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The quasi-static (1 x 1073, 1 x 1072 and 1 x 10~' s1) and high strain rate (7200 and
9500 s~ 1) experimental and high strain rate numerical compression deformation of a Gore
Polarchip™ CP7003 heat insulating Teflon foam was investigated. High strain rate tests
were conducted with the insertion of quartz crystal piezoelectric transducers at the end of
the transmitter bar of a compression Split Hopkinson Pressure Bar (SHPB) set-up in order
to measure the force at the back face of the specimen. A fully developed numerical model
of the SHPB test on Teflon was also implemented using LS-DYNA. The simulation stresses
showed close correlations with the experimentally measured stresses on the bars. The
developed model successfully simulated the high strain rate loading. The damage initiation
and progression of experimental high strain rate tests were further recorded using a high
speed camera and found to be very similar to those of the simulation high strain rate tests.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Soft materials are distinguished by low mechanical
impedance and low strength. In addition to many other
applications, these materials are used where impact or
shock loadings can occur. A well-known example for these
applications is the rubber inter-layer between composite
backing plate and ceramic front face of integrated
composite armor [1,2]. The rubber inter-layer in the
composite armor functions to distribute the incoming
projectile momentum to a wider area of the continuous
backing composite plate, diminishing the damage. In these
applications, a thorough knowledge of the mechanical
behavior of soft materials at increasingly high strain rates is
certainly a prerequisite. In parallel with this, a dependable
laboratory scale experimental set-up is also needed to
mimic the actual impact loading conditions. The Split
Hopkinson Pressure Bar (SHPB), originally developed by
Kolsky in 1949 [3], is a widely used experimental method
of testing a wide range of material groups, including

* Corresponding author. Tel.: +90 232 7506780; fax: +90 232 7506701.
E-mail address: alpertasdemirci@iyte.edu.tr (A. Tasdemirci).

0142-9418/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymertesting.2012.05.004

composites [4], metals [5], ceramics [6] and viscous fluids
[7], at strain rates higher than ~100 s~ Nevertheless,
testing soft materials using SHPB is known to be prob-
lematic because of the impedance mismatch between the
test and bar materials. In testing soft materials such as
polymers, the transmitter bar signal is usually weak,
leading to difficulties in distinguishing the experimental
signals from noise.

Various solutions to overcome this problem have been
reported. An SHPB set-up made of viscoelastic bars was
implemented in order to cover the impedance mismatch
disadvantage of soft specimens; however, the nature of
viscoelasticity of the bar materials resulted in intensified
wave dispersion and attenuation effects [8,9]. The use of
hollow SHPB transmitter bars was also investigated but it
did not affect the amplitude of the noise [10]. The classical
SHPB set-up was modified to test soft materials by
measuring the sample forces by means of piezoelectric
transducers [11-15]. With the insertion of quartz crystals at
the impact ends of the incident and transmitter bars, the
forces at the front and back of the specimen were measured
directly and dynamic equilibrium was maintained
throughout the experiment; hence, the validity of the tests
was checked.
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Fig. 1. Schematic of modified SHPB set-up.

In this study, an optimized method for the dynamic
measurement of stress through the SHPB testing of Gore
Polarchip CP7003 polymeric foam by inserting quartz
crystals at the impact end of the transmitter bar was
investigated experimentally and numerically. The results of
classical SHPB stress calculations were then compared with
those measured using quartz crystals. In parallel with these
experimental efforts, a fully developed numerical model of
SHPB test was implemented using LS-DYNA.

2. Experimental

Gore Polarchip™ 7003 Teflon thermal insulator foam
sheets were received in 2 mm thickness from which
compression test samples, 12 mm in diameter and 2 mm in
thickness, were core-drilled. Quasi-static compression tests
were conducted in a Shimadzu AG test machine at strain
rates of 10~3,102 and 10~ s~ High strain rate compres-
sion tests were performed in a modified 7075-T6 aluminum
SHPB set-up as shown schematically in Fig. 1. In a classical
SHPB set-up, a cylindrical sample is sandwiched between
incident and transmitter bars by a compressive elastic stress
wave which is created by the impact of a striker bar on the
end of the incident bar. The magnitude and amplitude of the
stress waves on the incident and transmitter bars are
measured by means of the strain gages mounted on the bars.
The strain (¢), stress (¢) and strain rate (¢) of the sample are
calculated using the following relations

(0) =~ [ e (1)

Y’

Fig. 2. Finite element model of Teflon specimen between incident and
transmitter bars.

a(t) = E;’jbgt(t) (2)
g(t) = —ZL—ber(t) (3)

where Cp is the wave velocity of the bar, Ep is the elastic
modulus of the bar, L is the specimen length and A, and
As are the bar and specimen cross-sectional areas,
respectively. The measured strains on the incident and
transmitter bars, ¢ and ¢, refer to the reflected and trans-
mitted strains, respectively. The SHPB 7075-T6 aluminum
striker, incident and transmitter bars had a diameter
of 40 mm and the lengths of 300 mm, 2000 mm and
1000 mm, respectively. A quartz crystal piezoelectric
transducer was inserted at the impact end of the
transmitter bar in order to measure the force on the sample
directly during an experiment (Fig. 1). The selected X-cut
quartz crystal was 40.00 + 0.01 mm in diameter and
0.254 + 0.01 mm in thickness and had a mechanical
impedance very similar to that of the bar material (bar:
14.19 x 10% kg m~! 52, quartz: 15.11 x 10% kg m~!s~2 and
the ratio: 1.06). The quartz crystal was bonded to the
impact end of transmitter bar using a conductive epoxy
(Circuit Works CW 2400) and covered with a thin alumi-
num disc in order to prevent damaging during the experi-
ment. The piezoelectric constant of the quartz crystal
was —2.3 x 10712 C N}, as specified by the manufacturer
[16]. The signals gathered from quartz crystals during an
experiment were measured by means of a Kistler 5010A
charge amplifier. The signals were recorded in a LDS Gene-
sis data acquisition system, while real time deformation
of the test sample under high strain rate loading was
captured using a Photron FastCam high speed camera.

3. Modeling

SHPB compression tests were simulated using the LS-
DYNA 971 finite element program. The fully developed

Table 1
Properties of bar material used in finite element analysis.
Material Modulus of Poisson’s Density Other
Elasticity (GPa)  ratio (kg m~3)
Aluminum 71.7 033 2810 -
7075-T6
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Table 2
Material properties used in numerical model for Teflon.
Material Modulus of Poisson’s  Density Other
Elasticity (GPa)  ratio (kg m~3)
Teflon 3.65 0.01 760 TSC = 50 MPa
DAMP = 0.05

numerical model (Fig. 2) consisted of 316,200 total
elements, 120,000 elements for incident and transmitter
bars. The mesh size was optimized by cross-checking the
transmitter bar data of three different mesh densities,
0.255, 0.225 and 0.2 mm, to reduce CPU time. The
optimum mesh size was determined to be 0.2 mm. The
test sample, Teflon, was modeled using MAT_063 failure
model. This isotropic crushing failure model is dedicated
to simulate crushable foams with optional parameters
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Fig. 3. Experimental data recorded from modified SHPB at 7200 s~
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such as tension cut-off stress and damping coefficient.
Through the numerical study, the tension cut-off stress
was taken as 50 MPa and the damping coefficient as 0.05.
Material properties of the finite element analysis of the
bar and Teflon are tabulated in Tables 1 and 2, respec-
tively. The experimental stress-strain curves of Teflon at
a specific strain rate were used as an input to LSDYNA.

4. Results and discussion

Typical SHPB experimental data recorded at high strain
rates is shown in Fig. 3. Solid and dashed lines in Fig. 3
represent the signals recorded with strain gages mounted
on the incident and transmitter bar, respectively, while the
dotted line represents the signal recorded with the quartz
crystal. The signals measured using strain gage and quartz
crystal, as seen in Fig. 3, are very much similar in shape and
amplitude. High strain-rate compression stress-strain
curves of Teflon at 7200 s~! and 9500 s~! are shown in
Fig. 4(a) and (b) respectively. As seen in the same figures,
the strain gage measurements of stress results in oscilla-
tions at relatively low strains, overshooting stress up to
strain level of 0.08 and underestimating the stress of
specimen up to the strain of 0.15. High strain rate stress-
strain curves also show that measured strain gage and
quartz crystal stress values approach each other after 0.15
strain. The compression stress-strain curves at quasi-static
and high strain rates regimes are shown together in Fig. 5.
As the strain rate increases, the Teflon material stiffens
faster, showing a strong strain-rate dependency. Densifi-
cation strain of Teflon also decreases with increasing strain
rate; the specimen stress is about 15 MPa at about 0.8 at
10~3 s~ while the strain is reduced to 0.1 at a stress level at
9500 s,

The SHPB responses of the developed model and
experiments conducted at the same strain rate are shown
in Fig. 6. In the same figure, the numerical response is
shifted on the time axis for easy comparison. As seen in
Fig. 6, the numerical bar responses of incident and trans-
mitter bars are very similar to experimental bar responses,
showing good correlation between model and experiments
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Fig. 4. Comparison of stress-strain curves determined from strain gage and quartz crystal at (a) 7200 s~! and (b) 9500 s~
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Fig. 5. Stress strain curves at quasi-static and high strain rates.

both in magnitude and amplitude of incident and trans-
mitted bar stress waves.

Experiments in SHPB are only valid if there is force
equilibrium at the front and back face of the specimen, and
this state is checked with a dimensionless parameter R

equilibrium is reached in the material. The variation of
numerical R parameter with strain in a Teflon sample tested
at 7200 s~ ! is shown in Fig. 7. As seen in the same figure, the
value of R converges to 0 at a strain level of 0.35, after which
the stress equilibrium is reached in the specimen. The
experimental and numerical SHPB transmitter bar force-
time curves are shown in Fig. 8 for comparison. Both
curves tend to follow the similar trends up to 280 ps, while
the numerical force values are slightly greater than exper-

defined as
2(F, — F
R 2h-FK) (4)
(Fi+F)
where, F; and F, are the forces measured at the front and lment'al force values. A. greater correlation between
] - experimental and numeric force values are seen up to
back face of the specimen, respectively. R parameter 310 s
represents the extent of deviation of stress equilibrium in Hs.
the specimen. When the value of R reaches 0, stress
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Fig. 9. Comparison of damage behavior a) numerical model and b) experi-
ment at 9500 s,

The numerical and real time SHPB Teflon sample
pictures at various deformation times are shown in Fig. 9(a)
and (b). Non-deformed numerical samples are seen at 0 ps.
At 92 ps, as the stress wave travels through the incident bar,
the specimen is compressed between incident and trans-
mitted bars and expanding vertically while the length of
the specimen is reduced. At 184 ps, the sample is fully
deformed and tends to lose shape completely while being
smeared between incident and transmitted bars. Signifi-
cant change in the transmitter bar’s position is not
observed through the experiments since the Teflon is a soft
material which absorbs the stress wave.

5. Conclusions

The experimental and numerical quasi-static and high
strain rate compression deformation of a Gore Polarchip™
CP7003 heat insulating Teflon foam was investigated. High
strain rate tests were conducted with a modified SHPB, in
which quartz crystals were bonded to the impact end of

transmitter bar to measure the force at the back face of
specimen directly. A strong strain rate dependency in the
flow stress of Teflon was found; the stresses increased with
increasing strain rate. A fully developed numerical model
of SHPB testing showed good correlations with the exper-
iments and successfully duplicated high strain rate loading
conditions. Real time recordings of high strain rate
deformation also showed close agreement with numerical
high strain rate deformation in damage initiation and
progression.
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