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In this paper, an experimental method for measuring dynamic behavior of materials at high strain rates is
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assumptions of one-dimensional stress state and negligible volume change at plastic deformation stage,
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1. Introduction

The understanding of dynamic behavior of materials plays an
important role in many applications such as penetration, explosion
and crashworthiness [1]. The split Hopkinson pressure bar (SHPB)
technique, first introduced by Hopkinson [2] in 1914 and further
developed by Kolsky [3], Davies and Hunter [4], is an effective
experimental technique to determine the dynamic stress—strain
relationship of materials at strain rates of 50 s~ to 10% s~1 [5—13].
The SHPB technique is based on the following assumptions: one-
dimensional wave propagation theory; uniform stress and strain
distribution in axial direction; and negligible inertia effect [3,4,11].
To satisfy these assumptions, the lengths of the incident and
transmitted bars can reach up to several meters especially for
coarse grain heterogeneous materials [14]. Long bars inevitably
introduce imperfect experimental conditions such as un-coaxiality
and non-parallelism between bars, which will influence the stress
state [15]. On the other hand, the measurement of SHPB technique
is based on the wave propagation theory and the superposition
principle [2—4]. The incident, reflected and transmitted waves are
measured by strain gauges on the bars instead of at the specimen
interfaces. The measured strains need to be shifted from the posi-
tion of the strain gauges to the specimen in time and space. Errors
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might arise due to the dispersion effect, i.e. the change of the wave
shape while propagating along the bar. Additionally, it is difficult to
make an exact estimation of the shifting time to ensure the same
beginning of the three waves [4,11,16,17].

Many researchers have tried to improve the SHPB technique to
broaden its application, including dispersion correction, strain field
measurement and data processing methodology [8,11,12,14,16—23].
There are still some aspects needed to be improved. For instance, the
digital image correlation (DIC) is one of the most popular methods
for obtaining full-field deformation information. However, it is
difficult for measuring the out-of-plane displacement, and the
measurement of large in-plane displacement is also hard as the great
decreasing of image contrast [22,23]. In this paper, we develop an
experiment method to characterize high strain-rate behavior of
materials. The strain is determined by the radial particle velocity of
specimen measured with a high-precision velocimetry, and the
stress is measured with a pressure sensor, respectively.

The paper is organized as follows. In Section 2, the measurement
concept is described in detail. In Section 3, the experimental based
on the method is established. In Section 4, we explain the mea-
surement result and provide discussions relevant to this experi-
mental method.

2. Measurement concept

The schematic diagram of the proposed experimental method is
depicted as Fig. 1. The cylinder specimen is sandwiched between
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Fig. 1. Schematic diagram of the developed measurement method for stress—strain
relationship at high strain rates.

two elastic rods denoted as incident bar and transmitted bar. While
a stress pulse propagates through the specimen, the specimen ex-
periences a dynamic compression deformation. The deformation of
specimen causes a radial particle velocity at the specimen outside
surface, which can be related to the longitudinal deformation of
specimen through its deformation law. Therefore, it is possible to
obtain the stress—strain response of material if we can measure the
stress pulse and the radial velocity.
The proposed experimental
assumptions:

method is based on two

i. The stress in the specimen quickly reaches its equilibrium and is
in one-dimensional state;

ii. The volume change at the plastic deformation stage is
negligible.

The one-dimensional stress state is usually satisfied when the
friction effect is negligible [2—4]. As pointed out by Davies and
Hunter [24], the stress can reach an equilibrium state after the
stress pulse experiences approximately 7 reverberations within the
specimen, i.e., the time for reaching an equilibrium state is
approximately

TCLO
L

(1)

tequil =

where Ly is length of specimen and c; is longitudinal wave speed in
specimen. For a 5-mm-thick specimen, taking c; = 5000 m/s, the
equilibrium time is expected to approximately 3 ps. Therefore, the
specimen will deform uniformly quickly after the impact. At this
stage, the stress at the back-surface where the pressure sensor is
placed can be regarded as the stress at the position where the radial
velocity is measured. According to Bridgman [25], the volume
change at the plastic deformation stage is negligible for metals
when the applied pressure is not very high. With this assumption,
the longitudinal strain can be determined from the radial particle
velocity through the deformation law.

The analysis of longitudinal strain can be divided into stages of
elastic deformation and plastic deformation respectively. For the
elastic deformation stage, the radial strain is related to the longitu-
dinal strain owing to the Poisson’s effect,

oy

& = 5o = e (2)

where ¢, gy denote radial strain and longitudinal strain respectively,
u, is radial displacement, and v is the Poisson’s ratio.

Considering longitudinal strain ¢ as a function of Lagrange co-
ordinate X and transient time t, e; = ¢/ (X,t), at the specimen surface
(r = R, R is the radius of the cylinder specimen), the radial
displacement ug can be expressed using the longitudinal strain ¢
(X;t) as

ug = —vRe(X, t). (3)

Consequently, the longitudinal strain ¢(X,t) can be solved by the
radial particle velocity vg,

t
g(t) = 7% / vR(t)dt. (4)
0

For the plastic deformation stage, the volume change is negli-
gible. Assuming the longitudinal particle velocities at two positions
with infinitesimal length Al of specimen are v and v, respectively,
the volume of the Al-length specimen at time t is

Vi = TCR?‘AI{, (5)
where R; and Al; denote the radius and length of the Al-length
specimen at time t respectively.

At time t + At, the volume of the Al-length specimen is

VtJrAt = TR? 'AltJrAt = TE[R{ + vg(t) At}z . [Alt + (v — I)])'At}.

t+At
(6)
Moreover, the strain rate of the specimen can be written as
g(t) = (v2 —v1)/Al. (7)

Therefore, the relationship between the longitudinal strain and
the radial particle velocity can be deduced as

tc

g(t) = */vig)dtf

0 tc

¢
2ug(t)
R¢

dt, (8)

where tc is the critical time, at which the specimen transits from
the elastic deformation to plastic deformation. As will be shown
later, this critical time can be approximately obtained from the
stress profile measured by the pressure sensor. The radius of the
specimen at time t, Ry, is derived as

t
Rt = RO + UR(t)dt. (9)
/

From Eqgs. (4) and (8), the longitudinal strain of the specimen can
be calculated. Meanwhile, the related strain rate can also be
determined,

(10)

g(t) =

de(t)
dt |

Finally, the dynamic stress—strain relationship of the specimen
can be obtained.

3. Experimental
3.1. Experimental setup
Even though a new experimental set-up can be established to

validate the proposed method according to Fig. 1, the proposed
experimental method is performed in a traditional SHPB
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experimental system consisted of a striker, an incident bar and a
transmitted bar. The reason why we chose the traditional SHPB
system to conduct the experiment is as follows. For the proposed
method itself, we only need the SHPB system to provide a well-
calibrated stress pulse. Meanwhile, we can also obtain the stress—
strain curve of the specimen using traditional strain gauges firmly
cemented on the Hopkinson bar as an independent comparison
baseline for the proposed method.

The geometry and material parameters for the SHPB system are
listed in Table 1 [26]. The striker launched by the compressed ni-
trogen gas is used to generate an elastic stress pulse while it im-
pacts the incident bar. When the incident stress wave arrives at the
incident bar/specimen interface, a reflected wave is generated and
propagates backwards along the incident bar due to the impedance
mismatch effect, and the rest transmits through the specimen to
the transmitted bar. During the experiment a laser velocimetry and
a thin film pressure sensor are used to measure the outsider radial
velocity and end-surface pressure of the specimen, respectively. As
mentioned above, the strains in the incident and transmitted bars
are also measured by the strain gauges.

Two types of well-studied metallic materials, Al-2024T351 alloy
and copper, are tested in the experiments. Both materials are in the
cylinder form. Al-2024T351 specimens have two kinds of di-
mensions, i.e. #10 x 10 mm and ®8 x 8 mm, while copper speci-
mens have only one dimension, i.e. #8 x 8 mm. The surfaces of
those specimens are finely polished. A thin layer of lubricant is
applied on the top and bottom surfaces of cylindrical specimen to
minimize the friction between the bar and specimen.

A 25.0 um thick PVDF sensor coated with 12.5 pm thick PTFE
films is sandwiched between the specimen and the transmitted bar
to record the stress of the specimen. The linear response of this
PVDF thin-film sensor to transient pressures can reach up to several
GPa [27,28]. It is competent for measuring pressure of hundreds of
MPa which is the level of the yield strength of metallic materials. A
current circuit, in which a 50 Q resistor is in parallel with the PVDF
sensor, is used to record the electric charges discharged by the
PVDF sensor.

A photonic Doppler velocimetry (PDV) system [15,29—32] is
used to measure the radial particle velocity of the specimen as
illustrated in Fig. 2. It consists of a cw laser with narrow linewidth, a
fiber optic circulator, a high bandwidth detector, an optical colli-
mating lens probe and an oscilloscope with high bandwidth and
sample rate. The laser and the detector are connected onto the first
and the third port of the circulator, respectively, and the probe is
connected onto the second port of the circulator. When a laser il-
luminates the moving surface with a probe, a fraction of incident
light is reflected at the interface between the probe lens and air. It
acts as the reference light with the original laser frequency fp. The
signal light with frequency f, reflected from the measured surface is
collected by the same probe. When the reference light and the
signal light interfere in a coupler, the heterodyne frequency of the
two lights, fhet(t), is record by a high-bandwidth oscilloscope. The
velocity of the measured surface can be determined,

o) = 22 foer(t), a1

Table 1
Geometry and material parameters of the SHPB setup.

Length of Length of incident Diameters for Yong’s Initial density Poisson’s

striker and transmitted  projectile and modulus p (kg/m?) ratio v
(cm) bar (cm) bars (mm) E (GPa)
30 120 16 206 7.85 x 103 03

where Jg is the original wavelength of the laser. The Morlet wave
analysis method is used to get the velocity profile according to the
heterodyne frequency fhet(t). The data processing method is given
in detail in our previous work [22].

A CQF938 series 40 mW operating at 1550 nm continuous wave
(CW) distributed feedback (DFB) laser with a polarization main-
taining fiber (PMF) and a narrow line-width of about 200 kHz is
used. An InGaAs PIN photodiode detector (New Focus) with a
bandwidth of 12 GHz is employed. A Lecory WaveMaster 808Zi
oscilloscope with a bandwidth of 8 GHz and a sampling rate of
40 GS/s is adopted to record the interference signal of the PDV
system and the voltage charged by the PVDF sensor. The probe with
a diameter of about 0.3 mm is equipped with a 15 mm focuser. In
the experiments, the probe of the PDV system is placed opposite to
the specimen surface and aligned to the radial direction in order to
capture the radial particle velocity precisely.

As the strains are also measured through the strain gauges
attached on the bars, the stress—strain relationships of specimen
can also be derived from the traditional SHPB theory. Denote the
incident strain g(t) and reflective strain eg(t) in the incident bar and
transmitted strain e7(t) in the transmitted bar, the stress and strain
in the specimen can be obtained as follows:

os(t) = E’:—‘s’er(t) (12)

. Co

es(t) = —zfng(t) (13)
t

es(t) = /és(t)dt (14)
0

In Egs. (12)—(14), E, Ap and cp are Young’s modulus, cross-
sectional area, and longitudinal wave speed in incident and trans-
mitted bars, respectively, and As and L are the initial cross-sectional
area and length of the specimen, respectively. The true stress—
strain relationship is determined from the engineering stress—
strain relationship by assuming uniform and isochoric deformation
conditions to prevail within the specimen during the deformation
process.

3.2. Calibration

The accuracy of the stress—strain relationship determined with
the proposed method depends on the precision of the PVDF sensor
and the PDV system and needs to be investigated. Firstly, the
compressive piezoelectric coefficient K of the PVDF sensor is cali-
brated using the same SHPB apparatus as described in the previous
section. The PVDF sensor is directly sandwiched between the
incident bar and the transmitted bar. A thin layer of lubricant is
used at both side of the thin film to minimize friction between the
bars and PVDF sensor. The stress pulse of transmitted bar, which is
measured by strain gauge, is used to determine the coefficient K as
follows,

[ 1ur(o)/s0jae
K(t) =49

Eer(t)-A (15)
where Ug(t) is the voltage charged by PVDF sensor, E, ¢7(t) and A are
the Young’s modulus, strain and cross-section area of the trans-
mitted bar. The measured results for Ug(t) and e7(t) are shown in
Fig. 3. The fast increase and decrease of voltage indicate the fast rise
and fall stage of stress pulse. The rise-time duration and the full
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Fig. 2. Configuration of the PDV system.

duration of the voltage pulse agree with the stress pulse of trans-
mitted bar. The plateau stages of the integrated voltage signal and
the transmitted stress signal are taken in the calibration experi-
ments, and the coefficient K(t) is almost constant during the plateau
stage. Totally five tests are performed, and the calculated co-
efficients K are shown in Fig. 4, from which the coefficient K of the
PVDF pressure sensor is determined as 24.2 + 0.89 pC/N. Although
the maximum error of the velocity measured by the PDV system is
expected less than 0.1% [29], this developed PDV system is also
calibrated on this SHPB apparatus. Only the projectile and the
incident bar are used. The projectile is launched using the com-
pressed gas and impacts the incident bar. The launching velocity of
the projectile is measured with three photodiode array. When the
projectile reaches a photodiode, an electrical signal is generated.
The velocity of the projectile is calculated from those electrical
signals of the photodiode array. While the projectile impact the
incident bar, the central longitudinal velocity of the free surface of
the incident bar is measured by the PDV system. The measured raw
data and the velocity profile are given in Fig. 5. The density of the
raw infringe data indicates the velocity amplitude. The closer the
two adjacent fringes are, the faster the velocity at the moment is.
The fast rising edge and the fluctuation of dispersion effect induced
by lateral inertia of the velocity are captured. The end-surface ve-
locity of the incident bar measured by the PDV system are about
19.80 m/s in average, which is consistent with the measurement of
about 19.87 m/s from the photodiode array.

3.0

Strain pulse of transmission bar, &,(#)
1— Voltage charged by PVDF, U(f)

Voltage (V)

1V~500pe

225 300 375 450 525
Time (us)

Fig. 3. Voltage charged by PVDF pressure sensor and strain pulse of transmitted bar.

4. Results and discussion

The experiment was performed to measure the stress—strain
relationship of materials at high strain rates. The typical results for
Al-2024T351 alloy are shown in Figs. 6—8 to demonstrate the
proposed method. The specimen is placed coaxially with the bars.
The velocity of the projectile measured by the photodiode array is
12.52 m/s. The measurement of the PVDF sensor is triggered
simultaneously with the measurement of the PDV system. A typical
result of voltage measured by the PVDF sensor and the corre-
sponding stress is shown in Fig. 6. The stress is calculated by
integrating the PVDF signal. The two peaks in the initial stage of
PVDF signal is due to the slightly change of the stress’ slop. The
stress measured by the PVDF sensor indicates the dynamic
behavior of the specimen. At about 2 ps, the stress wave reaches the
interface between the specimen and the PVDF sensor. The stress
increases linearly and quickly up to about 406 MPa at about 12.7 s,
which means the elastic deformation stage for the specimen. Then
it increases relative slowly with slight fluctuation for about 20 ps
duration, which indicates the specimen begin to yield. Based on the
stress measurement result, the duration of the elastic deformation
stage is about 10.7 ps. Therefore, the critical time at which the
elastic deformation stage ends, tc, is determined as about 10.7 ps for
the analysis of the strain according to the radial particle velocity
measured by the PDV system. After that, the stress increases line-
arly and much slowly to about 527 MPa followed with an unloading

26
25
|
u [
z
O 24 [ |
RS
X
|
23
22 T T T T T T T T T
1 2 3 4 5

Test sequence N

Fig. 4. Calculated compressive piezoelectric coefficients of the PVDF sensor.
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Fig. 5. Raw data and the corresponding velocity profile measured by the PDV system.

process. As the maximum pressure applied on the specimen is less
than 600 MPa, the volume change can be negligible [25]. Fig. 7
shows the radial particle velocity at the middle position of the
specimen measured by the PDV system, in which the dynamic
response of the specimen is also revealed. At the beginning, the

1.2 400
Voltage charged by PVDF
—— Stress measured by PVDF
200
S 0o &
B =
g 2
o -200 &
> »
-400
: . r : r : T -600
0 40 80 120 160
Time (us)
Fig. 6. Voltage and related stress measured by the PVDF sensor.
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Fig. 7. Radial particle velocity and related longitudinal strain of the specimen
measured by the PDV system.
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Fig. 8. True stress—strain curves measured by the developed experimental method
and the SHPB method.

radial particle velocity of the specimen changes fast with a relative
high amplitude of about 2.8 m/s for nearly 12 ps duration. After a
relatively low value of 1 m/s for a period of about 10 s, the radial
particle velocity decreases gradually until the end of loading. As the
probe of the PDV system placed at the middle position of the
specimen, the start time of the radial particle velocity is about 2 us
earlier than that of the stress measurement result. The theoretical
transfer time for the stress waves in that length is about 1 ps. A
relative large value (about 2 pus) is measured in the experiment,
which is ascribed to the imprecision selection on the start time of
the velocity and the pressure. However, the error introduced by the
small difference of the time shifting could be negligible. Note the
measurement of the PDV system is the Euler velocity vg rather than
the Lagrange velocity v;. The Lagrange velocity v; can be related to
the Euler velocity vg as vi = Vg/(1 + €), where ¢ is the longitudinal
strain. Based on the PDV measurement result, the longitudinal
strain is determined using Eqs. (4) and (8) and is shown in Fig. 7.
Note that a precise knowledge of the Poisson ratio is necessary in
calculating the longitudinal strain from the radial velocity. A 1.0%
error of the Poisson ratio will introduces 0.99% error of the strain
value. However, if we suppose the volume change is also negligible
during elastic deformation stage, the Poisson ratio would be not
needed in the analysis, which will be investigated in the future. The
strain rate of the specimen is also calculated as about 900 s~ by Eq.
(10). The true stress—strain relationship of Al-2024T351 material
measured using the proposed method is shown in Fig. 8, where the
engineering stress measured by the PVDF sensor is converted to the
true stress. The true stress—strain relationship can be divided into
two linear sections: elasticity and plasticity. The results show that
the Young’s modulus E is about 74.7 GPa, the tangent modulus E7 is
about 1.63 GPa and the yield stress oy is about 419 MPa. The results
are consistent with the values reported in the literature [18,33,34].
As a comparison, the dynamic behavior of Al-2024T351 material
was also measured using traditional SHPB technique with strain
gauges. The measured strain pulses in the incident bar and the
transmitted bar are shown in Fig. 9, from which the true stress—
strain curve is determined with two-wave method as Eqs. (12)—
(14) and also depicted in Fig. 8. There is an agreement between
these two curves from different method. More tests for ®8 x 8 mm
Al-2024T351 cylindrical specimens and ®8 x 8 mm copper cylin-
drical specimens at different strain rate are performed with the
method. The measurement results given in Fig. 10 are agree with
the reported values [30—32], which shows the reliability of this
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Fig. 9. Strain pulses of the incident bar and the transmitted bar of SHPB.

experimental method for measuring dynamic stress—strain rela-
tionship of metals.

To further validate this experimental method, a 3D numerical
simulation is performed. A quarter symmetric model based on the
experimental setup is built. The LS-DYNA [35] explicit nonlinear
structural integration scheme is used to analyze the dynamic
response of the Al-2024T351 cylindrical specimen especially the
radial velocity and the stress at the back-surface. The striker is
meshed with 48,000 eight nodes brick elements, and the incident
bar and the transmitted bar are meshed with 192,000 eight nodes
brick elements, respectively. The striker, the incident bar and the
transmitted bar are finely meshed with 192 elements at the cross
section. The specimen is finely meshed with 32,000 eight nodes
brick elements, and its cross section is meshed with 640 elements.
The elastic constitutive model is used for the striker, the incident
bar and the transmitted bar. The material properties are given in
Table 1. The bilinear isotropic hardening constitutive model is used
for the specimen. The material properties of the specimen are
determined from the experimental result in Fig. 8. The weighted
master-slave surface algorithm without considering friction [35] is
chosen to model the contact behavior of interfaces. The simulated
particle radial velocity at the middle position of the specimen is

600 ¢=1900s”’
£¢=900s”
o 4504
o
= ¢=1700s
@
o 3004 ¢=600s
»
()
2 —— AI-2024T351
T —— Al-2024T351
Copper
—— Copper
0 T T T
0.000 0.015 0.030 0.045 0.060
True strain

Fig. 10. True stress—strain curves of Al-2024T351 alloy and copper at different strain
rate measured by the experimental method.

shown in Fig. 11 and compared with the experimental result. There
are some differences at the initial stage (region A) and the end stage
(region C) between the experimental measurement and the nu-
merical simulation. The fast increase of the experimentally
measured velocity during the short duration A is not true, which
could be ascribed to the data processing method for the PDV sys-
tem. However, in Fig. 12 it will be seen that this difference at the
duration A almost does not affect the strain history. The difference
in the region C is also ascribed to the velocity measurement
method. The simulation shows that the radial velocity changes its
sign in region C, which means the material starts to elastic unload
at this stage. Our PDV system can only detect the amplitude of the
velocity of a moving surface but not its moving direction. Therefore
the velocity measurement in region C is not real. A PDV system with
capability of distinguishing the sign of the velocity is under
developing for the future experiment. The comparisons of the
strain history and the back-surface stress of the specimen between
the experimental measurement and the numerical simulation are
given in Figs. 12 and 13. As the stress—strain curve used in the
numerical simulation is not strictly same as the measurement
result, the simulated strain and stress histories have very slight
differences with the experimental measurements. Nevertheless,
the simulated strain and stress histories are in agreement with the
experimental measurements, which validates this experimental
method for measuring materials’ dynamic stress—strain relation
ships.

As the strain and stress of the specimen are measured directly,
errors induced by dispersion effects or imperfect experimental
conditions could be minimized, and the out-of-plane displacement
of specimen can be measured even for large deformation. The
sensitivity of this method will be further investigated for different
materials in the future. In addition, in SHPB the incident and re-
flected stress pulse should be separated, generally leading to long
dimension of incident rod. For example, for a stress pulse with time
duration t, the incident bar should be longer than Ly, = ct, where ¢
is the longitudinal elastic wave speed. Based on the proposed
measurement method, the separation of the incident and reflected
waves is not required. To obtain the same loading duration as SHPB,
the incident bar should be longer than Ly, = ct/2, which is the half
of the length used in SHPB. This method could be useful especially
for large size specimen such as concrete to avoid very long bars.

3.2 Experiment
Numerical simulation
2.4 1 c
0
£ 1.6
=
8 08-
9]
>
oo+ 5/
08 A B
T T T T T T T T T T T
-30 0 30 60 90 120 150
Time (us)

Fig. 11. Particle radial velocities at the middle of the specimen. The measured velocity
profile at duration A and duration C are not true, which are ascribed to the velocity
measurement system.
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Fig. 12. Comparison of the strain histories of the specimen between the experimental
measurement and the numerical simulation.

In the experiment, the effects of friction are neglected. Actually,
the friction affects the one-dimensional stress state in the spec-
imen, which will cause a difference of the stresses between the PDV
measured position and the PVDF sensor measured position. In
addition, the frictions between the specimen and the PVDF sensor
leads to the generation of shear stress, which will contribute to the
voltage charged by the PVDF sensor [28] and thereby decrease the
accuracy of measured stress pulse. Thus, the frictions of interfaces
should be diminished. The friction effects will be investigated in the
future. Additionally, this method might also be useful to charac-
terize the dynamic behavior of materials especially for the mate-
rials with relative low impedance. As the slow stress wave
velocities in those materials, it is usually difficult to avoid the su-
perposition of stress waves using the traditional SHPB technique.
The direct measurements of strain and stress using this experi-
mental method might be helpful. However, the volume change at
plastic deformation stage should be taken into account for the
measurements of these materials, and the experimental technique
and related analysis method need to be improved to accommodate
the volume change of a specimen at the plastic deformation stage.
Moreover, this method is still at its early stage of development.
Further improvement and investigation will be performed to
enhance its applicability.

200
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Numerical simulation
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n
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Fig. 13. Comparison of the end-surface stress histories of the specimen between the
experimental measurement and the numerical simulation.

5. Summary

In this paper, we develop an experiment method to characterize
the dynamic behavior of metals. The longitudinal strain of materials
is calculated by the radial particle velocity measured by a PDV
system, and the uniaxial stress is measured directly with a PVDF
thin-film sensor. Using Al-2024T351 and copper as model mate-
rials, this method demonstrates some of its effectiveness and ad-
vantages. The errors introduced by the dispersion effects could be
minimized, and the experimental set-up could be designed much
compactly to decrease the influence of some imperfect experi-
mental conditions. More tests with some materials where there are
difficulties with SHPB such as concrete will be conducted in the
future.
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