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The Johnson–Cook (J–C) equation, which is obtained from the phenomenological observations of exper-
imental data at relatively low strain rates, cannot well describe the dynamic thermo-mechanical
response of many materials at high strain rates, especially under the situations of high or low tempera-
tures. This paper develops a new physics-based model for the constitutive description of BCC metals
through a thermal activation analysis of the dislocation motion in the plastic deformation of crystalline
materials with the use of the mechanical threshold stress (MTS) as an internal state variable. It was found
that the new model can effectively reflect the plastic deformation mechanism of BCC crystals because it
directly relates the macroscopic state variables in the constitutive model with the micromechanical char-
acteristics of materials. The material parameters of the model are efficiently determined by an optimiza-
tion method to guarantee that the material parameters are globally optimal in their theoretically allowed
ranges. The application of the model to HSLA-65 steel and Tantalum shows that it is much easier to apply
than the MTS model, that its flow stress predictions are better than the Rusinek and Klepaczko (R–K),
Abed, Zerilli and Armstrong (Z–A) and J–C models, and that the present model predictions are in good
agreement with the experimental data in a broad range of strain rate, temperature and strain.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

High-strength low-alloy (HSLA) steels are a kind of important
industrial materials and have been widely used in engineering
structures. Compare with carbon steels, they have a carbon content
lower than 0.25% and contain a low content of alloying elements,
generally below 2.5%, but possess many superior mechanical prop-
erties such as high yield strength and strength-to-weight ratio
(usually 20–30% lighter than carbon steels with the same strength),
better formability and weldability, less possibility of low-tempera-
ture brittleness, lower notch and aging sensitivity, and greater
resistance to corrosion from air and seawater. Due to their good
properties above, HSLA steels have been extensively used in heavy
machinery, mining equipment, ocean drilling platforms and large
marines etc. In reality, the production of HSLA steels has occupied
about ten percent of the steel production in advanced industrial
countries.

An accurate description of the dynamic thermo-mechanical re-
sponse of materials to high strain rate, elevated temperature and
large strain is important in key engineering applications and mate-
rials design. Over the past decades, the investigation into the
ll rights reserved.
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rate-dependent constitutive models has been extensive, among
which the Johnson–Cook (J–C) equation, which is based on the con-
ventional phenomenological theory, has been the most widely used
[1]. However, it has been reported that the J–C model does not func-
tion well when a material is subjected to deformation at a very high
strain rate, particularly at elevated temperature, such as in the
cases of high speed machining (HSM), perforation, and crashing
etc. [2]. Although some modified J–C models [3] and many other
phenomenological models [4–6] were proposed to improve the
constitutive descriptions of the dynamic plasticity of metals, these
conventional models lack the necessary physical foundations in
themselves, and the physically based models have been developed
to overcome the difficulties and have received increasing attention,
as introduced below.

Zerilli and Armstrong [7] proposed a dislocation-based Z–A con-
stitutive relation with a thermal activation analysis of dislocation
motion and rate-controlling mechanism of plastic deformation.
They concluded that different crystalline structures (FCC, BCC
and HCP) have different constitutive behaviors. Nemat-Nasser
et al. developed a physical constitutive model applicable to both
FCC and BCC metals [8–10]. Abed [11] proposed a constitutive rela-
tion to describe the plastic behavior of ferritic steels (e.g. HSLA-65
and DH-63), and pointed out that the yield stress is mainly cap-
tured by the thermal component of the flow stress while the strain
hardening are totally pertained to the athermal component of the
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flow stress. Rusinek et al. made an analysis for the thermo-visco-
plastic behaviors of six high strength steels with a Rusinek–Klep-
aczko (R–K) model [12], and proposed a modified R–K model
specially for FCC metals [13] and an extended R–K model for phase
transformation phenomena [14]. Anurag and Guo [15] presented a
modified micromechanical approach to determine the flow stress
of work materials experiencing complex deformation histories in
manufacturing processes. Balokhonov et al. [16] carried out 2D
simulations of thermomechanical response of HSLA-65 steel at dif-
ferent strain rates and temperatures by using a physically based
model developed from the Nemat-Nasser–Guo model [10]. A con-
stitutive equation was developed in a different way based on
dimensional analysis of the flow behavior for plain carbon steels
[17]. Apart from the above, the constitutive models and related
experimental results for metals and alloys in hot working reported
in recent years have been critically reviewed in [18].

This paper will develop a new physical constitutive model for
BCC metals based on the theory of thermal activation of dislocation
motion. An optimization method developed previously by the
authors [19] will be used to determine the constitutive parameters.
To explore the applicability of the new model, the dynamic ther-
mo-viscoplastic behavior of typical BCC metals, HSLA-65 steel as
well as polycrystalline Tantalum, will be investigated.
2. Physics-based constitutive modeling

The physical constitutive modeling of BCC metals is mainly
based on the theory of thermally activated dislocation kinetics. In
the thermal activation analysis, plasticity is produced by the mo-
tion of defects (dislocations) at all temperatures which has to over-
come the obstruction of short-range and long-range barriers. The
short-range barriers include forest dislocations (i.e., the intersec-
tion of dislocation forests in FCC metals), Peierls stress (i.e., the
critical shear stress required to overcome Peierls barriers to move
a dislocation in BCC metals), point defects (e.g., vacancies and self-
interstitials), alloy elements, solute atoms (interstitials and substit-
utionals), impurities, deposits and so on. The long-range barriers
include grain boundaries, far-field dislocation forests and other
microstructural elements with far-field influence. The former is
mainly overcome by thermal activation while the latter is basically
independent of the temperature (i.e., athermal). Therefore, the flow
stress (r), which is essentially defined by the material resistance to
dislocation motion, can be decomposed into r = rath + rth. Where
rth is the thermal component of the flow stress reflecting the effect
of the short-range barriers closely related to the thermal activa-
tion, and rath is the athermal component of the flow stress reflect-
ing the effect of the long-range barriers.

At the same time, the mechanical threshold stress (MTS) de-
fined as the flow stress at 0 K was proposed by Follansbee and
Kocks [20] in the constitutive modeling. It can be similarly decom-
posed into r̂ ¼ r̂ath þ r̂th. Where r̂ denotes the MTS, r̂ath and r̂th

are the athermal and thermal components of r̂. At absolute zero
degree, there is no thermal activation energy, so the height of the
short-range barriers is maximal. When temperature increases,
the height will fall due to the increase of the vibration amplitude
of the atoms activated by the thermal energy, making a dislocation
easier to overcome the barriers. Thus the thermal stress compo-
nent of the flow stress decreases with the rise of temperature while
the athermal stress remains unchanged. By using the MTS as a ref-
erence stress that characterizes the constant structure of a mate-
rial, the flow stress can be expressed as:

r ¼ rath þ rth ¼ r̂ath þ f ð _e; TÞ � r̂th ð1Þ

where _e (plastic strain rate) and T (absolute temperature) are the
state variables, f ð _e; TÞ is the thermal activation function (<1)
representing the influence of strain rate hardening and temperature
softening. The structural evolution will be involved in the part of
r̂th. Now, the three internal state variables in Eq. (1), r̂ath, f and
r̂th, will be determined respectively.

2.1. Athermal stress r̂ath

It has known that there exists an important difference between
BCC and FCC metals in their dislocation motion mechanisms due to
their different crystalline structures. The thermal activation area is
closely related with strain for FCC metals but not for BCC metals. In
other words, the strain hardening of BCC metals is not coupled in
the thermal stress but belongs to the athermal stress. Hence, if
the strain hardening of BCC metals follows a power-law form [7],
the athermal stress will be

r̂ath ¼ ðrG þ ~kd�1=2Þ þ Ken ð2Þ

where e is plastic strain, K is strain hardening coefficient, n is strain
hardening exponent; rG is the stress due to initial defects or impu-
rities, d is the diameter of the grain and ~k is the microstructural
stress modulus. The term, ~kd�1=2, following the classic Hall–Petch
relationship, stands for the size effect of grain on flow stress [21].
The size effect can be regarded as a constant for a given material
if there is no obvious physical change to alter the average grain size
during plastic deformation.

2.2. Thermal activation function f

Based on the Arrhenius expression deduced from the relations
of Orowan [22] and Johnson and Gilman [23], and the expression
of Gibbs free energy proposed firstly by Kocks et al. [24], the ther-
mal activation function, f, at the current constant structure can be
deduced as:

f ð _e; TÞ ¼ 1� � kT
G0

ln
_e
_e0

� �� �1=q
( )1=p

ð3Þ

where k is the Boltzmann constant, G0(=g0lb3) is the reference free
energy at 0 K (g0 is nominal activation energy, l is the shear mod-
ulus of material, b is the Burgers vector representing the excursion
induced by dislocation), _e0 is the reference strain rate, p and q are a
pair of parameters representing the shape of any potential barrier of
crystals.

2.3. Thermal component of MTS r̂th

The equation describing the saturated value of MTS, r̂s, for FCC
metals has been given in [20]. As discussed in [19], this saturation
equation can be reasonably applied to BCC metals too, and has
been used by Follansbee and Kocks in the constitutive description
of 304L stainless steel [20] – a valid precedent of application to BCC
metals. So, by using the saturation equation together with the
decomposition form r̂s ¼ r̂ath;s þ r̂th;s, there is

r̂th;s ¼ r̂s0 exp
kT

gs0lb3

 !
ln

_e
_es0

� �" #
� r̂ath;s ð4Þ

where r̂s0 is the saturated reference value of r̂, _es0 is the saturated
reference value of strain rate, and gs0 is equivalent to the saturated
value of g0. All of them are constants and related with the micro-
structure of materials. Because the thermal stress of BCC metals is
independent of straining, the saturated value of the thermal compo-
nent of MTS should be the same as itself, i.e., r̂th;s ¼ r̂th. Further-
more, the saturated value of the athermal component of MTS
should be a constant if the athermal stress is independent of strain
rate and temperature. Therefore
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r̂th ¼ Ŷ exp
kT

gs0lb3

 !
ln

_e
_es0

� �" #
� Ŝ ð5Þ

where Ŷ ¼ r̂s0 and Ŝ ¼ r̂ath;s are constants.

2.4. The complete constitutive relation

By substituting Eqs. (2), (3), and (5) into Eq. (1), the complete
constitutive relation can be obtained:

r ¼ r0 þ Ken þ Ŷ exp aT ln
_e

_es0

� �� �
� Ŝ

� �

� 1� �bT ln
_e
_e0

� �� �1=q
( )1=p

ð6Þ

where r0 ¼ ðrG þ ~kd�1=2Þ, a = k/(gs0lb3) and b = k/(g0lb3).
The material parameters in this constitutive relation are

ðr0;K;n; Ŷ ; Ŝ;a; b; _es0; _e0; p; qÞ. This one-dimensional constitutive
equation can be extended to 3D descriptions by relating the true
stress and plastic strain with the Mises equivalent stress and equiv-
alent plastic strain. The isotropy is assumed for the macroscopic
material behavior and the J2 theory is applied in 3D generalization
[25]. The 3D constitutive relation can then be implemented into a
finite element code for applications. A framework of an explicit
integration algorithm of the thermo-viscoplastic constitutive rela-
tion compatible with finite element codes has been presented in
[26]. An implicit integration scheme has also been demonstrated
[27].

The following understanding is useful in the application of the
above constitutive relation.

2.4.1. Adiabatic shear phenomenon
The constitutive relation is applicable not only to an isothermal

deformation process but also to an adiabatic deformation process
(which mainly happens at relatively high strain rates >102 s�1 and
at temperature below 0.4Tm). If a localized adiabatic shear band
(ASB) occurs, the majority of the plastic work will be converted to
the internal dissipation heat causing a local rapid increase of tem-
perature in materials (there is an empirical converting coefficient,
essentially 1.0 for large strains beyond 20% [10]). The plastic work,
WP ¼

R e
0 rðe; _e; TÞde, can be incrementally integrated by using the

mean-value theorem for the integration in each strain increment
[8]. Then the rise of temperature calculated from the above energy
conversion relationship will depend on the density of the material
(q), the specific heat of the material at a constant pressure (cp)
and the magnitude of plastic work. In the adiabatic calculation of
flow stress by the constitutive relation of Eq. (6), the state variable
of temperature must be updated successively in each strain
increment.

2.4.2. Critical temperature
During a plastic deformation process, the thermal activation in a

material will decrease gradually with the rise of temperature and
disappear eventually at a critical temperature. The formula of
evaluating the critical temperature can be obtained by the condition
that the thermal stress should not be negative [8]. So the critical
temperature for the constitutive relation of Eq. (6) is
Tcr ¼ ½�b lnð _e= _e0Þ��1. If temperature is beyond its critical value, the
thermal component of flow stress should not be kept anymore. In
this case, only the athermal stress remains.

2.4.3. Dynamic strain aging
It is common that the effect of dynamic strain aging (DSA) is re-

lated to the pinning of dislocations by diffusing solute atoms (in
steel, mainly C and N) during the aging period. The mobility of
solute atoms which diffuse to dislocations above a certain temper-
ature produces additional resistance to dislocation motion, result-
ing in DSA when the dislocations are waiting at their short-range
barriers. Nemat-Nasser and Guo pointed out, according to their
experimental results, that slight DSA occurs in a temperature range
of [400, 800] K at low strain rates (>0.001 s�1) and [600, 1000] K at
high strain rates (<3000 s�1). This means that the temperature
range of DSA shifts to higher temperatures when strain rates in-
crease. Though Nemat-Nasser and Guo did not include the effect
of DSA in their model, their model without DSA tallies well with
the experimental results over a wide range of temperatures and
strain rates. This indicates that the effect of DSA occurring within
a certain local temperature range is limited and does not change
the main tendency of the flow stress. Hence, in the present model-
ing the effect of DSA is not included too. Nevertheless, the way to
consider the effect of DSA in the constitutive model can be found in
[28,29].

2.4.4. Deformation twinning
Deformation twins always happen in the plastic deformation of

BCC and HCP metals at high strain rates. As forementioned in this
section, the twin effect can be incorporated in the athermal stress,
and that the empirical power-law expression for the athermal
stress is still suitable for twinning [19], provided that the material
parameters in the athermal stress are determined correspondingly
by the experimental data obtained in the case of twinning.
3. Determination of model parameters

HSLA-65 steel has a BCC structure in terms of its iron–carbon
phase diagram. This advanced industrial steel is therefore used as
an example. Its chemical composition and major mechanical prop-
erties are listed in Tables 1 and 2, respectively.

As the athermal stress is not coupled with the thermal stress
and has the form of a simple power function, its parameters can
be separately determined firstly. The experimental data used for
the athermal stress should be at the high temperature where the
flow stress is essentially independent of temperature [10]. The
three parameters can be obtained just by power-function curve
fitting:

r0 ¼ 30 MPa;K ¼ 729 MPa;n ¼ 0:15

The two reference strain rates, _e0 and _es0, can be assumably
evaluated in advance. Since they are in the logarithmic functions,
their influence is much smaller than a and b. Furthermore, as they
are related with a and b, their evaluating errors can be offset in fit-
ting a and b. This way not only avoid the largely scattered values of
the two reference strain rates reported in the literature, but also
enhance the calculation robustness of the multi-variables nonlin-
ear optimization for the remaining six parameters. The typical va-
lue of the reference strain rate is known as _e0 ¼ 4� 108 [10], and
the probable value of the saturated reference strain rate can be
evaluated as _es0 ¼ 4� 1010 considering that it is generally greater
than _e0 by two orders.

With the above parameters ready, the remaining six parameters,
(Ŷ; Ŝ;a; b; p; q), can be determined as a whole by a mixed multi-
variables nonlinear optimization method. The new optimization
method which combines a local algorithm (LA) with a global algo-
rithm (GA) has been introduced by the authors in [19]. A Matlab
program has been developed to carry out the optimization calcula-
tions. And the experimental results of the flow stress–strain curves
of HSLA-65 steel at 3000 s�1 [10] are used as the data of bench-
mark. In addition, these parameters’ ranges need to be determined
as the constraints of the optimization algorithm, so it is necessary
to evaluate the physically available ranges of these material
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Table 1
Major alloy content of HSLA-65 steel (wt.%).

C Mn Cu Si Cr Mo V Ti Al Nb Ni P S Balance

0.08 1.40 <0.01 0.24 0.01 0.02 0.07 0.01 0.03 0.04 <0.01 0.005 0.005 Fe

Table 2
Principal mechanical properties of HSLA-65 steel.

Yield strength (MPa) Tensile strength (MPa) Shear modulus (GPa) Young’s modulus (GPa) Poisson’s ratio Elongation percentage (%)

200 mm gauge length 50 mm gauge length

448 537–689 80 210 0.3 18 22

Table 3
Final optimal results of constitutive parameters for HSLA-65 steel.

Constitutive
parameters

Theoretically
allowed range

Optimal
results

Unit

Ŷ [2000, 4000] 2007 MPa

Ŝ [700, 800] 712 MPa

a (2.4 � 10�6, 2.4 � 10�4) 5.97 � 10�6 1/K
b (2.4 � 10�6, 2.4 � 10�4) 1.08 � 10�4 1/K
p [0, 1] 2/3 /
q [1, 2] 2 /
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parameters to guarantee the rationality of optimized results. The
evaluations are given below.

3.1. Ranges of Ŷ and Ŝ

Since it is generally assumed that strain hardening arrives at the
saturation state when the strain is equal to about 1.0, the median va-
lue of Ŝ can be known as Ŝ ¼ r̂ath;sje¼1 ¼ 758 MPa. The probable range
of Ŝ is evaluated as [700, 800] MPa to cover the possible variation of
the saturated strain. In addition, the term fŶ exp½aT lnð _e= _es0Þ� � Ŝg in
the thermal stress is equivalent to the parameter ŝ (=1450 MPa) in
the Nemat-Nasser–Guo model [10]. Based on this relationship, the
range of Ŷ can be evaluated as [2156, 3807] MPa and slightly
extended to [2000, 4000] MPa.

3.2. Ranges of a and b

In the definition of b = k/(g0lb3), the Boltzmann constant
k = 1.3806505 � 10�23J/K, shear modulus l = 80 GPa and Burgers
vector b = 3.3 � 10�10m are known. The only unknown constant is
the nominal activation energy g0. However, it is known that g0 is
within the range of [0.2, 2] for medium strength of a single obstacle
of barriers [30]. Thus the range of b may be evaluated as
[2.4 � 10�6, 2.4 � 10�5]. Since there is b = k/G0 = 1.06 � 10�4 in
[6], its range can be extended to [2.4 � 10�6, 2.4 � 10�4] to cover
a wider span of g0. For a = k/(gs0lb3), its range can be the same as
b because gs0 has the similar order as g0.

3.3. Ranges of p and q

It is known that (p, q) is a pair of parameters representing the
shape of the crystal potential barrier. According to the physical
nature of the barrier, there are p e (0, 1] and q e [1, 2] for a single
crystal structure. The value of (2/3, 1) for (p, q) means a rectangular
barrier, (1/2, 2) is a hyperbolic barrier and (1, 2) is a sinusoidal bar-
rier. For commonly used metals, some other typical values such as
(2/3, 2), (3/4, 4/3) and (1, 1) can all be considered as the transi-
tional shape between the rectangle and the sinusoid.

After determined these parameter ranges, a mixed multi-vari-
ables nonlinear optimization were carried out and a group of opti-
mal constitutive parameters were obtained for HSLA-65 steel, as
listed in Table 3.
4. Results and discussions

The predictions for HSLA-65 steel by the new model developed
above are compared with those of some other physical constitutive
models including the Abed model, the R–K model, the Nemat-Nas-
ser and Guo (P–B) model, and the phenomenological J–C model
(where the material constants for the J–C model calculations are
A = 790 MPa, B = 1320 MPa, n = 0.25, C = 0.022, m = 0.35). It should
be noted that the material parameters of these models are all
determined by the same set of experimental data [10]. The conclu-
sion from such a comparison will therefore make sense in terms of
the applicability of the new model. In addition, all the flow stress
predictions in the following figures correspond to the adiabatic
deformation process except the quasi-static loading (0.001 s�1)
case and the specially presented isothermal case.

The flow stress predictions of the proposed model and the other
models mentioned above for HSLA-65 steel are compared at
3000 s�1 and different initial temperatures in Fig. 1, based on the
experimental results of Nemat-Nasser and Guo [10]. At room tem-
perature these models are basically conformable with each other
and agree well with the experimental data. At low or high temper-
atures, however, the J–C model and R–K model bifurcate away
from the flow stress, and the Abed model’s predictions are higher
than the experimental data. It is clear that the proposed model is
satisfactory in the whole temperature range. This means that the
new model has essentially captured the main mechanism of the
temperature effect of the material.

It is noticed in Fig. 1 that the strain hardening rates in these
stress–strain curves at different temperatures are obviously differ-
ent. The reason for this is actually the result of competition be-
tween the strain hardening effect and the thermal softening
effect [31]. At room temperature, the stress–strain curve becomes
almost flat when the strain exceeds a certain value, indicating that
strain hardening and thermal softening basically arrive at a balance
state. At a low temperature, the thermal softening effect due to
adiabatic shear becomes exponentially increscent and exceeds
strain hardening, but at a high temperature it is very limited and
lower than strain hardening. Since the thermal softening effect in-
creases with the plastic strain, the starting point of the ‘flat’ stress–
strain curve does not mean the beginning of the saturation state.
Actually, the saturation of strain hardening of HSLA-65 steel
happens relatively lately at quite a large strain. Here saturation
means that the strain hardening rate finally decreases to zero
and the flow stress reaches an invariant saturated value when be-
yond a critical plastic strain. It is resulted from the dynamic recov-
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Fig. 1. Comparison of the flow stress predictions of the present model and other
models for HSLA-65 steel based on the experimental data [10] at 3000 s�1 and
different initial temperatures: (a) 77 K and 296 K, and (b) 500 K and 700 K.

Fig. 2. Comparison of isothermal stress–strain relations predicted by different
models of HSLA-65 steel with experimental results [10] at a strain rate of 3000 s�1

and room temperatures.

Fig. 3. Comparison of the flow stress predictions of the present model and other
models for HSLA-65 steel based on the experimental data [10] at 8500 s�1 and
different initial temperatures: (a) 77 K and 296 K, and (b) 500 K and 700 K.
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ery of dislocations occurring by cross slip, an important role in the
thermally activated process of BCC metals [32].

In addition, the power-law expression has generally been used
as an approximate description of strain hardening in the athermal
components of the flow stress in BCC metals [7], but it cannot
describe the saturation of strain hardening in itself. So the strain
hardening effect may be over-evaluated especially when close to
the saturation. However, there is not a noticeable error in the
general strain range (below 1.0) by using the power-law expression
for BCC metals. An exponential expression [11], which has an
asymptote in the function itself, is capable of describing the satura-
tion of strain hardening.

The isotherms of different models of HSLA-65 steel are com-
pared with the experimental results at a strain rate of 3000 s�1

and room temperatures in Fig. 2. It can be seen again that the pro-
posed model is still better than the P–B and J–C models in the
isothermal case. At the same time, the adiabatic curve of the pres-
ent model is also presented for comparison. The difference be-
tween the adiabat and isotherm can quantitatively reflect the
effect of adiabatic shear phenomenon on the flow stress. Besides,
the experimental sample in Fig. 2 was interruptedly tested by
incremental loadings [10] so as to show the repeatability and con-
sistency of SHPB measurement, which finally proves the reliability
of the experimental data used here.

Fig. 3 compares the flow stress predictions of different models
for HSLA-65 steel at 8500 s�1 and indicated initial temperatures.
Obviously, the proposed model can well describe the flow stress
at a quite high strain rate (close to 104 s�1), while the J–C model
cannot correctly reflect the dependence of the flow stress on tem-
perature, especially at the high side. Note that the experimental
results at such a high strain rate could be unstable and occur more
fluctuation due to the technological difficulties encountered in the
measurement even by using a set of enhanced SHPB apparatus as
introduced in [9]. This may be the reason for the inharmonic devi-
ation occurring in the prediction curve of the present model at
500 K. Fig. 4 presents the flow stress predictions of different
models under quasi-static loading of 0.001 s�1. In the case of very
low strain rates, the predictions of all models, except the J–C mod-
el, are in good agreement with the experimental results. The J–C
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Fig. 4. Comparison of the flow stress predictions of the present model and other
models for HSLA-65 steel based on the experimental data [10] at 0.001 s�1 and
different initial temperatures: (a) 77 K and 296 K, and (b) 213 K and 400 K.

Fig. 5. Dependence of the flow stress on temperature for HSLA-65 steel, predicted
by the present model and the Abed model compared to the experimental results at
15% strain and indicated different strain rates.

Fig. 6. Critical temperatures predicted by the present model and the Abed model
for HSLA-65 steel at various strain rates.
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model seems to be applicable at low and high temperatures at this
time, but gives an error of 15% in the room temperature range.

The dependence of the flow stress on temperature for HSLA-65
steel at the strain of 15% and three different strain rates is shown in
Fig. 5. It is seen that the proposed model gives a good description of
the dependence of the flow stress on temperature for the material
dynamic response, while the Abed model appears increasing devi-
ation from the room temperature to low temperature at high strain
rates. All the flow stress curves decay with temperature and
approach to their minimum values when the temperature is close
to the so-called critical temperature (to be illustrated specially in
the next figure). In other words, the thermal component of the flow
stress approaches zero at the critical temperature, and only the
athermal stress remains as a constant relative to temperature. This
confirms that it is rational to decompose the flow stress into the
athermal and thermal components during the constitutive model-
ing. Furthermore, the flow stress of HSLA-65 steel decreases
rapidly with temperature especially at low temperature but slowly
when beyond room temperature at 0.001 s�1 (or below 0.1 s�1),
which reveals that this material has a good weldability since its
strength is not temperature-sensitive at high temperature [10].
In addition, it is also noticed that at the strain rate of 0.001 s�1,
the experimental data gradually rise within the temperature range
400–600 K, which may result from the beginning of the DSA effect
that has been neglected in the present model.

Fig. 6 presents the dependence of critical temperature on strain
rate predicted by the proposed model and the Abed model for
HSLA-65 steel, based on the related discussion about critical tem-
perature in Section 2. For the stain rates of 0.001 s�1, 3000 s�1
and 8500 s�1, the critical temperatures predicted by the proposed
model are 331, 746, and 819 K, respectively. It can be seen from
this figure that the critical temperature predicted by the Abed
model is higher due to the different values of model parameters
determined individually. The physical explanation about the criti-
cal temperature, can be as follows. There is no thermal activation
energy at 0 K, so the height of the short-range barriers to disloca-
tions is maximal. When temperature increases, the height will fall
due to the increase of the atom vibration amplitude activated by
the thermal energy, which helps a dislocation to overcome the Pei-
erls-Nabarro barriers in BCC metals or the forest-dislocation barri-
ers in FCC metals [31]. Thus, the thermal stress which reflects the
effect of the short-range barriers will decrease with the increasing
temperature, and will disappear finally when the short-range bar-
riers cease to function. So there must be a critical temperature
introduced to avoid appearing a minus value of thermal stress in
the constitutive relation.

The relations of the flow stress and strain rate for HSLA-65 steel
at 15% strain and different temperatures are revealed in Fig. 7. The
predictions of the proposed model are quite consistent with the
experimental results while the Abed model’s predictions are some-
what high especially at the low temperature end. Kocks and Fol-
lanssbee [20] have pointed out, based on their experimental
results of pure copper, that in FCC metals there exist a remarkable
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Fig. 7. Relation of the flow stress and strain rate for HSLA-65 steel, predicted by the
present model and the Abed model compared to the experimental results at 15%
strain and indicated different temperatures.

Fig. 8. Flow stress predictions of the present model and other models for Tantalum
based on the experimental data [8] at: (a) 5000 s�1 and 298, 498 K, and (b) very
high strain rates and room temperature.
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upturn phenomenon in the relation of flow stress and strain rate
because of the rapid increase of the rate sensitivity of flow stress
when the strain rate approaches or exceeds 104 s�1. But in BCC met-
als, it seems that there is no such phenomenon as shown in Fig. 7,
which is an important difference between the high-strain-rate re-
sponses of BCC and FCC metals. This implies that the applicable
strain rate range of the present model for BCC metals can be ratio-
nally extended to beyond 104 s�1 without model correction [8].
The flow stress predictions of the proposed model and other
models for polycrystalline Tantalum are provided in Fig. 8, to show
that the proposed model is applicable not only to ferrous alloy steels
but also to nonferrous BCC metals. The model predictions are com-
pared with experimental data [8] at high temperature (� 498 K) in
Fig. 8a and at very high strain rates (1 � 104 s�1 � 4 � 104 s�1) in
Fig. 8b. The results indicated that it should be reliable to apply the
new model proposed in this paper to most BCC metals and alloys.

5. Conclusions

Based on the thermal activation analysis of the dislocation mo-
tion in the plastic deformation of BCC metals, a new physics-based
constitutive model for BCC metals has been developed. The new
model with globally-optimized material parameters well describes
the effects of temperature and strain rate, and rationally reflects
the influence of structural evolution on the flow stress. It is simpler
and easier to use than the original MTS model, and gives better
predictions than the R–K, Abed, Z–A and J–C models, in terms of
the thermo-mechanical viscoplastic behavior of HSLA-65 struc-
tural steel and Tantalum, based on the experimental results in a
broad range of strain rate, temperature and strain. In addition,
the new model can be implemented as a dynamic/quasi-static
yield surface into the stress updating formulation in finite element
simulations of large plastic deformation of BCC materials. Com-
pared with the mostly used J–C model in general finite element
software, it can describe more accurately the dynamic plasticity
of BCC metals, especially at a high or low temperature.
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