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Abstract In a dynamic experiment to obtain the high-rate
stress–strain response of a ductile specimen, it takes a finite
amount of time for the strain rate in the specimen to
increase from zero to a desired level. The strain in the
specimen accumulates during this strain-rate ramping time.
If the desired strain rate is high, the specimen may yield
before the desired rate is attained. In this case, the strain
rates at yielding and early plastic flow are lower than the
desired value, leading to inaccurate determination of the yield
strength. Through experimentation and analysis, we examined
the validity and accuracy of the flow stresses for ductile
materials in a split Hopkinson pressure (SHPB) bar experi-
ment. The upper strain-rate limit for determining the dynamic
yield strength of ductile materials with a SHPB is identified.

Keywords Split Hopkinson pressure bar (SHPB) . Ductile
materials . Constant strain rates . Flow stress . Yield strength

Introduction

Development of accurate rate-dependent material models for
the purpose of engineering design and optimization in a
variety of applications where high-rate loading is encountered

requires reliable materials properties determined by experi-
ments over a wide range of strain rates [1]. This practical need
has attracted extensive modeling efforts [2–4]. For example,
strain-rate effects on flow stress/yield strength have been
examined for a number of ductile materials [5–10]. The flow
stress beyond plastic yielding at low strain rates can be
precisely determined at specified rates from conventional
quasi-static experiments. In such quasi-static experiments,
the testing conditions can typically be controlled without
considering the specimen response due to high machine
rigidity. By contrast, the testing conditions in dynamic
experiments with Hopkinson bars, which are much less
rigid, are much more difficult to control for achieving
desired testing conditions. Pulse shaping technique exten-
sively developed in recent decades makes dynamic testing
conditions more controllable in split Hopkinson pressure bar
(SHPB) experiments [11, 12]. The pulse shaping technique
was originally developed as a pulse smoother [13]. During
the most recent decade, the main function of the pulse
shaping technique has been turned to produce a desired
profile of incident pulse to ensure dynamic stress equilibrium
and constant strain-rate deformation in specimen. Chen et al.
[14] conducted dynamic compressive experiments on a mild
steel with and without pulse shaping technique. Their results
show that early stress–strain data before yielding from a non-
pulse-shaped experiment is not valid due to non-equilibrated
stress state in specimen. However, valid data at small strains
are obtained by using the pulse shaping technique. The pulse
shaping technique also facilitates constant strain-rate defor-
mation in specimen. There is a nature that it takes time to
accelerate a specimen at rest to a steady-state dynamic
deformation. In a SHPB experiment, as the desired strain
rates increase, the time for the loading process to reach a
certain strain in a specimen during an experiment becomes
shorter and shorter. From this phenomenon, there are two
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issues that would need attention in experimental design.
First, it is noted that the strain in the specimen accumulates
during this ramping-up time. It is possible that the
accumulated strain in the ductile specimen before the strain
rate reaches a desired constant value is enough to reach the
yield strain. In this case, the yield strength is actually
determined at the lower strain rate than the claimed constant
value. Therefore, using the obtained yield strength and the
claimed constant strain-rate data to study the strain-rate
effects for materials, especially for rate-sensitive materials, is
certainly not acceptable. As the desired rate further increases,
this situation expands to early plastic-flow region of the
ductile specimen’s stress–strain behavior. Second, as the
desired strain rate increases, the rise time in the loading pulse
needs to be shorter and shorter. In a SHPB experiment, the
rise time cannot be infinitely small. It is therefore necessary
to examine in detail the conditions under which the dynamic
yielding and flow behaviors are obtained. While this
uncertainty in dynamic experimental results described here
can occur in many high-rate experiments under tension,
torsion, or compression conditions, in this paper, we take the
case of a SHPB experiment to explore the limiting conditions
under which a valid experiment can be performed.

The SHPBs are used to determine the dynamic com-
pressive responses of engineering materials, including
ductile materials, in the strain-rate range from 102 to
104 s−1 [15, 16]. To obtain a family of dynamic stress–
strain curves as a function of strain rate with the SHPB, the
strain rate in the specimen is desired to be a constant during
each experiment, which is not automatically achieved in a
conventional SHPB experiment [14, 17]. Variations in
strain rates during a SHPB experiment have been demon-
strated to significantly affect the resultant stress–strain data,
especially for the rate-sensitive materials [18–20]. For
example, Kobayashi et al. [19] investigated the effect of
strain rate change on instability strain (the strain at the
maximum load) during SHPB dynamic tensile tests for a
0.45% steel. The instability strain was found to be very
sensitive to the strain rate history in specimen. As
compared to constant rate of deformation, the acceleration
in specimen deformation resulted in the larger instability
strain whereas the decelerated specimen deformation led to
the smaller value of instability strain. Nojima and Ogawa
[20] also pointed out that the true material response is often
veiled by varied strain rate during a SHPB test. In hence, it
is essential to deform a specimen, particularly a strain-
rate-sensitive specimen, at a constant strain rate over the
entire loading duration such that the true strain-rate effects
of the specimen enable to be revealed. As mentioned
earlier, the pulse shaping techniques have made the SHPB
more controllable. The SHPBs modified with proper pulse
shaping designs have demonstrated the capabilities of
characterizing dynamic stress–strain behavior of various

materials at constant strain rates [21, 22]. In particular,
Frew et al. [12] developed composite pulse shapers for
achieving constant strain rates during dynamic loading on
high-strength ductile steels. Although pulse shaping tech-
niques ensure the specimen to deform at nearly constant
strain rates over most of loading duration, the constant-rate
is typically not maintained during the early stages of the
dynamic loading. At the beginning of a dynamic experi-
ment, it always takes time for the strain rate in the specimen
to increase from zero to the constant level. The strain in the
specimen accumulated in this time may exceed the yield
strain (<0.01 for most metals) before a constant strain rate
is reached if the desired constant level is sufficiently high.

Similar phenomenon has also been observed in the
SHPB experiments on elastic brittle specimens (S-2 glass/
SC15 composite and PMMA), where specimens failed
before the desired constant strain rates were reached [23].
There exists an upper limit for achievable constant strain
rates in SHPB experiments on those materials. When
characterizing metallic materials at high rates, which also
have elastic behavior before yielding, it is also necessary
to examine if there is an upper limit in strain rates
beyond which constant strain rate cannot be achieved at
yielding.

In this study, we examine the yield strength and early
plastic flow stress for a 4340 steel and an HP9-4-20 steel
alloy at high strain rates with a pulse-shaping SHPB. A
strain-rate dependent material model is modified to describe
the effects of strain-rate variation on the yield strength and
early plastic flow stress the 4340 steel.

The Modified SHPB for Characterizing Ductile
Materials

A conventional SHPB device typically consists of a gas
gun, a striker, an incident bar, a transmission bar, a
momentum absorption device, and a data acquisition
system. The specimen is sandwiched between the incident
bar and the transmission bar. The impact of the striker,
which is launched by the compressed gas in the gas gun, on
the end of the incident bar generates an elastic wave
(incident wave) that propagates through the incident bar.
When the incident wave travels to the specimen, the
specimen is compressed. Due to the mechanical impedance
mismatch between the bars and the specimen, part of the
incident wave is reflected back into the incident bar as a
reflected wave and the rest transmits into the transmission
bar as a transmitted wave. A valid SHPB experiment
requires the specimen to be in a state of uniform stress over
the loading duration. Under dynamically equilibrated
stresses, one dimensional wave analysis yields the strain
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rate, strain, and stress histories in the specimen as the
follows [5, 16],

"
�
tð Þ ¼ �2

C0

Ls
"r tð Þ ð1Þ

" tð Þ ¼ �2
C0

Ls

Z t

0
"r tð Þdt ð2Þ

s tð Þ ¼ A0
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E0"t tð Þ ð3Þ

where ɛr (t) and ɛt (t) are reflected and transmitted strain
histories, respectively; A0 is the cross-sectional area of the
bars; E0 and C0 are Young’s modulus and elastic bar wave
speed in the bar material, respectively; As and Ls are initial
cross-sectional area and length of the specimen, respective-
ly. Therefore, the strain and stress histories in the specimen
under investigation are calculated from the reflected and
transmitted signals, respectively, such that the dynamic
stress–strain curves are obtained. It is emphasized again
that the dynamic stress equilibrium can be physically
achieved through pulse shaping technique such that
equations (1)–(3) are applicable to calculate the resultant
stress and strain data. Using three-wave analysis instead of
pulse shaping technique can artificially smoothen out the
severe stress and strain gradients in the specimen, which
provides superficially good looking results. However, the three-
wave analysis does not provide a solution to the fundamental
problem of non-uniform deformation of the specimen.

To properly delineate the strain-rate effects for a specific
material, the strain rate in the specimen during each SHPB
experiment needs to be approximately maintained at a
constant over the loading duration. A family of such stress–
strain curves obtained at various constant strain rates
facilitate the quantitative investigation on strain-rate effects.
A constant strain-rate history in a specimen during a SHPB
experiment is indicated by a plateau in the reflected pulse
under dynamically equilibrated stresses [equation (1)].
However, in a conventional SHPB experiment, the strain
rate often decreases due to work hardening response of the
metal specimen. A SHPB modified with double pulse
shaping design has been demonstrated to be capable of
obtaining the stress–strain curves for ductile materials at
constant strain rates [12, 14]. The proper pulse shaping
technique enables to obtain accurate measurements at small
strains for metals [14] and dynamic elastic and early cell-
collapse responses at small strains for a polystyrene foam
[24].

Dynamic Experiments with the Modified SHPB

Dynamic compression experiments on a 4340 HRC45 steel,
provided by Sandia National Laboratories, Albuquerque,
NM, were conducted with a SHPB modified with double
pulse shapers, the schematic of which is shown in Fig. 1.
The striker, incident, and transmission maraging steel bars
had a common diameter of 19.05 mm. The specimens are
9.53 mm in diameter and 6.35 mm in length. In the pulse-
shaped SHPB experiment, the composite pulse shapers that
consist of a partially annealed C11000 copper disk and a
4340 HRC30 steel cylinder were placed on the impact end
of the incident bar. Upon the impact of the striker, the pulse
shapers were extensively compressed, generating a different
profile of the incident pulse from that obtained in a
conventional Hopkinson bar experiment. If the dimensions
of the pulse shapers are appropriately selected, the profile
of the incident pulse is controlled to ensure that the
specimen deforms at a nearly constant strain rate under
dynamic stress equilibrium [12, 14]. Besides the pulse
shapers on the impact end of the incident bar, two M2 tool
steel platens with the same diameter as the bars were
attached to the specimen ends of the incident and
transmission bars, respectively, to protect the bar ends from
indentation damage caused by the hard specimen.

As mentioned in the “Introduction” Section, during a
dynamic compressive experiment, the strain rate in the
specimen increases from zero to a desired level. Proper
pulse shaping techniques ensure the eventual strain rate to
remain at a constant level over the most of the experiment
duration. The dynamic compression experiments presented
here were conducted at three eventual strain rates: 5.8×102,
1.7×103, and 3.6×103 s−1. Figure 2 shows a typical set of
incident, reflected, and transmitted oscilloscope records
which were obtained from an experiment at the strain rate
of 1.7×103 s−1. The incident pulse in Fig. 2 clearly has a
different profile from those obtained from conventional
SHPB experiments. This is the result of employing the
pulse shapers at the impact end of the incident bar. In a
SHPB experiment, the specimen’s response significantly
affects the testing conditions. For example, if a step
incident is used to load a ductile work-hardening specimen,
the rate of the deformation will inevitably decrease as the

Fig. 1 A schematic of pulse-shaping SHPB setup
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specimen work hardens. This is because the loading is
maintained at a constant, which is unable to deform the
hardened specimen as fast. To maintain a constant strain
rate, the amplitude of the loading pulse must increase (pulse
shaping) as the deformation in the specimen increases.
Therefore, pulse shaping is necessary to ensure constant-
strain-rate testing conditions. Furthermore, due to the nature
of wave propagation in a dynamic experiment, the front of
a loading pulse cannot be very steep in order to allow the
specimen to deform under a dynamically equilibrated
stress, which is a required condition in any experiment for
material characterization. Thus, equilibrium requirement
also calls for proper pulse shaping in a valid Hopkinson bar
experiment. The modified incident pulse through pulse
shaping technique shown in Fig. 2 facilitates dynamic stress
equilibrium in a specimen over the entire loading duration,
as shown in Fig. 3. Figure 3 shows the axial force histories
at the front (in contact with the incident bar) and the back
(in contact with the transmission bar) ends of the metal
specimen loaded by the incident pulse shown in Fig. 2. The
nearly overlapping histories clearly indicate that the axial
stresses in the specimen are approximately equilibrated
over the entire dynamic loading duration. Under dynamic
stress equilibrium, the strain rate history is proportional to
the reflected pulse [equation (1)]. The plateau in the
reflected pulse in Fig. 2 thus indicates the nearly constant
strain-rate deformation in the specimen. It should be noted
that, when the strain in the specimen is excessively large, a
true strain rate to describe the specimen behavior may
become necessary [25]. In that case, a plateau in the
reflected pulse may not indicate a constant true strain rate in
the specimen. However, in this research, our focus is on the
accuracy of experimental data associated with the early
plastic deformation. We only maintained engineering strain
rate to be constant in the experiments reported in this paper.

To examine the strain history together with the strain rate
history for the purpose of determining the strain at which
the strain rate reaches constant, the strain-rate and strain
histories at the strain rate of 1.7×103 s−1 are shown in
Fig. 4. An examination of Fig. 4 indicates that it took
approximately 90 μs for the strain rate to increase from zero
to the constant value of 1.7×103 s−1. Note that the slight
oscillation, which inevitably occurs when the specimen
material is very hard, in the strain rate is neglected. In this
first 90 μs, the specimen has accumulated a true strain of
0.026, as marked by the horizontal dotted line in Fig. 4,
which far exceeds the yield strain of the specimen material.
This fact indicates that the stress–strain data within the
strain of 0.026 were obtained at the increasing strain rates
rather than the claimed constant strain rate (1.7×103 s−1).
Figure 5 shows the strain-rate and strain histories in the
specimen at the strain rate of 3.6×103 s−1 where a similar
but more severe phenomenon is observed. The strain rate

Fig. 2 A typical set of incident, reflected, and transmitted pulses for
the 4340 steel specimen at the strain rate of 1.7×103 s−1

Fig. 3 Dynamic stress equilibrium in specimen

Fig. 4 Engineering strain-rate and true strain histories in specimen at
the strain rate of 1,700 s−1
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was increasing from zero to 3.6×103 s−1 during the first
66 μs that corresponds to a strain of 0.035. This phenomenon
cannot be avoided while conducting experiments at high
strain rates. As the eventual constant strain rate decreases,
the situation becomes less severe. For example, at the strain
rate of 5.8×102 s−1, the accumulated strain in the specimen
before the strain rate reaches the constant value (5.8×
102 s−1) is less than 0.015. In this case, it may be acceptable
to consider that all of the plastic deformation was obtained
at the constant strain rate (5.8×102 s−1). It has been
demonstrated that the strain rate of elastic deformation
was approximately two orders lower than the plastic strain
rate in a SHPB experiment [14].

In order to examine the strain-rate effects and to develop
a strain-rate-dependent material model over a wider range
of strain rates, we also conducted the quasi-static experi-
ments at the strain rates of 3.4×10−4, 3.4×10−3, and 3.4×
10−2 s−1 with a standard MTS machine. Figure 6 shows the
resultant stress–strain curves obtained from both dynamic

and quasi-static experiments. In Fig. 6, the stress at a
certain strain increases with the strain rate increases from
3.4×10−4 to 3.6×103 s−1, indicating significant strain-rate
effects. It is noted that only the portions beyond 0.015
strain in the stress–strain curve of 5.8×102 s−1, beyond
0.026 strain in the stress–strain curve of 1.7×103 s−1, and
beyond 0.035 strain in the curve of 3.6×103 s−1 were
obtained at constant strain rates. The strain of 0.015 is
close to the yield strain for the material so that the
plastic yield strength at the strain rate of 5.8×102 s−1 is
considered reliable. However, the strains of 0.026 and
0.035 far exceed the strain of plastic yielding for the
material. In the experiment of 3.6×103 s−1, the actual
strain rate was only 2.5×103 s−1 rather than 3.6×103 s−1

when the specimen reaches the strain of 0.015 (Fig. 5).
The strain rate in the strain range from 0.015 to 0.035
varied from 2.5×103 s−1 to 3.6×103 s−1 (Fig. 5). As a
result, a lower early flow stress, as circled in Fig. 6, was
measured during the experiment due to the lower initial
strain rates; whereas, no such low early flow stress was
observed in the stress–strain curve obtained at the lower
constant plastic strain-rate of 5.8×102 s−1. Therefore, one
cannot claim the strain rate at yielding to be 3.6×103 s−1.
The yielding behavior does not represent the actual
response of the material at the strain rate of 3.6×103 s−1.

We also conducted dynamic compressive experiments on
another high strength, high toughness steel alloy, HP9-4-20
(9Ni-4Co-0.20C), supplied by Sandia National Laboratories,
Livermore, CA. The dynamic experiments were conducted
at two eventual constant strain rates: 1.3×103 and 4.9×
103 s−1. The resultant stress–strain curves of these dynamic
experiments are shown in Fig. 7. Figure 7 also shows a
lower flow stress in the small plastic strain range (<0.07) in
the stress–strain curve at the strain rate of 4.9×103 s−1. An
obvious transitional trend in the stress–strain curve at this

Fig. 5 Engineering strain-rate and true strain histories in specimen at
the strain rate of 3,600 s−1

Fig. 6 True stress–strain curves of the 4340 steel at various dynamic
and quasi-static strain rates

Fig. 7 True stress–strain curves of the HP9-4-20 steel alloy at two
dynamic strain rates
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strain rate is observed, as indicated by the distinctive slope
change pattern before and after the strain of 0.07.
Therefore, an erroneous variation in dynamic yield strength
with strain rates may be summarized when using such
experimentally-measured data to determine the constants in
the model.

It should be noted that, this phenomenon does not
depend on the specimen length. Since the strain rate in the
specimen is inversely proportional to the specimen length,
it is possible to increase the strain rate in the specimen by
using a smaller specimen and often a smaller bar [26]. The
strain rate can be even as high as 104 s−1 in a torsion bar
experiment [27]. However, as the strain rate in the smaller
specimen increases from zero to a desired level, the strain
accumulation in the specimen can easily exceed the yield
strain of the specimen material, especially when the desired
strain rate is very high (say, above 103 s−1). It is therefore
necessary to explore other approaches to obtain dynamic
yield strength at high strain rates. In the next section, we
attempt to employ an analytical model to indirectly
approach the yield stress. The model’s constants were
determined using the experimental results during elastic and
larger plastic deformation (beyond a few percent) of the
material. An extrapolation is then created to cover the early
plastic deformation range where the strain rate in the
experiment cannot be maintained at a constant.

High-rate Compressive Stress–strain Relation
of the 4340 Steel

In this section, we slightly modify an existing stress–strain
relation developed by Warren and Forrestal [7] to describe
the high-rate compressive response of the 4340 steel. This
relation has been used and claimed efficient in numerical
simulations for penetration phenomena [7]. The modified
stress–strain relation in this research takes the form

σ ¼
E" σ � Yd

Y
E"

Yd

� �n

þ a log
"
�

"
�
0

 !
σ > Yd

:

8>><
>>: ð4Þ

where σ is the Cauchy stress (true stress), e is the
logarithmic strain (true strain), n is the strain hardening

exponent, "
�
is the strain rate, E is Young’s modulus, Y is the

yield strength at the reference strain rate "
�
0, a is a curve

fitting parameter with units of stress, and Yd is the dynamic
yield stress given by

Yd ¼ Y þ a log
"
�

"
�
0

 !
ð5Þ

This stress–strain relationship without many material con-
stants is capable of serving the purpose of illustration in this
study, even though a material model with more constants is
believed to describe the experimental curves better. Since
the stress–strain data at small strains are inaccurate, we
used only the accurate portion in the stress–strain curves at
various strain rates to determine the constants in the model
[equation (4)]. In detail, we used the stress–strain data at the
strains larger than 0.035 at the strain rate of 3.6×103 s−1,
0.026 at the strain rate of 1.7×103 s−1, and 0.015 at the
strain rate of 5.8×102 s−1 as well as the entire quasi-static
data to determine the constants. After curve-fitting, the
values of the constants are listed in Table 1. Figure 8
presents the comparison of stress–strain curves determined
from experiments and the model for the 4340 HRC45 steel.
It is observed that the stress–strain relationship agrees well
with the experimental data except for the data at small
strains at the strain rates of 1.7×103 and 3.6×103 s−1 where
the data were experimentally obtained at the lower strain
rates than the claimed constants.

To verify the accuracy of the model, we also substituted
the actual strain-rate history at the eventual strain rate of
3.6×103 s−1 (Fig. 5) into the stress–strain relation with the
constants listed in Table 1 to predict what the stress–strain
curve at this strain rate (3.6×103 s−1) should be. The stress–
strain curves as predicted by the model and as actually
obtained from experiments are shown in Fig. 9. The close

Fig. 8 Comparison of true stress–strain curves determined by experi-
ments and constitutive relation

Constants Values

Y 1,515 MPa
E 2×105 MPa
n 0.0328
a 195 MPa ("

� � "
�
0)

33 MPa ("
�
< "

�
0)

"
�
0 5.8×102 s−1

Table 1 Material model
constants
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agreement between the prediction and the actual data in the
early plastic deformation range indicates that the model
describes the behavior of this material well. Furthermore,
the stress–strain curve predicted by the stress–strain relation
based on the assumed constant strain-rate history is also
shown in Fig. 9. The curves based on these two different
strain rate histories indicate that both stress–strain curves
agree well when the strain is larger than 0.03, however,
they are deviated from each other at small strains (<0.03)
corresponding to the lower strain rate than claimed in this
range. The yield stress provided by the stress–strain
relationship assuming a constant (3600 s−1) thus may be
more accurate than the experimental value obtained at this
“strain rate.” By way of details, the stresses at the strain of
0.01 are 1679 MPa predicted by the model and 1,493 MPa
experimentally obtained by the experiment, respectively,
the error of which is 12.5%. At the strain of 0.015, this
error decreases to 2.5%, as shown in Fig. 9. The error of
12.5% for the very early flow stress at 0.01 strain is not
acceptable when the strain rate effects of the material are
desired to be accurately examined.

The experimental results and the analysis all indicate
that, at relatively high strain rates, the measured yield
strength and early flow stress for the ductile metal cannot
be accurate. It is thus necessary to determine the upper
strain-rate limit for obtaining reliable yield strength and
early plastic flow stress. In the following section, we
provide such an upper strain-rate limit through analysis.

Analysis of Upper Strain-rate Limit for Determining
Yield Strength

We use the illustration in Fig. 10 to analyze the upper limit
of the achievable constant strain rates at which the dynamic

yield strength for ductile materials can be unambiguously
determined. Figure 10 displays a typical strain rate history
experienced by a ductile specimen during the dynamic
loading in a SHPB experiment. As illustrated in Fig. 10, the
strain rate initially increases from zero until the time
reaches t when the strain rate starts to approach a constant
value ("

�
0). During this time C, the strain in the specimen is

accumulated to

" ¼
Z t

0
"
�
tð Þdt: ð6Þ

The history of the initial strain rate increase can be
controlled by pulse shaping. For a metal in its elastic
deformation, we can take a linear path for this history, i.e.,

"
�
tð Þ ¼ a � t ð7Þ

where a is a constant, a ¼ "
�
1

.
τ . Substituting equation (7)

into equation (6) yields

" ¼ 1

2
a � τ2 ¼ 1

2
"
�
1t ð8Þ

The criterion for obtaining dynamic yield strength at the
proposed strain rate, "

�
1, is

" � "Y ð9Þ
or

"
�
1 � 2

"Y
t

ð10Þ

where eY is the strain at the material’s dynamic yield
strength. Therefore, the critical strain rate (upper strain-rate
limit), "

�
1c ¼ 2"Y=t, is determined by the yield strain of the

material and the rise time (t) in strain-rate history. Note
that, for the purpose of producing an estimation, the strain
rate effects on yield strains are not considered here, i.e., for
a specific metal, the yield strain is taken as a constant. Since

Fig. 9 Comparison of true stress–strain curves determined by
experiment and the model on basis of actual strain-rate history and
assumed constant strain rate, respectively

Fig. 10 Illustration of constant strain rate in specimen
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the strain-rate history is represented by the reflected pulse when
the specimen is at dynamic equilibrium, the rise time in the
reflected pulse thus determines the upper strain-rate limit.

In a typical conventional SHPB experiment, the rise time in
the incident pulse is approximately 10 μs (t=10 μs), which
produces a reflected signal (or strain-rate history) with a rise
time longer than 10 μs. It is noted that, during the initial few
microseconds within the ∼10-μs rise time, the specimen is
not in dynamic equilibrium. It takes several microseconds
for the stress waves inside the specimen to “ring-up” to a
state of nearly uniform stress. In this research, we use σ0.2=
1,600 MPa as the average yield strength. The yield strain
(ey) for the materials is, "y ¼ 0:002þ σ0:2=E ¼ 0:01, on
basis of elastic modulus of 200 GPa. According to equation
(10), the upper strain-rate limit is estimated to be
"
�
0c ¼ 2"Y=τ ¼ 2000 s�1. This means that it is not feasible
to obtain yield strength at the strain rates above 2,000 s−1 for
this material. It is noted that the yield strain in equation (10)
may be strain rate dependent or independent. Here we
estimated the limit on basis of no rate dependence, which
provides an estimation of the strain rate limit. Using a strain-
rate-dependent model certainly provides a more accurate
estimation of the strain rate limit.

A smaller-diameter SHPB can produce incident pulses
with shorter rise times, i.e., 5 μs, (but not at a difference of
an order of magnitude) [26], which in turn can facilitate
high upper limit of strain rate for obtaining dynamic yield
strength. However, as the bar diameter decreases, so does
the specimen size, which has a lower limit for representing
bulk material behavior. When pulse shapers are used in the
SHPB experiments for the purpose of achievement of
constant strain rate in specimen, the initial loading rate of
the incident pulse is typically lowered such that the rise
time increases, resulting in longer rise time in strain-rate
history. The rise time in the reflected pulses obtained from
such a pulse-shaped SHPB experiment could be at least
twice (20 μs) as that obtained from a conventional SHPB
experiment. The upper strain-rate limit thus becomes only
half (1,000 s−1) of that in a conventional SHPB. Therefore,
the pulse shaping techniques, which are very effective in
producing constant-strain-rate deformation in the specimen
under dynamic equilibrium, limits the upper end of the
strain-rate range in which yield strength can be accurately
determined. Thus, when the SHPB (with or without pulse
shaping) is used for characterizing ductile materials at very
high strain rates, the validity of yield strength and early
flow stress should be carefully examined.

Conclusions

To accurately determine the yield strength and flow stress of
a specimen material as a function of strain rates, the strain

rate in each experiment needs to be maintained constant over
the loading duration. However, the strain rate in the
specimen has to increase from zero to this constant in a
dynamic experiment. The strain accumulated over this initial
period of the experiment may exceed the yield strain of the
material. In this study, we conducted dynamic experiments
on high-strength steel alloys at high strain rates with a pulse-
shaping SHPB and examined the validity of dynamic yield
strength and early plastic flow stress results at various high
strain rates. It is experimentally shown that the specimen
yields before the strain rate reaches the desired constant
value during high-rate experiments. In such experiments, the
strain rates corresponding to plastic yielding and early plastic
flow are lower than the desired constant value, leading to
significant errors in the results for strain-rate sensitive
materials. This affects the modeling of the dynamic
experimental results. As an example, an existing rate-
dependent stress–strain relationship was used to estimate
the true yield strength at high strain rates. The upper strain-
rate limit for obtaining reliable yield strength at high strain
rates was also estimated.
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