 1 ln

( )

n

σ

m T

A Bε

 

− =

 

+

 

                       

(6) 

The relationship between ln[1−σ/(A+Bε

n

)] and lnT

*

 can be 

obtained by substituting four different deformation tempe- 

ratures (1123, 1173, 1223 and 1273 K) and the corresponding 

flow stresses under different strains into Eq.(6), as shown in 

Fig.5. Thus, the material constant m can be gained as 0.6073 

by linear fitting method. 

The material constants based on the J-C model are listed in 

Table 1. Hence, the specific constitutive equation based on J-C 

model is as follows: 

{ }

0.236 57

0.6073

(58.5926 183.4771 )(1 0.077 16ln )

     1 [( 1023) / 445.7]

σ ε ε

T

= + + ×

− −

�

    

(7) 

The comparison of flow stress-strain curves between 

measured and predicted data by the J-C model at different 

strain rates is shown in Fig.6.

 

2.2  M-J-C model 

Considering the yield and strain hardening portion in the 

J-C model and the coupling effects of the temperature and 

strain rate on the flow behavior, the modified Johnson-Cook 

(M-J-C) model can be described as follows

[17,37-40]

:  

σ

 

=(A

1

+B

1

ε+B

2

ε

2

)(1+C

1

lnε

�

*

)exp[(λ

1

+λ

2

lnε

�

)T

*

]         (8) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Relationship between ln[1 /( )]

n

σ A Bε− + and lnT
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Table 1  Parameters obtained by the J-C model 

T

r

/K T

m

/K A/MPa n B C m 

1023 1468.7 58.5926 0.236 57 183.4771 0.077 16 0.6073 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Comparison of flow stress between measured and predicted 

data by J-C model: (a) 0.01 s

-1

 and 0.1 s

-1

; (b) 1 s

-1

 and 10 s

-1

 

 

The meaning of σ, ε, ε

�

*

, ε

�

, ε

�

0

, T

*

=T–T

r

, T and T

r

 

are the 

same as that of the J-C model. A

1

, B

1

, B

2

, C

1

, λ

1

, and λ

2

 are the 

material constants. 

Similarly, the same T

r

 

and ε

�

0

 are used to evaluate the 

material constants of the M-J-C model. 

2.2.1  Determination of A

1

, B

1

 and B

2

 

At reference temperature and strain rate (T

*

=0, ε

�

*

=1), Eq.(8) 

can be expressed as follows: 

σ=(A

1

+B

1

ε+B

2

ε

2

)                                (9) 

The relationship between σ and ε can be obtained by 

substituting the flow stress data obtained from the thermal 

compression test under different process conditions into 

Eq.(9), as shown in Fig.7. Then the values of A

1

, B

1

 and B

2

 can 

be evaluated as 136.8453, 293.9874 and −279.723 MPa, 

respectively. 

2.2.2  Determination of C

1

 

At reference temperature, Eq.(8) can be expressed as follows: 

*

1

2

1 1 2

(1 ln )

σ

C ε

A B ε B ε

= +

+ +

�

                    (10)

 

The relationship between 

2

1 1 2

/( )σ A B ε B ε+ +  and 

*

ln ε

�

 

can be obtained by substituting different strain rates and corre- 

sponding stresses into Eq.(10), as shown in Fig.8. Thus, the 

material constant C

1

 can be obtained as 0.073 09 by linear fitting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Relationship between σ and ε at the deformation temperature 

of 1023 K and strain rate of 1 s

-1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Relationship between
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2.2.3  Determination of λ

1

 and λ

2

 

A new parameter λ was introduced: 

λ=λ

1

+λ

2

*

ln ε

�

                                   (11) 

The λ is a function of strain rate, i.e., Eq.(8) can be 

expressed as 

*

2 *

1 1 2 1

e

( )(1 ln )

λT

σ

A B ε B ε C ε

=

+ + +

�

                (12) 

Take the logarithm on both sides of Eq.(12), 

*

2 *

1 1 2 1

ln

( )(1 ln )

σ

λT

A B ε B ε C ε

 

=

 

+ + +

 

�

            (13)

 

The relationship between 

2 *

1 1 2 1

ln[ /( )(1 ln )]σ A B ε B ε C ε+ + +

�

 

and T

*

 

can be obtained at different strain rates, strain and 

deformation temperatures, as shown in Fig.9. Then, 

*

( 0.01)ε

λ

=

�

, 

*

( 0.1)ε

λ

=

�

, 

*

( 1)ε

λ

=

�

 and 

*

( 10)ε

λ

=

�

is −0.004 37, −0.003 83, −0.002 74 

and −0.002 43 when 

*

ε

�

 are 0.01, 0.1, 1 and 10, respectively 

(Fig.10).  

According to Eq.(11), the values of λ

1

 and λ

2

 can be derived 

from the slope of the line λ–

*

ln ε

�

as –0.003 and 0.000 300 097, 

respectively. 

The material constants based on the M-J-C model for C71500
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alloy are given in Table 2. Finally, the specific constitutive 

equation based on M-J-C model can be obtained as follows: 

2 *

*

(136.845 28 293.9874 279.723 )(1 0.073 09ln )

     exp[( 0.003 0.000 300 097ln ) ]

σ ε ε ε

ε T

= + − + ×

− +

�

�

(14) 

The comparison of flow stress-strain curves of measured and 

predicted data by the M-J-C model at different strain rates is 

shown in Fig.11. 

2.3  Modified Z-A model 

In contrast, the Zerilli-Armstrong (Z-A) model has different 

expressions for different crystal structures. It is suited for 

body-centered cube (bcc) and face-centered cube (fcc) metals. 

The crystal structure of C71500 alloy is fcc and the expression 

is as follows

[18]

: 

Table 2  Fitting parameters for the M-J-C model 
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Fig.11  Comparison of flow stress of measured and predicted data by 

the M-J-C model: (a) 0.01 s
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 and 0.1 s

-1

; (b) 1 s
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 and 10 s
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σ=A

0

+A

1

ε

n

exp(–A

2

T+A

3

Tlnε

�

)                     (15) 

where σ, ε, ε

�

 

and T

 

are the same meaning as those in Eq.(1); 

A

0

 is the thermal component of yield stress; A

1

, A

2

, A

3

 and n are 

the material parameters. 

The modified Z-A model for predicting high temperature 

flow behavior of material can be represented as follows

[19]

: 

σ=(C

1

+C

2

ε

n

)exp[–(C

3

+C

4

ε)T

*

+(C

5

+C

6

T

*

)lnε

�

*

]        (16) 

where ε

�

*

=ε

�

/ε

�

0

 is the dimensionless strain rate with ε

�

 being the 

strain rate and ε

�

0

 being the reference strain rate, respectively; 

T

*

=T–T

r

, T and T

r

 

are the current and reference temperatures, 

respectively; C

1

, C

2

, C

3

, C

4

, C

5

, C

6

 and n are material constants. 

The reference temperature and strain rate are just the same 

as the previous model. According to Eq.(16), material 

constants can be gained when ε

�

*

=1. 

σ=(C

1

+C

2

ε

n

)exp[–(C

3

+C

4

ε)T

*

]                    (17) 

Take natural logarithm on both sides of Eq.(17): 

lnσ=ln(C

1

+C

2

ε

n

)–(C

3

+C

4

ε)T

*

                     (18) 

By substituting the obtained experimental flow stress data 

into Eq.(18), the relationship between lnσ

 

and T

*

 is shown in 

Fig.12. The values of ln(C

1

+C

2

ε

n

) and –(C

3

+C

4

ε) can be gained 

from the intercept I

1

=5.417 47 and the slope S

1

=−0.002 91, 

respectively. Therefore,  

I

1

= ln(C

1

+C

2

ε

n

)                                        (19) 

Eq.(19) can be derived: 

ln(expI

1

–C

1

)=lnC

2

+nlnε                         (20) 

where C

1

 is the yield stress at T=1023 K and ε

�

*

=1. By 

substituting C

1

 into Eq.(20), C

2

=5.0753 and n=0.349 68

 

can be 

calculated from the intercept and slope of the relationship 

between ln(expI

1

–C

1

) and lnε shown in Fig.13. 

Similarly, the slope represented by Eq.(18) can be written as: 

S

1

=–(C

3

+C

4

ε)                                          (21) 

The relationship between S

1

 and ε is shown in Fig.14. 

Therefore, from Fig.14, −C

3

, and −C

4

 can be obtained as the 

intercept and slope, respectively. 

Take natural logarithm on both sides of Eq.(16): 

lnσ=ln(C

1

+C

2

ε

n

)–(C

3

+C

4

ε)T

*

+(C

5

+C

6

T

*

)lnε

�

*

         (22) 

The lnσ

 

and lnε

�

*

 plot gives the value of C

5

+C

6

T

*

 as the slope 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12  Relationship between lnσ

 

and T

*

 at reference strain rate of 0.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13  Relationship between ln(expI

1

–C

1

) and lnε for Z-A model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.14  Relationship between S

1

 and ε 
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2

 shown in Fig.15. For different temperatures, the slope S

2

 can 

be represented as follows: 

S

2
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5
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6

T

*

                                  (23) 

C

5

=0.084 46 and C

6

=0.000 300 125 can be calculated from 

the relationship between S

2

 and T

*

 in Fig.16. The material 

constants for the modified Z-A model are listed in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.15  Relationship between lnσ

 

and lnε
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Fig.16  Relationship between S

2

 and T

* 

 

Then the specific constitutive equation based on modified 

Z-A model is: 

0.349 68 *

* *

(97.069 55 160.020 19 )exp[ (0.0024 0.000 965 455 )

     +(0.084 46 0.000 300 125 )ln ]

σ ε ε T

T ε

= + − +

+

�

(24) 

The comparison of flow stress-strain curves of measured 

and predicted data by the modified Z-A model is shown in 

Fig.17. 

2.4  Constitutive Arrhenius-type model 

Arrhenius-type equation

[20,21]

 is widely used in high 

temperature deformation, which includes the relationship 

among strain rate, forming temperature and flow stress: 

exp

Q

Z ε

RT

 

=

 

 

�

                                       (25) 

Z=AF(σ)                                               (26) 

where 

1

,  0.8

( ) exp( ),  1.2

[sinh( )] ,  for all  

n

n

σ ασ

F σ βσ ασ

ασ ασ



<



= >







                       (27) 

 

Table 3  Parameters for the modified Z-A model 

C

1

 C

2

 C

3

 C

4

 C

5

 C

6

 n 

97.069 55 160.020 19 0.0024 0.000 965 455 0.084 46 0.000 300 125 0.349 68 

 

1

1

2

exp ,  0.8

exp( )exp ,  1.2

[sinh( )] exp ,  for all  

n

n

Q

Aσ ασ

RT

Q

ε A βσ ασ

RT

Q

A ασ ασ

RT



 

− <

 



 





 

= − >



 

 





 

−



 

 



�

             (28) 

where 

ε

�

, R, T, Q and σ is the strain rate (s

-1

), gas constant 

(8.314 J/(mol·K)), absolute temperature (K), activation energy 

of hot deformation (kJ/mol) and characteristic stress (MPa), 

respectively; A, α, β, n and n

1

 are all the material constants, 

α=β/n

1

[22]

, and A

1

 and A

2

 are related to temperatures. 

Power law and exponential law can be used at low stress 

level (ασ<0.8) and high stress level (ασ>1.2), and hyperbolic 

sine law can be applied to the whole stress range. 

Take the logarithm of both sides of Eq.(28), the following 

formula can be obtained: 

1 1

ln ln ln

Q

ε A n σ

RT

 

= + + −

 

 

�

                          (29) 

2

ln ln

Q

ε A βσ

RT

 

= + + −

 

 

�

                            (30) 

ln ln ln[sinh( )]

Q

ε A n ασ

RT

 

= + + −

 

 

�

                   (31) 

The values of material constant n

1

=6.794 147 and β=0.0552

 

MPa

-1

 can be obtained from the average slope of the line using 

linear regression method in Fig.18a and 18b. Therefore the 

value of α=β/n

1

=0.008 125

 

MPa

-1

. 

From the linear curve of ln - ln[sinh( )]ε ασ

�

 at different 

temperatures, n=5.732 93 can be fitted by the average slope of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.17  Comparison of flow stress between measured and predicted 

data by modified Z-A model: (a) 0.01 s

-1

 and 0.1 s

-1

; (b) 1 s

-1

 

and 10 s

-1

 

 

linear regression analysis, as shown in Fig.18c.  

ln

ln[sinh( )]

T

ε

n

ασ

 

∂

=

 

∂

 

�

                                 (32) 
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Fig.18  Relationship of ln - lnε σ

�

(a), ln -ε σ

�

(b), ln - ln[sinh( )]ε ασ

�

(c), and ln[sinh( )] -1/ασ T (d) 

 

S is the mean slope of plots of ln[sinh( )] -1/ασ T at various 

strain rates, which equals 6.349 38, as shown in Fig.18d. 

ln[sinh( )]

(1/ )

ε

ασ

S

T

 

∂

=

 

∂

 

�

                                 (33) 

Given the strain rate, activation energy Q can be expressed 

as:  

Q=RnS                                                (34) 

The calculated average value of Q is 300.4839 kJ/mol. In 

addition, A=2.900 25×10

12

 s

-1

 can be easily obtained from 

linear fitting of ln[sinh( )] - lnασ Z

 

with substituting 

previously estimated Q into Eq.(28), as shown is Fig.19. 

In Eq.(28), it is considered that the influence of strain on 

high-temperature flow behavior is not significant, so it can be 

ignored. However, related studies have shown that in the entire 

strain range, strain has significant influence on the material 

constants (i.e. α, n, Q and lnA), as illustrated in Fig.20. In 

ZHMn34-2-2 manganese brass

[41]

, BFe10-1-2 alloy

[36]

, 

AZ61Mg alloy

[42]

, α-Ti alloy

[27]

 and Cu-Zr-Ce alloy

[31,43]

, the 

similar strain effect was observed. Therefore, the flow stress 

can be predicted more accurately after considering the strain 

compensation.  

Strain compensation is widely used for improving the 

prediction accuracy

[19,44,45]

. The polynomial function is applied 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.19  Relationship between ln[sinh( )] - lnασ Z  

 

to fit the material constants, and the fitting accuracy is 

determined according to the correlation and accuracy. The 

fifth order polynomial has good correlation and generalization, 

as shown in Eq.(35). And the coefficient values of polynomial 

function are listed in Table 4. 
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Fig.20  Variation of material constants α

 

(a), n (b), Q (c), and lnA (d) with strain 

 

Table 4  Polynomial coefficients of the fitted material constants α, n, Q and lnA for constitutive Arrhenius-type model 

α n Q lnA 

α

0

=0.012 25 n

0

=8.112 13 Q

0

=315.872 38 A

0

=30.825 67 

α

1

=−0.045 69 n

1

=−16.175 69 Q

1

=−1352.8236 A

1

=−144.366 62 

α

2

=0.204 35 n

2

=51.790 23 Q

2

=9951.515 23 A

2

=1063.740 14 

α

3

=−0.463 03 n

3

=−81.972 98 Q

3

=−32 045.921 07 A

3

=−3452.885 04 

α

4

=0.524 68 n

4

=46.516 22 Q

4

=47 447.110 28 A

4

=5155.241 18 

α

5

=−0.235 67 n

5

=2.182 05 Q

5

=−26 323.2364 A

5

=−2881.811 94 

 

From Eq.(25) and (28), the constitutive equations of related 

materials can be obtained as follows: 

1/ 2

1/ ( ) 2 / ( )

1

ln 1

( ) ( ) ( )

n ε n ε

Z Z

σ

α ε A ε A ε

 

 

   

 

= + +

 

 

   

    

 

 

 

       

(36) 

The comparison of flow stress-strain curves of experimental 

and predicted data by the constitutive Arrhenius-type model is 

shown in Fig.21. 

2.5  Modified F-B-Z model 

The flow stress value predicted by Fields-Backofen-Zhang 

(F-B-Z) model at high strain rate shows the disadvantage of 

large deviation. Lin et al

[27]

 added the strain rate term (u) to 

this model, which is called the modified F-B-Z model, as 

shown in Eq.(37): 

exp( )

n m

σ Kε ε bT sε uε= + +

� �

                           (37) 

where K, n and m are the strength, strain hardening and strain 

rate sensitivity exponent, respectively; s is softening item; b is 

temperature item. 

Assuming that the relationship between flow stress and true 

strain in plastic deformation stage satisfies Eq.(37), then 

Eq.(37) can be expressed as 

ln ln ln lnσ K n ε m ε bT sε uε= + + + + +

� �

               (38) 

Multivariate linear regression analysis is performed to 

obtain the parameters in Eq.(38). The material constants of the 

modified F-B-Z model are listed in Table 5. 

Then the constitutive equation based on modified F-B-Z 

model can be obtained as follows: 

0.247 53 0.122 25

6661.061

     exp( 0.002 94 0.414 57 0.011 52 )

σ ε ε

T ε ε

= ×

− −

�

�

�

       

(39) 

The comparison of flow stress-strain curves of experimental 

and predicted data by modified F-B-Z model is shown in Fig.22. 

2.6  Zhou-Guan model 

Zhou-Guan (Z-G) model

[28]

 is widely used to express the 

 

Table 5  Parameters of the modified F-B-Z model for the pre- 

diction of the high temperature flow stress of C71500 alloy 
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Fig.21  Experimental and predicted flow stress by strain compensated 

Arrhenius-type equation at different strain rates: (a) 0.01 s

-1

 

and 0.1 s

-1

; (b) 1 s

-1

 and 10 s

-1

 

 

relationships among the strain rate, forming temperature and 

flow stress, especially for steel: 

0 T ε ε

σ σ X X X=

�

                             (40) 

with: 

1 2

e

a a T

T

X

+

=  

3 4

10

a T a

ε

ε

X

+

 

=

 
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�

�

 

5

6 6

( 1)
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a

ε

ε ε

X a a

   

= − −

   

   

 

273

1000

t

T

+

=  

where σ

0

 is the datum deformation resistance, i.e., deformation 

resistance at 1023 K, ε=0.02 and ε =

�

1 s

-1

, which equals to 

165.75 MPa; t is the deformation temperature (°C); a

1

~a

6

 are 

material parameters. 

The stress-strain curve data obtained from the experiment 

are brought into the model, and the data are regressed by 

Origin 9 software. The regression coefficients of the model are 

shown in Table 6.  

Then the specific constitutive equation based on Z-G model 

can be obtained as follows: 

0.286 79 0.214 81

2.331 57 2.550 14

0.262 11

165.75e

10

       1.244 25 1.244 25

0.4 0.4

T
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ε ε
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− +
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= × ×
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 

 

   

−

 

   

   

 
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�

           (41) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.22  Experimental and predicted flow stress by modified F-B-Z 

model at different strain rates: (a) 0.01 s

-1

 and 0.1 s

-1

; (b) 1 s

-1

 

and 10 s

-1

 

 

Table 6  Parameters of the Z-G model for predicting high tem- 

perature flow stress of C71500 alloy 

σ

0

 a

1

 a

2

 a

3

 a

4

 a

5

 a

6

 

165.75 −2.331 57 2.550 14 0.286 79 −0.214 81 0.262 11 1.244 25 

 

The comparison of flow stress-strain curves of experimental 

and predicted data by the Z-G model is shown in Fig.23. 

3  Discussion 

Correlation coefficient (R), root mean square error (RMSE) 

and

 

average absolute relative error (AARE) are introduced to 

verify the prediction effectiveness of the mentioned 

constitutive equations: 
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where E and P are the experimental flow stress and the 

predicted value; E  and P  are the mean values of E and P; N 

is the total number of result obtained from the experiment. 
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Fig.23  Experimental and predicted flow stress by strain compensated Z-G model at different strain rates: 

(a) 0.01 s

-1

 and 0.1 s

-1

; (b) 1 s

-1

 and 10 s

-1

 

 

The correlation coefficient represents the strength of the 

linear relationship between the measured and the calculated 

values. However, a higher R value may not necessarily indicate 

a better fitting relationship, because the variation trend of the 

equation may have deviation. RMSE and AARE are calculated 

by comparing the relative errors one by one. Smaller the values 

of RMSE and AARE, better the predictability of the 

representative equation. The R, RMSE and AARE values under 

different constitutive models are listed in Table 7.

 

It can be seen from Table 7 that the R values of other models 

are above 0.98 except for J-C and Z-A models, which indicates 

that the M-J-C, Arrhenius-type, F-B-Z and Z-G models can well 

describe the linear trend of C71500 alloy, and Z-G model shows 

better correlation considering RMSE and AARE. From the 

correlation of M-J-C and Z-G models in Fig.24b and 24f, it can 

be seen that the fitting results of M-J-C model are more accurate 

at low strain rate, but when the strain rate reaches 10 s

-1

, the 

calculated results of Z-G model are much different from the 

actual ones, and the calculated results of Z-G model are better 

than those of the M-J-C model at higher strain rate. Considering 

the number of parameters of the model, it is relatively easy to 

calculate the parameters of other models except Arrhenius-type 

model with 5~7 parameters. Therefore, the Z-G model is more 

accurate and faster for predicting the flow stress of C71500 alloy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.24  Correlation between the experimental and predicted flow stress values by J-C model (a), M-J-C model (b), Z-A model (c), Arrhenius-type 

model (d), F-B-Z model (e), and Z-G model (f) 
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Table 7  R, RMSE and AARE values under different constitutive models 

Parameter J-C M-J-C Z-A Arrhenius F-B-Z Z-G 

R 0.923 66 0.985 78 0.979 90 0.982 69 0.980 43 0.983 85 

RMSE/MPa 34.333 71  10.743 95 11.339 58 10.057 42 10.944 74 9.469 51 

AARE/% 21.434 95  6.470 11 7.266 43 7.076 61 7.908 58 6.238 45 

 

4  Conclusions 

1) The fitting results of the thermal deformation behavior of 

C71500 alloy in the temperature range of 1023~1273 K and 

the strain rate range of 0.01~10 s

-1

 through Johnson-Cook, 

modified Johnson-Cook, modified Zerilli-Armstrong, Arrhenius- 

type, Fields-Backofen-Zhang and Zhou-Guan models are 

obtained. The six models can well describe the linear trend of 

C71500 alloy. 

2) Using correlation coefficient (R), root mean square error 

(RMSE) and average absolute relative error (AARE) to verify 

the predictive effectiveness of different constitutive equations, 

the results show that Z-G model has a better correlation. 

3) Zhou-Guan model has better prediction performance for 

deformation resistance of C71500 alloy at various strain rates 

and temperatures according to the fitting results, the number 

of model parameters and the fitting operation time. 
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