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Abstract We experimentally obtained compressive
stress—strain response of a low-density epoxy foam at
various strain rates. In particular, compressive stress—strain
behavior at intermediate strain rates that has not been
previously well understood were characterized by using a
modified MTS and a split Hopkinson pressure bar (SHPB).
Strain rate effects on the modulus of elasticity and cell-
collapse stress for this low-density epoxy foam were
determined.

Introduction

Polymeric foams have been recognized to exhibit excellent
cushion and energy-absorbing properties such that they
have been utilized in a wide range of applications, such as
packaging and transportation, the automotive industry, and
aerospace components. Among these applications, the
foam components are inevitably subjected to a variety of
loading conditions from static to impact loadings.
Mechanical response of the foam materials at various strain
rates is thus desired to be understood and quantified to
develop strain-rate-dependent material models for realistic
numerical simulations in these applications.
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Quasi-static compressive response of polymeric foams
is usually investigated with hydraulic testing frames such
as Instron and MTS materials testing systems. Under im-
pact loading conditions, the stress—strain behavior charac-
terization has been mostly conducted with split Hopkinson
bars which were originally developed by Kolsky in 1949
[1]. In most cases, the strain rates in an Instron or MTS test
can be up to 107" s7'; whereas the Hopkinson bar is used
for experiments at strain rates in the range from 107 to
10* s™'. Polymeric foams have thus been mechanically
characterized mostly at low strain rates (up to 10~" s™) or
high strain rates (from 10? to 10* sfl) [2-6]. By contrast,
the mechanical response of the polymeric foams in the
strain rate range from 107! to 10? sfl, called intermediate
strain rates, has been less studied because of difficulties in
experimental techniques. Recently intermediate-rate
experimental techniques have been gained attention [2, 3,
6-9], making it possible to obtain a complete stress—strain
description in each order of strain rates from quasi-static to
dynamic loading conditions. However, more attention still
needs to be paid to obtain valid and accurate data partic-
ularly for low-density foam materials. When the foam
materials have a low density, the strength and stiffness are
so low that more challenges to obtain valid data are
encountered in both quasi-static and dynamic experiments.
For example, when characterizing a low-density foam
material, the specimen deformation may not be uniform
even in a quasi-static experiment [10]. A compaction
front propagated through the sample during axial com-
pression. This front divided the sample into packed and
unpacked regions, making the test invalid for material
property characterization. In a split Hopkinson pressure
bar (SHPB) experiment, the non-uniform deformation
becomes worse [10]. Therefore, efforts are required to
achieve a uniform deformation in a low-density foam
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specimen. Recently, we have developed experimental
techniques to meet these challenges, as documented in
Refs. [11-14]. Employing modifications in both MTS and
SHPB experiments, the foam specimen can be uniformly
deformed at constant strain rates within a certain range
[11-14].

In this study, we conducted compressive characteriza-
tion of a low-density epoxy foam at various low, inter-
mediate, and high strain rates. The stress—strain curves for
the epoxy foam were obtained at the strain rates from
0.05s7! to 2,700 s™' and the strain rate effects on the
compressive response in this strain rate range were deter-
mined.

Material and specimen

In this study, the epoxy foam material, which was provided
by Sandia National Laboratories, Livermore, CA, had a
density of 0.12 x 10° kg/m>. This removable epoxy foam
which is designed to be cast in molding applications
has properties comparable to conventional epoxy foam
encapsulants, but can be removed with mild solvent at
90 °C to allow for recovery of potted components when
used as a potting material [15]. Figure 1 is a scanning
electron micrograph that shows the microstructures of this
epoxy foam. The epoxy foam has a closed-cell structure
with an average cell size of ~200 pum.

The removable epoxy foam specimens had a diameter of
13.80 mm and a thickness of 2.70 mm. Such a thin spec-
imen is necessary to achieve early uniform states in both
stress and deformation in dynamic experiments [11, 12].
The foam specimens with a common dimension for
experiments at all strain rates can eliminate specimen size
effects and make the strain rate as the only variable to
study strain rate effects.
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Fig. 1 Micrograph of the expandable epoxy foam

Experimental procedure

An MTS-810 materials testing machine was employed to
conduct the compressive experiments at the strain rates
from 0.05 s~ to 35 5. We used two specimen gripping
systems of the MTS machine which are schematically
shown in Fig. 2. Both configurations consist of two 19.05-
mm-diameter steel bars as compressive grips. The only
difference between the gripping systems is that we em-
ployed two quartz crystal force transducers at the ends of
the bars for the experiments at 35 s, as shown in Fig. 2b.
The bars are held and guided with an alignment frame. This
gripping system maintains a precise alignment during
compression. Furthermore, the specimen gripping config-
uration in the MTS is the same as that in dynamic SHPB
experiments that is described later, leaving strain rate as the
only variable in the test conditions from quasi-static to
dynamic experiments. The strain rate was varied through
the control of hydraulic actuator moving velocity in dis-
placement control mode (fixed crosshead velocity). The
linear variable displacement transducer (LVDT) and load
cell in the MTS machine were used to measure the end
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Fig. 2 Schematics of the regular and modified MTS gripping system
with quartz transducers. (a) regular MTS gripping system; (b)
modified MTS gripping system
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displacement and force histories in the specimen, respec-
tively.

When the speed of the actuator is slow such that the
strain rate in the expandable epoxy foam specimen is less
than 10" s™', the system in Fig. 2a has sufficient frequency
response to obtain accurate stress—strain data for the foam
materials. However, when the actuator moves faster, say
92 mm/s that corresponds to the engineering strain rate of
35 57!, the stress—wave propagation inside the load cell on
the MTS machine and the check of uniform specimen
deformation need to be concerned. The two force trans-
ducers that were placed at the ends of the guided steel bars
near the specimen, as shown in Fig. 2b, had sufficient high
frequency response and accuracy for the experiments at
this speed. The 22-kN capacity force transducers, which
were manufactured by Kistler, had a sensitivity of ~12.4
pC/N. The signals from the force transducers were re-
corded with a Tektronix TDS 3000 digital oscilloscope
through Kistler 5010B charge amplifiers. The force trans-
ducers were used to directly record the force histories at
both ends of the specimen to check the stress equilibrium
process during the experiment. Figure 3 shows the typical
LVDT and force histories obtained with the MTS load cell
and the force transducers in such an experiment on the
epoxy foam specimen. The oscillations in the output signal
from the load cell in Fig. 3 were caused by the wave
propagation in the MTS system, in particular, in the load
cell itself, indicating that the load cell did not provide
sufficient frequency response for the test at this actuator
speed. The structural response of the testing system is
mixed with the specimen material response if the signal
from the load cell is used for data reduction. However, the
quartz crystal force transducers exhibit the capability
to accurately record the force histories in specimen.
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Fig. 3 Typical records from the load cell, quartz transducers, and the
LVDT on the modified MTS
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Moreover, the overlapping of the signals from both quartz
crystal transducers implies that the specimen was in a state
of stress equilibrium such that the resultant stress—strain
curve is valid. This strain-rate level (35 s™') is near the
capacity limit of the MTS machine for the epoxy foam
specimen studied in this research.

Compressive experiments at higher strain rates were
performed with a modified SHPB apparatus, the schematic
of which is shown in Fig. 4. Besides the standard compo-
nents in a conventional SHPB (a gas gun, a striker, an
incident bar, a transmission bar, a momentum absorption
device, and a data acquisition system), a pulse shaper at the
impact end of the incident bar and two quartz crystal force
transducers at both specimen ends were employed in the
modified SHPB (Fig. 4), which are necessary for testing
soft materials [11, 13]. The function of a pulse-shaper is to
achieve dynamic stress equilibrium and constant strain-rate
deformation in specimen as quickly as possible [11, 13].
Through varying material and dimensions of the pulse
shaper as well as the impact velocity of striker, the profile
of the incident pulse is precisely controlled such that the
specimen deforms at a constant strain rate under dynamic
stress equilibrium. Quartz-crystal force transducers at-
tached to the bar ends near the soft specimen were used to
directly record the axial load histories on the front and back
surfaces of the specimen for the purposes of monitoring the
stress equilibrium in specimens during experiments, which
are similar to those in the modified MTS (Fig. 2b). The
output signals from the quartz crystals were recorded using
a high-speed digital oscilloscope (Tektronix TDS 3000)
through charge amplifiers (Kistler 5010B).

When the desired strain rate is low in a SHPB experi-
ment, the duration of loading pulse becomes long in order
to deform the specimen to a sufficient strain. To record
such a long loading pulse at relatively low strain rates, long
incident and transmission bars are desired. In this study, the
19.05-mm-diameter aluminum alloy incident and trans-
mission bars had the lengths of 3,658 mm and 2,134 mm,
respectively. However, it is noted that the bars are still not
long enough to fully record the long loading pulses without
overlapping. We attached semi-conductor strain gages near
the impact end of the incident bar to record the relatively-
low-amplitude incident and reflected pulses. This modifi-
cation can record a loading duration nearly twice as long as
by a conventional method, without superposition between
the incident and reflected pulses. However, it inevitably
leads to overlapping of the reflected pulse with the signal
that is reflected back into the incident bar at the impact end.
However, we have properly recovered the needed infor-
mation from such records [9, 14]. Figure 5 shows a typical
oscilloscope record from such a pulse-shaped experiment.
It has been demonstrated that the stress in specimen can be
dynamically equilibrated through proper pulse shaping



J Mater Sci (2007) 42:7502-7507 7505
Fig. 4 A schematic of the . C‘l’uartz dAiI:k"inum
. ansducer
modified SHPB Striker Incident bar Transmission bar
| = -
—
Strain gauge \strain gauge
Pulseshaper| | forsiand & Specimen for et
— 1
Wheatstone Charge Charge Wheatstone
Bridge Amplifier Amplifier Bridge
Pre-amplifier Pre-amplifier
h Oscilloscope 4
250 - - — 50 initial cross-sectional area and length of the specimen,
1 ——recorded by resistor strain gages on incident bar L . .
2004 —o— recorded by semiconductor strain gages on transmission bar L 40 respectlvely. Flgure 6 shows the recorded and recovered
150 Incident Pulse 5 strain-rate histories from such an experiment, as well as
R g strain history in specimen which were calculated with Egs.
Z 17 Transmitted Pulse 5 (1) and (2). The plateau in the strain rate history and the
§ 50 4 3 linearity in the strain history in Fig. 6 indicate the constant
5 o 3 strain-rate deformation in the specimen.
g ] 5 The usage of semi-conductor strain gages at the impact
n . . . .
o 04 2 end of the incident bar was applied to experiments at the
s % 2 d of th dent b pplied to exp. ts at th
£ 1004 g strain rates of 190 s, 530 s”', and 1,150 s™'. The com-
150 Reflected Pulse - F pression experiments at the strain rate of 2,700 s~ fol-
! . lowed the regular pulse-shaped Hopkinson bar experiments
-200 . . . . . . 40 : : :
oo : o0 1000 1500 2000 2200 for the foam materials, where a pair of strain gages were

Time (microsecond)

Fig. 5 A typical set of incident, reflected, and transmitted signals
obtained from a SHPB experiment

techniques [11, 13]. The triangle-like reflected pulse in
Fig. 5 indicates the result of such overlapping, from which
we recovered the entire reflected through the methods
introduced in Refs. [9, 14]. After the reflected pulse is
recovered, the strain rate, strain and stress in specimen can
be calculated through standard Hopkinson bar data reduc-
tion equations when dynamic stress equilibrium is satisfied,

i) = ~2 261 (1)
e(r) = —2%) | - (t)dt (2)
alt) =32 B 3)

where ¢,(f), and ¢,(¢) are incident, reflected, and transmitted
strain histories, respectively; Ag is the cross-sectional area
of the bars; Ey and Cy are Young’s modulus and elastic
wave speed in the bar material, respectively; A; and L, are

mounted in the middle of the incident bar to record the
incident and reflected pulses that were not overlapped each
other at all.

Experimental results

The stress—strain curves for the epoxy foam at various
strain rates from 0.05 s to 2,700 s~ are summarized in
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Fig. 6 Recorded and recovered strain-rate and strain histories in the
specimen
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Fig. 7 Compressive stress—strain curves at various strain rates

Fig. 7. Figure 7 shows the mean of stress—strain curves at
each strain rate obtained from repeatable experiments,
which exhibit a typical stress—strain response for regular
foam materials: initial linear elastic response followed by a
plastic plateau and a densification [16].

There are two distinctive features that can be observed
in Fig. 7. The first is that the stress—strain curves are pro-
vided for every strain-rate decade from quasi-static to dy-
namic without any gap in between. The second is that the
stress—strain curves are extended to large strains (>50%)
except for the curve obtained at 190 s™'. Such complete
sets of rate-dependent stress—strain data are not commonly
seen in literature.

Due to distribution of cell size and structure in the thin
specimens, the data exhibit scattering. However, we can
still observe the trends in strain rate effects on the foam.
The modulus of elasticity, cell-collapse strength, and pla-
teau stress all increase with increasing strain rate. In the
range of strain rate studied in this research, the modulus of
elasticity varies between 10 MPa and 30 MPa. The cell-
collapse stress varies between 0.88 MPa and 1.17 MPa,
whereas the plateau stress varies between 0.84 MPa and
1.14 MPa. Figure 8 shows the detailed strain-rate depen-
dencies of the modulus of elasticity and the cell-collapse
stress for the epoxy foam material. It is noted that the
modulus of elasticity obtained at the strain rate of 1,150 s~
or higher is not accurate because the foam specimen has
not achieved the desired strain rate before the specimen is
collapsed [17, 18]. For example, the strain rate did not
reach the desired value of 2,700 s™' when the cell struc-
tures started to collapse in the mechanical testing at the
eventual strain rate of 2,700 s Therefore, we can only
reliably examine the strain-rate effects on the modulus of
elasticity in the strain-rate range below 1,150 s™' and on

@ Springer

Fig. 8 Strain-rate effects of the modulus of elasticity and early cell-
collapse stress

the cell-collapse stress below 2,700 s~!. Both modulus of
elasticity and cell-collapse stress are found to linearly in-
crease with the increasing logarithm of strain rate, as
shown in Fig. 8.

Conclusions

A modified MTS and SHPB were employed for mechanical
characterization of a low-density epoxy foam at various
strain rates in this study. Beside typical usage of the MTS
and SHPB for low- and high-rate testing, both MTS and
SHPB were modified for intermediate strain-rate experi-
ments. The compressive stress—strain curves of the epoxy
foam were determined at a variety of strain rate from
0.05 s™' to 2,700 s™' without any gap in the intermediate-
rate range. The experimental results show that the epoxy
foam exhibits strain rate effects on both the modulus of
elasticity and cell-collapse stress.
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