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Constitutive model for dynamic mechanical response of high strength steel
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Abstract: It’ s important to understand the deformation behavior of metals in the dynamic loading
process. In this study, the dynamic mechanical responses of high strength steel are investigated by uni-
axial compressive experiments on the Split Hopkinson Pressure Bar (SHPB) with strain rate range from
3000 to 12000s™ ! and temperature range from 20°Cto 800°C. The experimental results show that the me-
chanical responses of steel investigated are strongly affected by the strain, strain rate and deformation
temperature. The flow stress increases with the increasing of strain rate while decreases with the in-
creasing of deformation temperature. A phenomenological constitutive model is established to describe
the strain rate harden and temperature soften behavior. The stress—strain relationships predicted by the
phenomenological constitutive model agree well with the experimental results, which shows that the
proposed constitutive model can be used to study the dynamic deformation process furthermore.
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1 Introduction

In the engineering application, the metals u-
sually suffer from dynamic loading, such as high
speed metal cutting, car crash, explosive-metal
interaction and penetration. So it’s important to
understand the plastic deformation behavior of
metals over a wide range of strain rates and tem-
peratures in the design of structures *1. Flow
stress is the resistance to the plastic deformation
of metals. With the development of computer
technology, the finite element method is widely
used in the analysis of metal plastic deformation.
In the finite element code, the flow stress is ex-
pressed in the mathematical equations, which is
also referred as constitutive model. To optimize
the engineering structures, an accurate constitu-
tive model is needed M~

The constitutive model of the flow stress under
different strain rates and temperature conditions has
drawn a lot of attention of many researchers. Zhou et

) studied the hot tensile deformation behaviors of

al.
an Al-Zn-Mg-Cu alloy under the deformation temper-
atures of 340 to 460°C and strain rates of 0. 01-0.
001s™ ' and proposed an Arrhenius-type constitutive
model to predict the peak stress under the tested de-
formation condition. Tanimura et al. ') compared the
applicability of constitutive models of Cowper-Sym-

onds (CS), Modified Cowper-Symonds ( Modified
CS), Johnson-Cook (JC). Samantaray et al. ™ pro-

posed a modified constitutive model based on the Zer-
illi-Armstrong model considering the effects of ther-
mal softening, strain rate hardening and isotropic
hardening on flow stress to predict the elevated-tem-
perature flow behavior of alloy D9. Park et al. ! de-
veloped a unified constitutive model to describe the
flow behaviors of pure Ta and Ta-W alloys over a
wide range of strain rate and temperature,

The main objective of this study is to investi-
gate thedynamic mechanical response of high
strength steel at temperatures ranging from 20°C
to 800°C and strain rates in the range of 3000 to
12000 s ' by using the Split Hopkinson Pressure
Bar (SHPB). The effect of strain rate and de-
formation temperature on the flow stress is ana-
lyzed according to the stress-strain relationships
obtained. Then a phenomenological constitutive
model is established by taking into account the
combined effect of strain, strain rate and deform-

ation temperature on the plastic deformation.

2 Experiments and results

2.1 Material

The target material in this study is a high
strength steel 30Cr2Ni4MoV, which is used to
manufacture the rotor of the steam turbine. The
hardness is about 270HV. The chemical composi-
tions of the studied steel are listed in Table 1.
The microstructure of the material is shown in
Fig. 1.

Tab.1 Chemical composition of the studied high strength steel (wt. %)
Composition C Si Mn S P Cr Ni Mo \% Fe
Content (wt. %) <0. 35 <0.03 <0.05 <0.004 <0.002 1.6 3.5 0.3 0.08 Bal.

Fig. 1 Microstructure of 30Cr2Ni4MoV (500 X)

2.2 High strain rate testing

The dynamic mechanical response of the
30Cr2Ni4MoV high strength steel was tested u-
sing the Split Hopkinson Pressure Bar (SHPB) as
shown in Fig. 2, which has been widely used for
the determination of the dynamic mechanical
The Split Hopkinson

Pressure Bar was firstly invented by Bertram

properties of materials.

Hopkinson in 1914 and then improved by Kolsky
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in 1949017,

sure Bar is also referred as Kolsky bar. As shown

Therefore, the Split Hopkinson Pres-

in Fig. 1, the primary components of SHPB sys-
tem consist of three elastic bars: strike bar, inci-
dent bar and transmit bar. At the beginning of
the test, a cylinder specimen is sandwiched be-
tween the incident bar and the transmit bar with
lubrication for reducing the friction in the speci-
men/bar interface. Then the strike bar, which
was driven by the compressed gas, impacts the
left end of incident bar. The stress pulse induced
by the impact travels along the incident bar.
When the stress pulse reaches the interface be-
tween incident bar and specimen, part of the
stress pulse reflects into the incident bar and rest
of the stress pulse transmits into the transmit
bar. At the same time, the specimen deforms uni-
formly. The time-dependent stress pulse in the e-
lastic bar generates time-dependent strain, which
can be measured by the strain gages at the mid-
point of the incident bar and transmit bar. The
signals received by strain gauges are firstly recor-
ded by a digital oscilloscope, and then these re-
corded signals are transferred into a computer for

further data processing.

Speciman .
Strike Bar Incident Bar * Transmit Bar
| t
—— Strain gage Strain gage
Fig. 2 Schematic illustration of Split Hopkinson

Pressure Bar

Based on the one dimensional stress pulse
propagation hypothesis, the average stress, strain
and strain rate in the specimen can be calculated

by the strain measured in the elastic bars accord-

ing to following equationst™ ;
. :Aff” (D
:. ZZCI’“R (2
e, = [ Eea (3

s

0

where E is the Young’s modulus, C, is the wave

velocity, A is the cross-sectional area of the elas-
tic bars, A, is cross-sectional area, L. is the
length of the cylindrical specimen. And e+ and eg
are elastic incident strain and elastic reflect strain
caused by elastic incident stress pulse and elastic
reflect stress pulse in elastic bar. And o,,¢,, c.
are, respectively, stress, strain and strain rate in
the material.

In this study, the strain rates investigated
range from3000 to 12000 s ' and the temperature
investigated range from 20°C to 800°C. The true
stress-true strain curves obtained from the experi-
ment are shown in Fig. 3 and Fig. 4.

2.3 Results analysis
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Fig. 3 True stress-true strain curves of
30Cr2NidMoV high strength steel under
different strain rates at room tempera-
ture (20°C)
——20°C
1200 - —e—200 T
—»— 600 C
1000 —e—3800 C
. soo_/*—H‘o—._.__._—H—H\‘_
)
o
2
2 600
2
= W
S 4004
=
200
0 T T T T 1
0.00 0.05 0.10 0.15 0.20 025
True strain
Fig. 4 True stress-true strain curves of

30Cr2Ni4MoV high strength steel under
different temperatures with strain rate

of 8500s!
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From the experimental results, it is found
that with the increasing of true strain, the flow
stress increases nonlinearly, which indicates that
the material is under severely plastic deformation.
The work doneby the plastic deformation is irre-
versible. In the plastic flow stage, the increasing
of flow stress, which is referred as work harden-
ing, is a result of the slipping and propagating of

dislocation™" .,

The strain rate and temperature
both have significant effect on the plastic flow be-
havior of materials. The relationship between
flow stress and logarithmic strain rate at true
strain of 0. 03 is shown in Fig. 5, while the rela-
tionship between flow stress and temperatures at

true strain of 0. 02 is shown in Fig. 6.

1200 -
1000 .
800
600 -

400

True Stress(Mpa)

200

0 T T T ! T T
1E-3  0.01 0.1 1 10 100

T T
1000 10000

Strain rate(s™')
Fig.5 Effect of strain rate on the flow stress
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Fig. 6 Effect of temperature on the flow stress

As shown in Fig. 5, the flow stress increases
with the increasing of strain rate. The strain rate
sensitivity owns to the dislocation drag mecha-
nism in the high strain rate. The temperature also
has a strong effect on the flow stress. With the
increasing of temperature, the thermal activation
of dislocation become stronger. So the flow stress
decreases with the increasing of temperature as

shown in Fig. 6.

3 Establishment of constitutive models

The constitutive model proposed in the study

is expressed as following:

o.(ere»T)=gle) *I'(e) *OCT) 4)
g(ev):a<)(1+i)]”"’ 5
F(é,\.)(lJr:“')‘”’” (6)
O(T) =c¢, +o, T+e; T? +¢, T? (7

where g, yield stress at reference strain rate and

temperature T is the deformation temperature, ¢,

is the reference strain, e, is the reference strain

rate. m, n, c,~ c; are material constants of con-

stitutive model, respectively. g(e,),I'(¢,) and @
(T) in this constitutive model reflect the strain
harden, strain rate harden and temperature soften
behavior of metals.

By the regression analysis of the true stress-
true strain curves from the experiment, the mate-
rial constants of constitutive model are calibrated,
as shown in table 2. The comparisons of flow
stress measured in the experiment and predicted
by the constitutive model at different deformation
conditions are presented in Fig. 7 and Fig. 8. It is
found that the flow stresses predicted by the con-
stitutive model agree well with the experimental

results.
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Tab. 2 Material constants of constitutive model
<] €0 m éo n Co Cl C2 C3
547.92Mpa 0.01 6.9979 100s™! 8.9047 1.0308 —1.8124e—3 2.1826e—6 —1.2745e—9
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Fig. 7 Comparison of flow stress measured in the experiment and predicted by the constitutive model under different

strain rates at room temperature (20°C)



%24

—=— experiment

1400 —— predicted
1200 e
1000 —// =
’5‘ 4
[ <%
= B00-
1
8
£ 500
[}
o
p=]
= 4004
200 4
0 T T T )
0.00 0.05 0.10 0.15 0.20
True strain
(a) 20°C
—s— experiment
- —— predicted
o
Q.
=
W
12
2 400 4
»
Q
2
(=
200 4
o T T T T 1
0.00 0.05 0.10 0.15 020 025
True strain
() 400°C
—a— experiment
600 —o— predicted
500
8 .
s )
% 3004
2
17
S 200
'_
100 4
0 T T T ]
0.00 0.05 0.10 0.15 020
True strain

(e) 800°C

Wik, F. BHERMH AN F A MR TR 387
—s— experiment
1200 —— predicted
1000 o
o (i—r—t
—
800 _ﬁ-‘—-—.—.——u——l——.—ﬁ
® 3
Q.
&
2 600
&
= p
g 400 4
=
200 4
0 T T T T ]
0.00 0.05 0.10 0.15 0.20 0.25
True strain
(b) 200°C
—s— experiment
700 4 ——predicted
600 e
500 4
g
= 400~
w )
o
= 300
w
Q
b
= 200
100
o T T T T 1
0.00 005 010 015 020 025
True strain
(d) 600°C

Fig. 8 Comparison of flow stress measured in the experiment and predicted by the constitutive model under different

temperature with strain rates of 85005 !

4 Conclusions

response  of
30Cr2Ni4dMoV high strength steel was studied by
SHPB in the present work. The strain rate and

The dynamic mechanical

temperature sensitive of flow stress were ana-

lyzed. Based on the experimental results, a phe-

nomenological constitutive model was proposed,
which predicts the flow stress accurately in the

investigated strain rate and temperature range.
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