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Abstract

It is well known that a specimen for impact testing must be optimized in terms of its dimensions. The main reason is to reduce strain
gradients due to the effects of elastic–plastic wave propagation. On the other hand, when a split Hopkinson bar in tension is applied, the
net displacement of the specimen ends is very limited, usually from 2.0 to 3.0 mm. Thus, to reach a maximum strain of 0.5 the specimen
length must be reduced in dimensions from 4.0 to 6.0 mm. Consequently, small diameters or lateral dimensions and lengths must be
applied to assure one-dimensional deformation. Such small lengths substantially perturb the determination of real material behavior.
So the main motivation of this study was to perform a systematic analysis, numerical and analytical, to find differences in the behavior
of short and long specimens loaded in impact tension. The finite element code ABAQUS/Explicit has been used to simulate several spec-
imen lengths from 10 to 40 mm submitted to impact velocities ranging from 10 to 100 m/s.
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1. Thermoviscoplastic modeling

To study the dynamic processes of plastic deformation
in sheet metals, a well defined constitutive relation has ear-
lier been proposed. Several processes of fast deformation
have been previously studied by applying that relation: per-
foration [1], double shear by direct impact [2], the Taylor
test and fast tension test [3]. With the constitutive relation,
Eq. (1), the effect of temperature and strain rate on the flow
stress can be studied and analyzed. It is clear that the adi-
abatic increase of temperature has a substantial effect on
the flow stress and it induces a decrease in the ultimate ten-
sile stress. In order to describe precisely the behavior of
materials at high strain rates and temperatures, the equiv-
alent stress �r needs to be taken as the sum of two compo-
nents rl and r* which are, respectively, the internal and the
effective stress. The first component is directly related to

the strain hardening of the material and the second defines
the contribution due to the thermal activation (a combina-
tion of temperature and strain rate). The constitutive rela-
tion can be written in terms of equivalent scalar quantities:

�rð�ep; _�ep; T Þ ¼ EðT Þ
E0

½rlð�ep; _�e
p
; T Þ þ r�ð_�ep; T Þ�; ð1Þ

where �ep is the equivalent plastic strain, T is the absolute
temperature, E0 is the Young�s modulus at T = 0 K and
E(T) is the evolution of the modulus as a function of tem-
perature. Eq. (1) is based to some extent on physical con-
siderations [2]. The explicit expressions for both stress
components are given below:

rlð�ep; _�e
p
; T Þ ¼ Bð_�ep; T Þðe0 þ �epÞnð_�e

p
;T Þ
; ð2Þ

where Bð_�ep; T Þ and nð_�ep; T Þ are the modulus of plasticity
and the strain hardening exponent, respectively. These
quantities, defined by Eqs. (3) and (5), respectively, take
into account the experimental observations that the strain
hardening itself depends on temperature and strain rate.
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p
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� �� �� �
with

_emin 6 _�e
p
6 _emax; ð3Þ

where n0 and D2 are material constants, Tm is the melting
point, _emin is the minimum strain rate which defines the
quasi-static stress–strain relation, _emax is the maximum lim-
it of strain rate. where Æ�æ are the MacCauley brackets:

h�i ¼
� if � P 0;

0 if � < 0

�
ð4Þ

such that negative values of the hardening exponent are not
allowed.

For the ES mild steel (C: 0.03%, S: 0.011%, Mn: 0.203%,
Al: 0.054%, Cr: 0.041%, Ni: 0.018%) [1,2] analyzed in this
paper, the strain-hardening exponent n substantially
changes with strain rate and temperature, particularly in
the adiabatic conditions [2]. This mild steel is used for deep
drawing applications due to its large ductility. Moreover,
the effective strain rate _�e

p
, which corresponds to the com-

plete transition into adiabatic conditions of deformation
is estimated as _�e

p � 10 s�1. For strain rates higher or equal
to 102 s�1, a significant temperature increase DT is ob-
served with plastic deformation and at the same time an
intensification of the thermal softening of the material oc-
curs. The process of plastic deformation is then coupled
with temperature as will be shown later. The formula for
Bð_�ep; T Þ is a function of the homologous temperature mod-
ified by strain rate [3]:

Bð_�ep; T Þ ¼ B0
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where B0 is the material constant and m is the temperature
sensitivity (usually negative).

The explicit form of the effective stress r*, given by Eq.
(6), is similar to the Arrhenius relation which describes the
kinetics of thermally activated processes:

r�ð_�ep; T Þ ¼ r�
0 1� D1
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p
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where r�
0 is the effective stress at T = 0 K, D1 is the material

constant and m* = 1/m is the coefficient characterizing the
temperature and strain rate sensitivity. In adiabatic condi-
tions the quantities that are functions of temperature are
coupled via Eq. (7), which gives the increment of tempera-
ture DTadiabatic due to the plastic work converted into heat
[30].

The adiabatic increase of temperature triggers the ther-
mal softening phenomenon and reduces the rate of strain
hardening

T adiabatic ¼ T 0 þ DT adiabatic;

T adiabatic ¼ T 0 þ
b
qC

Z �ep

ee

rðn; _�ep; T Þ dn; ð7Þ

where b is the Taylor–Quinney coefficient of plastic work
converted into heat, q is the density of material and C is
the specific heat at constant pressure. In our case C is con-
stant but generally it is a function of temperature [28,29].

The material constants used to describe the thermovisco-
plastic behavior of ES steel are given in [1–4]. It is com-
monly observed that an increase of strain rate causes an
increase of the yield and flow stress. The logarithmic rate
sensitivity m is very important in modeling of the thermovi-
scoplastic behavior of materials. This parameter, defined by
the following relation, Eq. (8), is close to m � 0.02 for the
sheet of mild steel at low strain rate for room temperature

mðT Þ ¼ o log r

o log _�e
p

����
�ep;T

with m P 0. ð8Þ

The experimental results reported in [4] have permitted
the determination of the logarithmic strain rate sensitivity
for ES steel. For the range of low strain rates 10�4

6

_�e
p
6 10�1 s�1, the strain rate sensitivity is m = 0.023 and in-

creases to m = 0.05 for the range of high strain rates
1 6 _�e

p
6 103 s�1 for strain level �ep ¼ 0:1. However, at lar-

ger plastic strain a decrease of the strain rate sensitivity is
induced by the thermal softening of the material; this effect
is more important when the strain rate increases. It can be
stated that the apparent strain rate sensitivity which is cou-
pled with temperature strongly depends on the plastic work
accumulated during plastic deformation and converted into
heat. In general the thermal softening of the stress causes
this phenomenon. The value of the apparent strain rate
sensitivity can change at high strain rates with the specimen
geometry as will be shown later after the numerical analy-
sis, more precisely for a short specimen. If the process of
thermal softening resulting from the coupling _�e

p � T is
not well defined, the process of plastic deformation cannot
be studied correctly. In our case, the strong coupling _�e

p � T
inducing a thermal softening of the material is partly
caused by variation of the strain hardening exponent
nð_�ep; T Þ, Eq. (3). When temperature or strain rate increases
then nð_�ep; T Þ ! 0 which is commonly observed in dynamic
tests.

Several constitutive equations have been proposed in the
past. Those proposed by Cowper and Symonds [5] and
Johnson and Cook [6] are empirical, and in that due to
Zhao [7], an extension of the Tanimura formulation [47],
temperature effects are not included. Zerilli and Armstrong
[9] proposed a constitutive relation coupled with tempera-
ture and with some background of materials science. Next,
a comparison between some of these constitutive relations
for sheet steel ES is performed, Fig. 1. Apparently, a rela-
tively good agreement with experiment for small strains
and constant temperature is found for the relation pro-
posed by Zhao. A simple reason for this agreement is the
additive form of the relation where an increase of strain
rate causes a translation of strain–stress curve toward higher
stresses. The disadvantage of all phenomenological rela-
tions formulated at constant temperature is the very limited
range of applications of all numerical simulations at high
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