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Abstract: Tensile stress−strain curves of five metallic alloys, i.e., SKH51, STS316L, Ti−6Al−4V, Al6061 and Inconel600 were 
analyzed to investigate the working hardening behavior. The constitutive parameters of three constitutive equations, i.e., the 
Hollomon, Swift and Voce equations, were compared by using different methods. A new working hardening parameter was proposed 
to characterize the working hardening behavior in different deformation stages. It is found that Voce equation is suitable to describe 
stress−strain curves in large strain region. Meanwhile, the predicting accuracy of ultimate tensile strength by Voce equation is the 
best. The working hardening behavior of SKH51 is different from the other four metallic alloys. 
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1 Introduction 
 

It is significant to predict plastic deformation in 
describing stress−stain curve by using constitutive 
equation. Furthermore, applying appropriate constitutive 
equation is especially important to predict tensile 
properties and to access structural integrity during 
service [1]. Classical constitutive equations include 
Hollomon [2], Voce [3], Ludwigson [4] equations and so 
on. More recently, a “H/V” hardening model [5] was 
introduced, which combined Hollomon and Voce forms 
by a linear weight temperature-dependent factor. Many 
researchers [6−9] took strain rate and temperature into 
account to study constitutive equations of metallic alloys. 
Power-law type constitutive equations are more suitable 
for describing tensile stress−strain curves of body- 
centered cubic (BCC) metals [5]. Exponential-type 
constitutive equations are suitable for describing tensile 
stress−strain curves of most face centered cubic (FCC) 
metals at room temperature [10]. All classical 
constitutive equations failed to describe working 
hardening behavior accurately in two distinct stages, and 
then a piecewise Ramberg−Osgood equation was 
proposed [11]. SAMUEL [12] revealed the limitations of 
Hollomon and Ludwigson equations in assessing strain 

hardening parameters of stainless steel, aluminum, pure 
nickel, etc. SAINATH et al [13] studied the applicability 
of Voce equation in describing tensile working hardening 
behavior of P92. As the characteristics of working 
hardening behavior vary during plastic deformation of 
some materials, empirical and phenomenological 
constitutive equations may not describe stress−strain 
curves well. 

Efforts were made to study the nature of working 
hardening behavior [14,15] in plastic deformation. In the 
course of plastic deformation of a metal, dislocations 
always move simultaneously and some of them compete 
with each other. Therefore, dislocations motion is the 
physical nature of working hardening. MONTEIRO and 
REED-HILL [16] investigated the two deformation 
stages in stress−strain curve of pure titanium, and 
concluded that the growth of uniform dislocation 
distribution and cell structure formation are responsible 
for the two deformation stages, respectively. Due to a 
more complex post-yield behavior, simplified empirical 
equations cannot precisely describe the stress−strain 
curve. However, UGent models can successfully describe 
it by using piecewise fitting [17]. In plain carbon steels, 
the n value depends only on the interparticle spacing of 
cementite, which is related to two parameters, the 
volume fraction and the particle size. Strain hardening 
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and softening processes are competitive during the 
plastic deformation and the generation and annihilation 
of dislocation happen. Therefore, metallic alloy presents 
different hardening stages in the working hardening 
rate−stress curve [18]. A Kocks−Mecking type curve [14] 
of strain hardening rate versus net flow stress presents 
different deformation stages for different materials. 
These stages occurred in Kocks−Mecking type are 
related to dislocation mobility, cross-slip of dislocations, 
dynamic recovery and microstructure characteristics [19]. 
A very convenient method to distinguish deformation 
stages in the stress−strain curves is the Crussard−Jaoul 
(CJ) analysis where dσ/dεp−εp data are plotted in lg−lg 
coordinates. Constitutive parameters play a great role in 
estimating some mechanical properties, such as yield 
strength (YS), ultimate tensile strength (UTS) and 
fracture strain. The exponent n plays a crucial role in 
sheet metal forming. Therefore, microstructure evolution 
during work hardening is closely related to the 
manufacture and application of materials. 

It is very important to notice that constitutive 
equation is crucial to predict the plastic deformation. It 
can be embedded in the finite element method 
simulations. Therefore, great attention should be given to 
the constitutive parameters of working hardening 
behavior. In this work, different deformation stages were 
distinguished in three coordinate transformations and 
then piecewise fitting was applied to investigate the 
working hardening behavior. In addition, the constitutive 
parameters of three typical constitutive equations for five 
metallic alloys were investigated. A new working 
hardening parameter was applied to compare the working 
hardening behavior in different deformation stages. 
Furthermore, the predictive accuracy of YS and UTS by 
using different methods was discussed. 
 
2 Methods 
 
2.1 Constitutive relations 

One of the important empirical equations to 
characterize stress−strain curves of metallic alloy is 
Hollomon power law:  

H
H p

nK                                    (1) 
 
where KH is the strength coefficient and nH is the strain 
hardening exponent. 

If experimental stress−strain curve follows the 
Hollomon equation, it can be recognized as a straight 
line in such two equations [11]:  
lg σ=lg KH+nHlg εp                                            (2)  
lg θ=lg(KHnH)+(nH−1)lg εp                                  (3)  
where θ is working hardening rate; nH and KH can be 
determined from slope and intercept of ordinate in   
Eqs. (2) and (3). 

Since a good approximation is only restricted to the 
area of large plastic strain, the Hollomon equation is too 
simplistic to describe the full-range behavior of some 
metals. SWIFT [20] proposed another power-law 
equation, introducing a parameter ε0, which accounts for 
a possible pre-strain: 
 

s
s p 0( )nK                                (4) 

 
where ns and Ks are strain hardening exponent and 
strength coefficient. If experimental stress−strain curve 
follows the Swift equation, the stress−strain curve in a 
double logarithmic plot of θ against σ related to 
“modified C−J analysis” [16] is linear, and it is expressed 
as 
 

lg θ= s1/
s s

s

1
lg( ) (1 )nn K

n
  lg σ                   (5) 

 
According to this equation, ns and sK  can be 

determined from the slope and intercept. However, ε0 
cannot be obtained from linear fitting of Eq. (5). 

Hollomon and swift equations both follow power 
law, while Voce [3] proposed an exponential relation 
which is fundamentally different from power-law type 
models. It is expressed as 
 
σ=σ0−σ0Aexp(−βεp)                           (6) 
 
where σ0 is saturation stress and A, β are material 
coefficients. In Eq. (6) , the flow curve is deemed as a 
transient form of the flow stress from some starting value 
to the saturation value corresponding to some 
equilibrium structures under a given strain rate and 
temperature [1]. This equation is applicable to 
characterize the material that follows a linear relation in 
a plot of θ−σ referred to Ref. [21]:  
θ=β(σ0−σ)                                   (7)  

This equation can determine the coefficients σ0 and 
β from the slope and intercept. A cannot be obtained 
from the linear fitting of this equation. Voce-type models 
approach a saturation stress at large strain, while 
power-law models are unsaturated at large strain [2]. 

The three transformations (lg θ vs lg εp, lg θ vs lg σ 
and θ vs σ) are convenient to distinguish the deformation 
stages. Since some parameters (ε0 and A) cannot be 
determined by linear fitting, the original constitutive 
equations can be used to piecewise fit experimental 
stress−strain curves. In order to comprehensively 
evaluate the working hardening behavior for the 
power-law relations, we define a working hardening 
parameter χP as  

1/
1/

P
p

n
nK


 





                           (8) 

 
To predict yield strength (YS) and ultimate tensile 

strength (UTS), the calculation methods of YS and UTS 
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by three constitutive equations are summarized in Table 
1. The calculation methods of YS are based on the 
definition and the calculation methods of UTS are based 
on the instability condition:  
θ=σ                                        (9)  

Table 2 gives tensile properties of five metallic 
alloys [22] from true stress−strain curves. 
 
2.2 Fitting methods 

Tensile stress strain curves [22] of five metallic 
alloys, SKH51 (carbon steel), STS316L (austenite-based 
stainless steel), Ti−6Al−4V (Ti alloy), Al6061 (Al alloy) 
and Inconel600 (Ni base Superalloy) were analyzed, as 
shown in Fig. 1. True total strain was transformed into 
true plastic strain by subtracting elastic strain (σt/E). 
Then, data fitting was processed with least square 
regression. Fitting data points were chosen from YS to 
UTS in full range fitting. Additionally, data points of 
piecewise fitting were chosen from different deformation 
stages. To obtain reasonable results, the data points in 
three transformations of lg θ vs lg εp, lg θ vs lg σ and θ vs 
σ were smoothened. The predictive accuracy of YS and 
UTS by using piecewise fitting and full range fitting 
were compared respectively. 

Table 1 Calculation methods of yield strength and ultimate 

tensile strength by three constitutive equations 

Method Yield strength 
Ultimate tensile 

strength 

Hollomon equation σs=KH
H(0.002)n  σu= H

H
nKn  

Swift equation σs= s
s 0

nK   σu= s
s 0( )nK n 

Voce equation σs=σ0−σ0A σu=σ0β/(1+β)  

 

Table 2 Elastic modulus, yield strength and ultimate tensile 

strength data for some samples [22] 

Sample 

Elastic 

modulus/

GPa 

YS data  UTS data 

True 

strain 

Stress/ 

MPa 
 

True 

strain

Stress/

MPa

SKH51 

(tempered) 
223 0.0033 280  0.1181 785

STS316L 

(annealed) 
198 0.0035 305  0.4524 949

Ti−6Al−4V 

(solution-treated)
110 0.0104 930  0.0858 1097

Al6061 

(solution-treated)
70 0.0057 259  0.0508 298

Inconel600 

(annealed) 
170 0.0044 405  0.2715 985

 
 

 

Fig. 1 Outline of different fitting methods for experimental stress−strain data 
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In the piecewise fitting, constitutive parameters 
were obtained by original equations rather than linear 
equations. The reason is that predictive accuracy of the 
constitutive parameters from linear fitting is less accurate 
than that fitted by original equation. Generally, 
constitutive parameters fitted in deformation stage I and 
final deformation stage were used to predict YS and UTS, 
respectively. In addition, in order to make discontinuous 
points transform into continuous points in the piecewise 
fitting, a weighted fitting was used. Experimental data 
were analyzed by applying the commercial software 
Origin Pro 8.0 SRO (Origin Lab Co., MA). Table 3 gives 
all constitutive parameters and predictive accuracy by 
Hollomon, Swift and Voce equations with piecewise 
fitting and full range fitting. 
 
3 Results and discussion 
 
3.1 Analysis of deformation stages for metallic alloys 

Figure 2(a) presents true stress−true plastic strain 
curve of SKH51 and the linear fitting result for data 
points of lg σ vs lg εp. The stress−strain curve shows 
power law type strain hardening without turning point. It 
can be observed that two deformation stages occur in the 
transformation of lg θ vs lg εp (Fig. 2(b)), and three 
deformation stages exist in other two transformations of 
lg θ vs lg σ (Fig. 2(c)) and θ vs σ (Fig. 2(d)). In addition, 

there are some differences between the transition regions 
in the two transformations (lg θ vs lg σ and θ vs σ). This 
indicates that the working hardening behavior is different 
under different scales. In carbon steel, the interparticle 
spacing of cementite is considered as the mean free path 
(MFP) of dislocation motion, and the n value of metals is 
proportional to the MFP [23]. Sensitivity to stress and 
strain of materials is the reason that different deformation 
stages occur in different coordinate transformations. 

Figure 3(a) presents true stress−true plastic strain 
curve of STS316L and the linear fitting result for data 
points of lg σ vs lg εp. The true stress−true plastic strain 
curve of STS316L shows linear-type strain hardening 
and it presents obvious working hardening behavior. It 
can be observed that three deformation stages occur in 
the transformation of lg θ vs lg εp (Fig. 3(b)), while two 
deformation stages exist in other two transformations 
lg θ vs lg σ (Fig. 3(c)) and θ vs σ (Fig. 3(d)). In addition, 
there are small differences between transition regions in 
the two transformations (lg θ vs lg σ and θ vs σ), which 
are different from the transitions in the transformation of 
lg θ vs lg εp. This indicates that the working hardening 
mechanisms reflected by the two transformations of lg θ 
vs lg σ and θ vs σ are the same. The transformation from 
planar slip to cross slip systems and dynamic recovery is 
the reason why stages occur in related coordinate 
systems [12]. 

 
Table 3 Constitutive parameters in Hollomon, Swift and Voce equations fitted to stress−strain points with piecewise fitting and full 

range fitting by using original equation 

Sample Stage 
Hollomon Swift Voce 

nH KH/MPa R ns Ks/MPa ε0 R σ0 σ0*A β R 

SKH51 

I 0.312 1977 0.9992 0.316 1992 0.00013 0.9997 497 335 214 0.997 

II 0.216 1307 0.9885 0.139 1089 −0.00961 0.9999 701 438 63.4 0.9999

III − − − 0.0977 995 −0.0232 0.9998 816 336 20.9 0.9999

Full 0.230 1361 0.9778 0.204 1275 −0.0016 0.9892 760 487 47.2 0.9913

STS316L 

I 0.064 474 0.9774 0.090 520 0.00143 0.998 363 71 157 0.9937

II 0.204 830 0.9965 0.5371 1352 0.0699 0.9999 1359 1030 2.02 0.9998

III 0.390 1276 0.998 − − − − − − − − 

Full 0.333 1185 0.9552 0.524 1348 0.0636 0.9998 1365 1035 2 0.9991

Ti−6Al−4V 

I 0.00726 981 0.9939 0.0271 1089 0.00185 0.9932 957 38.8 356 0.991 

II 0.0324 1138 0.9935 0.0939 1381 0.0137 0.9999 1122 195 24.9 0.9999

III 0.0641 1291 0.9996 0.0612 1282 −0.00049 0.9998 − − − − 

Full 0.0519 1239 0.9653 0.0839 1347 0.0107 0.999 1123 194 24.7 0.9996

Al6061 

I 0.0321 314 0.9996 0.0343 318 6.00E-05 0.9996 261 25 977 0.9981

II 0.0487 343 0.9995 0.0686 367 0.00373 0.9998 303 49.4 49.8 0.9989

III 0.062 362 0.9993 − − − − − − − − 

Full 0.0505 347 0.9813 0.0738 372 0.0054 0.9985 306 49 41.5 0.9984

Inconel600 

I 0.0399 539 0.8846 0.0822 643 0.00154 0.9985 441 63.3 282 0.9955

II 0.244 1297 0.9915 0.458 1738 0.0405 0.9999 1240 832 4.50 0.9999

III 0.339 1554 0.9987 0.148 1310 −0.12 0.9995 − − − − 

Full 0.264 1351 0.9553 0.427 1670 0.0348 0.9995 1245 836 4.45 0.9997
Deformation stages 1, 2 and 3 represent piecewise fitting using original equations in different deformation stages observed from related coordinate 
transformations; ‘Full’ represents full range fitting with typical original equations 
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Fig. 2 True stress−strain curve and linear fitting in lg σ vs lg εp transformation (a), and deformation stages in lg θ vs lg εp (b), lg θ vs 

lg σ (c) and θ vs σ (d) transformations for SKH51 
 

 

Fig. 3 True stress−strain curve and linear fitting in lg σ vs lg εp transformation (a), and deformation stages in lg θ vs lg εp (b), lg θ vs 

lg σ (c) and θ vs σ (d) transformations for STS316L 
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Figure 4(a) presents true stress−true plastic strain 
curve of Ti−6Al−4V and the linear fitting result for data 
points of lg σ vs lg εp. The YS is higher, while its 
working hardening behavior is not significant. The 
reason is Ti alloys are hard-deformation materials, as 
shown in Fig. 4(a). It can be observed that three 
deformation stages occur in the two transformations of 
lg θ vs lg εp  (Fig. 4(b)) and lg θ vs lg σ (Fig. 4(c)), 
while two deformation stages exist in the transformation 
of θ vs σ (Fig. 4(d)). The deformation stages in the 
transformation of θ vs σ are different from the deforma- 
tion stages in the two transformations (lg θ vs lg εp and 
lg θ vs lg σ). This indicates that the applicability of Voce 
equation is different from the other two equations. The 
uniform dislocation multiplication and the formation of 
cell structure are the reasons why stages exist in 
corresponding coordinate transformations for pure 
titanium [16]. In addition, the growth of grain size is an 
important factor in strain hardening for Ti−6Al−4V [24]. 

Figure 5(a) presents true stress−true plastic strain 
curve of Al6061 and the linear fitting result for data 
points of lg σ vs lg εp. The true stress−true plastic strain 
curve (Fig. 5(a)) of Al6061 also presents linear-type 
strain hardening. It can be observed that three 
deformation stages occur in the transformation of lg θ vs 
lg εp (Fig. 5(b)), and two deformation stages exist in the 

two transformations of lg θ vs lg σ (Fig. 5(c)) and θ vs σ 
(Fig. 5(d)). It is similar to the deformation stages of 
STS316L. Annihilation and generation of the dislocation 
are related to the deformation stages of aluminum  
alloys [25]. 

Figure 6(a) presents true stress−true plastic strain 
curve of Inconel600 and the linear fitting result for data 
points of lg σ vs lg εp. The stress−strain curve exhibits 
obvious working hardening behavior and large plasticity. 
It can be observed that three deformation stages occur in 
the deformation stages of lg θ vs lg εp (Fig. 6(b)) and lg θ 
vs lg σ (Fig. 6(c)). In addition, two deformation stages 
exist in θ vs σ (Fig. 6(d)). The situation of deformation 
stages is similar to the deformation stages of Ti−6Al−4V. 
The difference between deformation stages is also related 
to dislocation mechanism, and the decrease of strain 
hardening index with stress is a result of dynamic 
recovery [26]. 

From the deformation stages in three coordinate 
transformations for five metallic alloys, it can be 
observed that the deformation stages of SKH51 are 
different from the other four metallic alloys. The 
difference of physical mechanism between two 
transformations (lg θ vs lg εp and lg θ vs lg σ) is the 
sensitivity of stress and plastic strain to work hardening 
behavior. In this case, experimental stress−strain data are  

 

 
Fig. 4 True stress−strain curve and linear fitting in lg σ vs lg εp transformation (a), and deformation stages in lg θ vs lg εp (b), lg θ vs 

lg σ (c) and θ vs σ (d) transformations for Ti−6Al−4V 
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Fig. 5 True stress−strain curve and linear fitting in lg σ vs lg εp transformation (a), and deformation stages in lg θ vs lg εp (b), lg θ vs 

lg σ (c) and θ vs σ (d) transformations for Al6061 
 

 

Fig. 6 True stress−strain curve and linear fitting in lg σ vs lg εp transformation (a), and deformation stages in lg θ vs lg εp (b), lg θ vs 

lg σ (c) and θ vs σ (d) transformations for Inconel600 
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converted into two transformations and the deformation 
stages may be different. 

On the other hand, the difference between two 
transformations (lg θ vs lg σ and θ vs σ) is that the 
former is conducted by a logarithm analysis. Even if 
there is no significant deformation stage in the 
coordinate transformation of θ vs σ, the deformation 
stages may exist in the transformation of lg θ vs lg σ. The 
linear fitting conditions of the three coordinate 
transformations (lg θ vs lg εp, lg θ vs lg σ and θ vs σ) 

reflect that the applicability of constitutive equations in 
low and large strain regions may be different. As noted 
in Table 3, it is found that Swift equation is the most 
suitable to describe the stress−strain curves in low strain 
region and Voce equation is the most suitable to describe 
the stress−strain curves in large strain region. 
 
3.2 Constitutive parameters 

As can be observed in Fig. 7, constitutive 
parameters (nH, ns and β) of three typical constitutive 

 

 

Fig. 7 Comparisons of constitutive parameters in three constitutive equations with different methods: (a) SKH51; (b) STS316L;    
(c) Ti−6Al−4V; (d) Al6061; (e) Inconel600 (Number (1, 2, 3 and 4) represent different methods, as shown in Fig. 1; I, II and III 
represent different deformation stages) 
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equations were compared by different methods for five 
metallic alloys. For the analysis of nH, there are two 
methods, one of which is full range fitting by Hollomon 
equation and the other is full range fitting of the data 
points on lg θ vs lg εp. The difference between two 
methods is small for five metallic alloys. nH determined 
by fitting the data points on lg θ vs lg εp in different 
deformation stages is changed a lot. However, nH 

determined by fitting original constitutive equations is 
gradually changed and it shows small difference from the 
previous two full range fitting methods. nH decreases in 
the different deformation stages of SKH51 by original 
equations, and it increases for the other four metallic 
alloys. This indicates that the working hardening 
behavior of SKH51 is different from the other four 
metallic alloys. nH fitted by full range fitting is equal to 
the average of all parameters by piecewise fitting in 
deformation stages. However, it is meaningful to obtain 
strain hardening index in all stages for guiding sheet 
metal forming. 

For the analysis of ns, the difference between 
piecewise fitting with linear equation and original 
equation is small. The downward trend of ns for SKH51 
is different from the other four metallic alloys. The 
reason is that working hardening behavior of carbon steel 
is different from other alloys. In order to evaluate the 
constitutive parameter β, it is transformed to ln β so as to 
compare with nH and ns under the same scale. 

For the analysis of ln β, the difference between 
piecewise fitting with linear equation and original 
equation is small in large strain region. The difference 
can be observed in final deformation stage for SKH51 
and in deformation stage II for the other four metallic 
alloys. However, the difference is large in deformation 
stage I. In addition, the difference between full range 
fitting with original equation and piecewise fitting in 
final stage is small except for SKH51. This indicates that 
the difference of fitting by Voce equation between low 
and large strain region is significant. There are three 
deformation stages for SKH51 and two deformation 
stages for other four metallic alloys, and those are also 
related to strain hardening characteristics of materials. 
For the different deformation stages in three coordinate 
transformations (lg θ vs lg εp, lg θ vs lg σ and θ vs σ), the 
constitutive parameters of these stages are also different. 

Figure 8 shows tendency of working hardening 
parameters χP for five metallic alloys. The constitutive 
parameters (K and n) were chosen from the piecewise 
fitting results in different deformation stages of two 
transformations (lg θ vs lg εp and lg θ vs lg σ). For 
different deformation stages in the two transformations, 
ln χP was used to comprehensively evaluate the different 
working hardening behaviors. Figure 8(a) shows that 
ln χP exhibits decreasing tendency in the different stages 

of lg θ vs lg εp for five metallic alloys. Figure 8(b) shows 
that ln χP exhibits fluctuant tendency in the deformation 
stages of lg θ vs lg σ. This indicates that the sensitivity of 
work hardening behavior to stress and strain is different. 
χP obtained by full range fitting is close to the lowest 
value of piecewise fitting, which indicates that full range 
fitting cannot reflect the complete characteristics of 
working hardening behaviors. 
 

 
Fig. 8 Comparisons of ln χp in different stages: (a) lg θ vs lg εp; 

(b) lg θ vs lg σ 
 
3.3 Yield strengths and ultimate tensile strengths 

Figure 9 shows the predicting accuracy of YS and 
UTS with piecewise and full range fitting by Hollomon, 
Swift and Voce equations, respectively. For the 
comparisons between piecewise and full range fitting, 
piecewise fitting is better than full range fitting to 
estimate YS with Hollomon equation. In addition, 
piecewise fitting is almost better than full range fitting to 
estimate UTS for five metallic alloys, because the entire 
tensile stress strain behavior contains different strain 
hardening stages. Therefore, piecewise fitting is better 
than full range fitting to estimate UTS. In addition, 
piecewise fitting is meaningful and accurate based on 
deformation stages in different coordinate 
transformations. 
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Fig. 9 Predicting accuracy of yield (a) and ultimate tensile (b) 

strengths using piecewise (P) and full (F) range fitting by three 

equations for five alloys (H—Hollomon equation; S—Swift 

equation; V—Voce equation) 

 
For the comparisons of the three typical constitutive 

equations, Voce equation is the best equation to estimate 
YS and UTS. Hollomon equation is the worst equation to 
estimate YS and UTS. The reason is that Hollomon 
equation itself has unsaturated characteristic of strain 
hardening and the number of constitutive parameters is 
less than that of the other equations, while Voce equation 
has saturated characteristic of strain hardening in large 
strain region. In addition, Swift and Voce equations start 
from YS and Hollomon equation starts from 0. That is 
why the stronger the strain hardening is, the larger the 
predicting error of YS by Hollomon equation is. 

For the comparisons of five metallic alloys, SKH51 
is different from the other four metallic alloys to estimate 
YS and UTS. Its predicting error is larger except for 
estimating UTS by Voce equation, because the working 
hardening behavior of SKH51 is different from the other 
four metallic alloys, as shown in Figs. 2−6. 
 
4 Conclusions 
 

1) The Voce equation is suitable to describe 

stress−strain curves in large region. Piecewise fitting 
with original equations is more reasonable than full 
range fitting to determine constitutive parameters. The 
constitutive parameters with full range fitting are close to 
those in the final stages with piecewise fitting. 

2) The deformation stages of SKH51 in the three 
transformations are different from the other four 
materials. Different working hardening behaviors are 
found in different coordinate transformations (lg θ vs 
lg εp and lg θ vs lg σ). 

3) The predicting accuracy of UTS by using Voce 
equation is best and the predictive error is about ±5%. 
Full range fitting is more accurate than piecewise fitting 
to predict YS with Swift and Voce equations. 
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金属合金的拉伸应力−应变行为 
 

曹 俊，李付国，马新凯，孙占坤 

 

西北工业大学 材料科学与工程学院 凝固技术国家重点实验室，西安 710072 

 

摘  要：利用拉伸应力−应变曲线分析 5 种合金，SKH51、STS316L、Ti−6Al−4V、Al6061 和 Inconel600 的加工硬

化行为。通过 Hollomon、Swift 和 Voce 本构模型对材料的实验数据进行拟合、比较与加工硬化特征分析，提出

新的预测拉伸变形各阶段加工硬化行为的表征参数及其在不同坐标体系下的表现形式。研究表明，Voce 模型更适

合用于描述大应变条件下的拉伸应力−应变关系，其预测抗拉强度的精度高于Hollomon和Swift模型。另外，SKH51

合金在拉伸变形过程中出现的加工硬化行为明显异于其他 4 种合金。 

关键词：本构方程；拉伸应力−应变行为；分段拟合；坐标变换 

 (Edited by Bing YANG) 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


