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Abstract The compressive behaviors of 30Cr2Ni4MoV

rotor steel were investigated at the temperatures from 1223

to 1523 K and strain rates from 0.001 to 0.1 s-1. A modified

Johnson–Cook (JC) model was proposed to describe the

compressive behaviors of the studied alloy steel. In the

modified JC model, the coupling effects of strain, strain rate,

and deformation temperature were considered. Comparisons

between the predicted stress–strain values by the modified

JC model and measured ones indicate a good agreement,

which confirms that the modified JC model is valid for the

predicting the flow stress of 30Cr2Ni4MoV rotor steel over a

wide range of temperature and strain rate.

Introduction

During the hot forming process of metals and alloys, the

materials are subjected to complex time, strain, strain rate,

and temperature histories in industrial forming processes.

The hardening and softening mechanisms are both signif-

icantly affected by the temperature and strain rate. So,

material flow behaviors during hot formation process is

often complex. Constitutive equations should mathemati-

cally describe the deformation behavior of materials as a

function of strain, strain rate, and temperature. Therefore,

the construction of constitutive equations is highly com-

plex, and frequently the valid strain range of application is

very short. In order to ensure a valid numerical simulation

of the hot forming processes of metals and alloys, a precise

constitutive model describing the dynamic mechanical

behavior of materials is prerequisite. Generally, an ideal

plasticity model for metals and alloys should be able to

accurately describe the material properties such as strain-

rate dependence, forming temperature dependence, strain

and strain-rate history dependence, work hardening or

strain-hardening behavior (both isotropic and anisotropic

hardening) [1–5].

In recent years, a large number of constitutive models

have been proposed to describe the sensitivity of the flow

stress to the strain, strain rate and deformation temperatures

in commercial hot working applications [1–17]. Slooff

et al. [2] established a strain-dependent constitutive rela-

tionship for three wrought magnesium alloys based on the

hot uniaxial compression tests of over wide ranges of

temperatures and strain rates were used for a strain-

dependent constitutive analysis. It appeared that the

apparent activation energy for deformation decreased with

increasing the alloying content in these alloys. The con-

stitutive parameters obtained were used to predict flow

stresses at given strains and the results were in good

agreement with experimental measurements. Khoddam and

Hodgson [6] discussed the problem of model selection for

representing the hot deformation behaviors of materials,

and a heuristic approach was applied to define the merits

for the model selection problem. They used a model library

including some nested linear and non-linear models to

capture the competing effects of hardening and softening

during hot deformation. Lin et al. [7] proposed established

the flow stress constitutive equations of the work harden-

ing-dynamical recovery period and dynamical recrystalli-

zation period for 42CrMo steel, respectively, based on the

classical stress-dislocation relation and the kinematics of
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the dynamic recrystallization. By compensation of strain

and strain rate, one new model to describe the relationships

of the flow stress, strain rate and temperature of 42CrMo

steel at elevated temperatures [8]. In addition, this modi-

fication method by strain compensation is useful for the

aluminum alloy [9]. Considering the coupling effects of

strain rate–temperature–strain, a combined Johnson–Cook

and Zerilli–Armstrong (JC–ZA) model, and a modified JC

model were developed to describe the relationship of

the flow stress, strain rate and forming temperature for a

typical high-strength alloy [10, 11]. Also, some other

researchers [18–22] developed an artificial neural network

(ANN) model to predict the hot deformation behavior of

the alloy or metals and their results show that the ANN

model can efficiently and accurately predict hot deforma-

tion behavior of alloys or metals.

Although the great progresses in the developments of

material constitutive models have been made, the physical

models are still not advanced enough to account for the

whole complexity of the dynamic response of metals. In

this study, the effects of strain rate and deformation tem-

perature on the compressive behaviors of 30Cr2Ni4MoV

rotor steel were investigated by uniaxial compression tests.

A modified Johnson–Cook model for 30Cr2Ni4MoV rotor

steel over a wide range of temperature and strain rate was

developed to describe the relationship of the flow stress,

strain rate, and temperature. In this modified Johnson–

Cook model, the coupling effects of strain, strain rate, and

deformation temperature were considered.

Experiments and results

30Cr2Ni4MoV is widely used as the turbine rotor and disk

materials of the nuclear power generation. The chemical

composition of 30Cr2Ni4MoV is (wt%): 0.28C–1.85Cr–

3.35Ni–0.42Mo–0.089V–0.22Mn–0.06Si–0.004P–0.002S–

0.007Al–0.06Cu–0.004Sn–0.0044As–0.0009Sb. Cylindrical

specimens were machined with a diameter of 10 mm and

a height of 12 mm. In order to minimize the frictions

between the specimens and die during hot deformation, the

flat ends of the specimen were recessed to a depth of

0.1 mm deep to entrap the lubricant of graphite mixed with

machine oil. The hot compression tests were performed on

Gleeble-1500 thermo-simulation machine in the four dif-

ferent temperatures (1223, 1323, 1423, and 1523 K) and

three different strain rate (0.001, 0.01, and 0.1 s-1). As

shown in Fig. 1, the specimens were heated to 1523 K at a

heating rate of 10 K/s by thermo-coupled feedback-con-

trolled AC current, and held for 5 min. Then, the speci-

mens were cooled at 10 K/s to the forming temperature and

held for 5 min at isothermal conditions before compression

tests, in order to obtain the heat balance.

Figure 2 shows the typical true stress–strain curves

obtained from uniaxial tensile tests of the studied alloy

steel. It is noted that the flow stresses are strongly depen-

dent on the deformation temperature and strain rate

under all the tested conditions. The deformation resistance

increases with the decrease of deformation temperatures

for a given strain rate and decreases with the decrease of

strain rates for a given deformation temperature. The

material experiences simultaneous work hardening and

dynamic recovery when they are deformed. The deforma-

tion mechanism associated with the isothermal uniaxial

compression test is a thermally activated process, and the

measured stress–strain curves represented the combined

effects of strain, strain rate, and deformation temperature.

Constitutive equations for predicting flow stress

The stress–strain data obtained from hot compression tests

under different strain rates and temperatures can be used to

determine the material constants of constitutive equations.

Among the empirical and semi-empirical models, Johnson–

Cook model [23–25] is a most famous phenomenological

flow stress model, and is successfully used for a variety of

materials with different ranges of deformation temperature

and strain rate [1]. It assumed that the material is isotropic,

avoiding the traditional concept of yield surface in con-

stitutive equation. Therefore, JC model has enjoyed much

success because of its simplicity and the availability of

parameters for various materials. The original Johnson–

Cook model [23] can be expressed as:

r ¼ Aþ Benð Þ 1þ Cln_e�ð Þ 1� T�mð Þ ð1Þ

where r is the equivalent flow stress, e is the equivalent

plastic strain, A is the yield stress at reference temperature

and reference strain rate, B is the coefficient of strain
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Fig. 1 Experimental procedure for hot compression tests
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hardening, n is the strain hardening exponent, C and m are

the material constants which represent the coefficient of

strain rate hardening and thermal softening exponent,

respectively, _e� ¼ _e=_e0 is the dimensionless strain rate (_e is

the strain rate, while _eo is the reference strain rate), and T*

is the homologous temperature and expressed as T� ¼
T � Trð Þ= Tm � Tð Þr. Here, T is the absolute temperature,

Tm is the melting temperature and Tr is the reference

temperature.

It can be found that the original Johnson–Cook model

requires fewer material constants and also few experiments

to evaluate these constants. Johnson–Cook model assumes

that thermal softening, strain rate hardening, and strain

hardening are three independent phenomena and can be

isolated from each other, i.e., the original Johnson–Cook

model does not represent any thermal or strain-rate history

effects, but is simple to implement and the parameters are

readily obtained from a limited number of experiments.

In general, the JC model represents a set of models that

consider that the mechanical behaviors of material are the

multiplication effects of strain, strain rate, and temperature.

This form is simple and has a clear physical interpretation;

however, JC model, together into the form of strain rate

effect and temperature effect by multiplying simply with

hardening effect, the coupling effects of strain, temperature

and strain rate are omitted. Actually, the coupling effects of

temperatures, strain rates, and temperature on the flow

behaviors of the alloy steel should be considered. So, in

this study a modified Johnson–Cook model is developed

for the studied alloy steel, as shown in Eq. 2. The modified

Johnson–Cook model considers the yield and strain hard-

ening portion of the original Johnson–Cook model and the

coupled effects of the temperature and strain rate on the

flow behaviors.

r ¼ A� B0exp �B1eð Þ½ � 1þ C1 þ C2eð Þln_e�½ �
� exp k1 þ k2 ln _e�ð Þ T � TLð Þ½ �

ð2Þ

where A, B0, B1, C1, C2, k1, k2 are the material constants. r
is the equivalent flow stress, and e is the equivalent plastic

strain. TL is the lowest temperature (1223 K) among the

selected temperature range, while T is the deformation

temperature. The meaning of _e� is same as that of the

original Johnson–Cook model.

Results and discussion

Based on the measured stress–strain data, the material

constants of the modified Johnson–Cook model can be

easily evaluated by the regression analysis with the

experimental results. The followings are the steps to

0

20

40

60

80
(a) (b)

Tr
ue

 S
tr

es
s 

(M
P

a)

True strain

0.1s-1

0.01s-1

0.001s-1

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
0

40

80

120

1523 K

1423 K

1323 K

Tr
ue

 S
tr

es
s 

(M
P

a)

True strain

1223 KFig. 2 Typical true stress–

strain curves for 30CrNiMoV

steel under different

deformation conditions.

a T = 1323 K; b _e ¼ 0:1s�1

0.00 0.05 0.10 0.15 0.20
0

15

30

45

60

 Experimental Results
 Fitting Line

σ 
/ M

P
a

ε

Fig. 3 Relationship between r and e to determine material A, B0,

and B1

0 1 2 3 4 5

0.9

1.2

1.5

1.8

2.1

2.4

σ/
A

-B
0ex

p
− B

1ε

*εln

ε  Values

 0.04

 0.06

 0.08

 0.10

 0.12

 0.14

 0.16

 0.18

Fig. 4 Relationship between r= A� B0exp �B1eð Þ½ � and ln _e� to

determine material constant C

2924 J Mater Sci (2011) 46:2922–2927

123



determine the material constants. The reference strain rate

(_eo) is selected as 0.001 s-1.

Determination of material constants A, B0, and B1

When the deformation temperature (T) and strain rate (_e)
are 1223 K and 0.001 s-1, respectively, Eq. 2 can be

simplified as,

r ¼ A� B0exp �B1eð Þ ð3Þ

Based on the experimental results under the deformation

temperature of 1223 K and strain rate of 0.0001 s-1, the

relationship between flow stress and strain can be obtained,

as shown in Fig. 3. By means of the regression analysis

with the experimental results, the values of A, B0, and B1

can be evaluated as 59.42 MPa, 58.64 MPa, and 31.40,

respectively.

Determination of material constants C1 and C2

Similarly, taking the deformation temperature (T) as

1223 K, then Eq. 2 can be expressed as,

r ¼ A� B0exp �B1eð Þ½ � 1þ C1 þ C2eð Þln_e�½ � ð4Þ

or

r
A� B0exp �B1eð Þ ¼ 1þ Cln_e� ð5Þ

where C is the strain-dependent material constant, and

C ¼ C1 þ C2e.

Table 1 Values of the material constant C corresponding to the different strains

e 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

C 0.1384 0.14163 0.15387 0.16539 0.176 0.18637 0.19711 0.20806
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J Mater Sci (2011) 46:2922–2927 2925

123



When the deformation temperature is 1223 K and the

strains is taken from 0.04 to 0.18 with the interval of 0.02, the

relationship between r= A� B0exp �B1eð Þ½ � and ln_e� can be

obtained, as shown Fig. 4. Then, eight values of the material

constant C corresponding to the different strains (shown in

Table 1) can be evaluated as by linear fitting method. It is

noted that all the fitting lines are shown in Fig. 4.

Obviously, the material constant C is a function of

strain, and C ¼ C1 þ C2e. From plots C–e (Fig. 5), the

values of material constants C1 and C2 can be linearly fitted

as 0.10076 and 0.50777, respectively.

Determination of material constants k1 and k2

First, one strain rate-dependent material parameter, k, is

introduced, and k is equal to k1 þ k2 ln _e�. For a given

strain rate, the material parameter, k, can be considered as

one material constant. Then, Eq. 2 can be expressed as,

r= A� B0exp �B1eð Þ�½1þ C1 þ C2eð Þln_e�½ �f g ¼ ek T�Trð Þ

ð6Þ

Taking the logarithm of both sides of Eq. 6 gives

ln
r

A� B0exp �B1eð Þ½ � 1þ C1 þ C2eð Þln_e�½ �

� �
¼ k T � Trð Þ

ð7Þ

For different strains, strain rates and deforma-

tion temperatures, the relationships between
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-0.0048
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Fig. 7 Relationship between k and ln _e� to determine material

constants k1 and k2

Table 2 Material constants for modified Johnson–Cook equation for 30CrNiMoV steel

Parameters A (MPa) B0 (MPa) B0 C1 C2 k1 (K-1) k2 (K-1)

Value 59.42 58.64 31.40 0.10076 0.50777 -0.0045 0.00020
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ln r
A�B0exp �B1eð Þ½ � 1þ C1þC2eð Þln_e�½ �

n o
and (T - TL) can be

obtained, as shown in Fig. 6. Then, k _e�¼1ð Þ, k _e�¼10ð Þ, and

k _e�¼100ð Þ can be evaluated as -0.00373, -0.00386, and

-0.00463, respectively, when the dimensionless strain

rates (_e�) are 1 (Fig. 6a), 10 (Fig. 6b), and 100 (Fig. 6c).

Finally, k1 and k2 can be computed as -0.00452 K-1 and

0.00020 K-1 from k� ln _e� plot (shown in Fig. 7).

Comparisons between the measured and predicted flow

stress

Based on the above analysis, the material constants for the

modified Johnson–Cook equation can be summarized in

Table 2. Figure 8 shows comparisons between the mea-

sured and predicted results by the modified Johnson–Cook

model of 30Cr2Ni4MoV rotor steel under four different

temperatures and three different strain rates. It indicates the

predicted flow stresses well agree with the measured val-

ues. The results indicate that the modified Johnson–Cook

model can give an accurate and precise estimate of the flow

stress for 30Cr2Ni4MoV rotor steel, and can be used to

analyze the problems during metal forming process.

Conclusions

The hot compressive characteristics of 30Cr2Ni4MoV

rotor steel have been investigated over a practical range of

temperatures and strain rates. Based on experimental

stress–strain data, a modified Johnson–Cook model, which

considers not only the yield and strain hardening phe-

nomenon, but also the coupling effects of the temperature

and strain rate, is proposed to predict the flow stress.

Comparisons between the experimental and predicted

results were carried out and confirmed that the developed

constitutive equations can presented an accurate and

precise estimate of the flow stress for 30Cr2Ni4MoV rotor

steel.
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