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There are several studies in the literature regarding the equation of state of alumina-epoxy
composites. Although these single component systems interact in a complex manner with shock
waves, the addition of a second metal or ceramic particulate can result in even more complex
interactions. This paper presents the shock equation of state results on a multi-phase composite
Al–MnO2-epoxy. Equation of state experiments were conducted using three different loading
techniques—single stage light gas gun, two stage light gas gun, and explosive loading—with
multiple diagnostic techniques. The Us−up relationship is shown to be linear, with deviations from
linearity at low, and possibly high, pressures due to the behavior of the epoxy binder. The
experimental equation of state data is compared to volume averaged and mesoscale mixture
models. © 2010 American Institute of Physics. �doi:10.1063/1.3357314�

I. INTRODUCTION

Filled polymers are often used in applications in which
they are stressed or subjected to temperature variations.
Polymer-filler interactions provide improved material
strength and integrity in these applications. Filled epoxy
composites are an attractive class of filled polymers used in
structural components as they are lightweight, inexpensive,
and easy to formulate, with tunable properties based on
polymer-to-filler ratios and epoxy chemistry.

The shock response of polymers has been studied in
detail,1 including the shock properties of epoxy.1–6 There are
a couple of features of the shock response that are common
to most polymers. Carter and Marsh1 observed that a linear
Rankine–Hugoniot fit to the Hugoniot data in the shock
velocity-particle velocity �Us−up� plane extrapolates to a
value above the bulk sound velocity determined from ultra-
sound. They attribute this difference to disparate intermo-
lecular and intramolecular forces, with the spacing between
the polymer chains decreasing while the chain length re-
mains relatively constant. Second, Carter and Marsh1 also
observed a high pressure �23.1 GPa for epoxy� break in slope
in the Hugoniot in shock velocity-particle velocity for all of
the polymers they studied, with the magnitude of the cusp
related to chemical structure. The large volume changes as-
sociated with this transition point was assigned to interchain
chemistry, with the volume collapse proportional to the size
of the polymer side groups. Related studies shocking poly-
mers above this cusp indicate possible decomposition of the
polymer at even higher pressures.7,8 Comparison of the
shock response several similar epoxy systems1,3–6 reveals
that variations in epoxy composition have little effect on the
Hugoniot behavior, at least in the measured pressure re-

gimes. In general, the Hugoniot of epoxy over the range of
pressure associated with the unreacted polymer can be rep-
resented in the shock velocity-particle velocity plane by Us

=2.69+1.51�up, neglecting the curvature at low particle ve-
locities. The specific fit is based on Carter and Marsh’s data
for Shell Epon 828.1

The shock properties of epoxy-based alumina compos-
ites have been presented in the literature.5,6,9–16 Addition of
alumina filler particles has resulted in lowered compressibil-
ity for the composite compared to the polymer itself, with
increasing volume fraction of filler resulting in additional
decreases in compressibility.5,14 The propagated waves in
these materials have been observed to be rounded in certain
pressure regimes,9,15 and measured wave profiles transition
from viscoelastic behavior at high input stresses to a more
complex response at low input stresses due to the temporal
dynamics of viscous mechanisms.12 Additionally, samples
with smaller particle sizes were shown to have steeper wave
profiles indicating that viscous processes are less
significant.15 The release wave is observed to be a strong
function of particle velocity5,9 and filler volume fraction15

and much faster than the initial shock wave.5,9 This unex-
pectedly large release wave velocity has been attributed to
contact stresses between the alumina particles during loading
and unloading.12

From Setchell and Anderson,12 the dissipative mecha-
nisms in filled epoxy are related to the microstructure of
irregular particles in a matrix. In the alumina-epoxy compos-
ite in,12 the Al2O3 particles are surrounded by epoxy, whose
larger compressibility should dominate the properties of the
composite in shock loading. The dominance of the binder
over the mechanical properties of composites has been
observed,17,18 when there is enough binder to coat the
particles.19 Setchell and Anderson12 propose that particle
spacing would be disproportionately reduced and reorienta-a�Electronic mail: jennifer.jordan@eglin.af.mil.

JOURNAL OF APPLIED PHYSICS 107, 103528 �2010�

0021-8979/2010/107�10�/103528/10/$30.00 © 2010 American Institute of Physics107, 103528-1

Downloaded 30 Aug 2010 to 129.61.46.60. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
1

http://dx.doi.org/10.1063/1.3357314
http://dx.doi.org/10.1063/1.3357314
http://dx.doi.org/10.1063/1.3357314


tion of the particles may be required prior to equilibrium,
which would account for the high release wave velocity in
similar composites.12,20 Studies of alumina-epoxy compos-
ites tested at different starting temperatures6 have shown that
the dissipative mechanism in these composites are the vis-
cous forces in the epoxy opposing the particle motion during
compression.12

The complexity of these composites increases when
more than one particulate phase is added such as in
aluminum-iron oxide-epoxy.20–22 It was observed that the
rise to peak stress in this composite was faster in the propa-
gated wave than in the incident wave, indicating that the
higher shock impedance particles decrease viscoelastic ef-
fects even further and give rise to a higher overall wave
velocity from the addition of a second, high impedance filler.
In addition, a step was observed on both the incident and
propagated pressure traces, which may be due to the
viscoelastic–viscoplastic behavior of the epoxy binder. Two
volume fractions of particles have been studied, and it was
found that increasing the particle concentration increased the
observed shock pressure at a given particle velocity, as
expected.20

The ability to predict the behavior of these composites
from the properties of the constituents is valuable. Varying
the concentrations of the constituents can tune the properties
of the composites. Modeling the behavior of the composite
using the properties of the constituents can greatly reduce the
number of experiments needed to validate the Hugoniot.
Baer et al.23,24 have developed a simple model for two-phase
composite materials based on the properties of the constitu-
ents. This model has been expanded to allow for any number
of phases in composite materials, and the details are pre-
sented in Ref. 25. More complex microstructure based mod-
els have been developed and can be used to predict wave
propagation in these complex materials.11,26–28

Here, we report a series of gas gun- and high explosive-
driven experiments aimed at defining the equation of state of
an aluminum-manganese dioxide-epoxy composite. The ex-
perimental data points are compared with both the Baer mix-
ture model for a three phase material25 and the mesoscale
calculations performed by Fraser et al.28 The behavior of the
composite is found to be linear in the shock velocity-particle
velocity plane for a broad range of pressures, with curvature
at low particle velocities. A comparison between the data
derived from gas gun-and explosive-driven plate impact ex-
periments is given. The data also represent a successful ap-
plication of embedded electromagnetic gauges in a metal-
loaded composite.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

Nominally spherical aluminum ��20 �m� and irregu-
larly shaped manganese dioxide �−60+230 mesh� powder
were obtained. The powders were blended into Epon 826
according to the following volume fractions: 0.2377 Al,
0.3108 MnO2, and 0.4515 epoxy and cured with diethanola-
mine. The material was cast into blocks from which appro-
priate samples were machined. The samples were character-

ized to determine their density and acoustic wave speed,
given in Table I and microstructure, shown in Fig. 1. The
longitudinal and shear ultrasonic wave speeds in the epoxy
and the composite were measured using a GE Panametrics
25 HP Plus ultrasonic thickness gauge with a 2.25 MHz
M106 transducer �longitudinal wave speed� and a 1.0 MHz
V153 transducer �shear wave speed�.

B. Single stage gas gun loading experiments

Four gas gun-driven equation of state experiments were
conducted at NSWC-Indian Head using the 102 mm diam-
eter single stage light-gas gun at impact velocities between
275 and 1080 m/s, Table II. Owing to the large internal di-
ameter of the launch tube, three samples were able to be
loaded under identical conditions. The experiments, shown
schematically in Fig. 2, were instrumented with piezoelectric
pins used to measure time of arrival, and Bauer piezoelectric
polyvinylidene fluoride �PVDF� stress gauges29 obtained
from Ktech Corporation, Albuquerque, NM or manganin

TABLE I. Density and longitudinal �Cl�, shear �Cs�, and bulk �C0� sound
speeds for the individual constituents, if available, and the Al–MnO2-epoxy
composite.

Density
�g /cm3�

Cl

�km/s�
Cs

�km/s�
C0

�km/s�

Aluminum 2.70 6.3 3.1 5.2
MnO2 5.03
Epoxy 1.19�0.01 2.59�0.01 1.09�0.02 2.27
Al–MnO2-epoxy 2.60�0.02 3.36�0.04 1.81�0.01 2.63

FIG. 1. Microstructure of Al–MnO2-epoxy composite showing �a� spherical
aluminum particles and irregular MnO2 particles and �b� MnO2 particles are
comprised of small elliptical particles.
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gauges obtained from Dynasen, Goleta, CA. The gauges
were mounted between the donor and the sample and be-
tween two sample disks. An aluminum projectile with an
aluminum or copper flyer plate �12.7 mm nominal thickness�
was used to impact an aluminum or copper driver plate �6.73
mm nominal thickness�.

The gauge mounted between the driver and the sample
provides an “input” stress profile, and the gauge mounted
between the two sample disks provides the “propagated”
stress profile. The PVDF gauge data was reduced using Plot-
Data from Sandia National Laboratories, with the gauge cali-
brations built into the software. The manganin gauge data
was reduced according to the procedure discussed in Ref. 30.
In order to accomplish the calibration, a decade resistance
box was placed in the same position as the experimental
manganin gauge. The resistance on the decade box was
changed to simulate the change in resistance due to the man-
ganin gauge and the corresponding change in voltage was
recorded in order to create a calibration curve for each
gauge.

An additional single stage gas gun-driven experiment
was performed at Los Alamos National Laboratory
�LANL� using a 78 mm bore light gas gun.31 An
�43 mm diameter�4.42 mm thick disk �hand polished
flat� of the composite was mounted in the front of a Lexan
projectile, mounted on a brass sabot, and impacted into a LiF
window at 0.427 km/s. Dual VISAR measurements were re-
corded at the sample-LiF interface, and the Hugoniot locus
was determined from the measured interface particle veloc-
ity, the known Hugoniot for LiF, and impedance matching
methods.

C. Two stage gas gun loading experiments

A series of plate impact experiments were performed at
LANL using a two stage �50 mm bore� light gas gun �He gas,

wrap around breech� described previously.31,32 The experi-
ments were performed in two different ways—plate impact
of a polymer impactor onto an instrumented composite target
containing embedded electromagnetic gauges, and impact of
projectile-mounted epoxy composite into a LiF window, with
measurement of the interface particle velocity using dual ve-
locity interferometer system for any reflector �VISARs�. The
large bore of the gun allows for longer recording times for
one-dimensionality of the experiment. Projectile velocities
were measured using a velocity-measuring system consisting
of four laser diodes with four collection lenses coupled to
fiber optics and photodiode detection, mounted at the end of
the gun barrel. This method allows accuracy in determination
of the projectile velocity to a few meter per second, usually
less than 0.1%.

Three gas gun-driven plate impact experiments were per-
formed by launching Lexan projectiles with Kel-F 81 �poly-
chlorotrifluoroethylene, �0=2.14 g /cm3� impactors installed
in the projectile fronts at instrumented targets containing
electromagnetic gauges. The maximum impact velocity
achieved in these experiments ranged from 2.269 to 3.214
km/s. An electromagnetic gauging method32–35 was used for
the measurement of in situ shock wave profiles, from which
both particle and shock velocity were directly determined.
The embedded gauge package consists of 5 �m thick alu-
minum foil gauge pattern sandwiched and glued between
two 25 �m thick FEP-Teflon membranes making an
�60 �m thick package. The voltage developed by the gauge
moving in a magnetic field is directly proportional to the
gauge length, magnetic field strength, and mass velocity in
the material �gauge� under shock loading, according to Fara-
day’s law.32 The magnetic field was produced by an electro-
magnet mounted in the gun target chamber and produced a
magnetic field strength of approximately 1.2 kG in these ex-
periments. General schematics of the target assembly and
impact geometry are shown in Fig. 3.

To meet planarity tolerances for plate impact experi-
ments, the samples were hand polished using successfully
finer grit paper with water as a lubricant. Once the desired
flatness of the target pieces was achieved, an embedded
gauge package was glued between the top and bottom pieces
of a nominally 2 in. diameter right cylinder on a 30° angle as
depicted in Fig. 4�b�. This geometry allows for the distribu-
tion of the nine particle velocity gauges or “trackers” and
three shock trackers in the package at known depths in the

TABLE II. Details and experimental results for single stage gas gun loading experiments, where the shaded values indicate properties measured during the
experiment and I indicates data from the incident gauge and �T� indicates data from the transmitted gauge. Errors on projectile velocities are �1%.

Expt. No. Impactor Donor

Projectile
velocity
�km/s�

Shock
velocity
�km/s�

Interface
particle
velocity
�km/s�

Particle
velocity
�km/s�

Pressure
�GPa� V /V0

JJH28 6061-T6 Al 6061-T6 Al 0.276 2.90�0.15 0.18�0.03 1.3�0.1 �I� 1.02 �T�
1S-1409 Al–MnO2-epoxy LiF 0.427 3.36 0.161 0.266 2.28 0.921
JJH120 6061-T6 Al 6061-T6 Al 0.517 3.64�0.13 0.32�0.06 3.0�0.6
JJH121 OFHC Cu 6061-T6 Al 0.508 3.88 0.48 �manganin� 0.41 �PVDF� 4.8�0.1 �I� 3.4�0.7 �T� 4.2�0.2 �I�
JJH122 OFHC Cu OFHC Cu 0.519 3.93 0.48 4.9�0.2 �I� 4.1�1.8 �T�

FIG. 2. �Color online� Schematic of Indian Head gas gun experiments.
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sample relative to the impact face. The nine horizontal foils
down the center of the package, Fig. 4�a�, are the particle
velocity trackers, and provide an in situ measurement of
mass velocity at discrete, known Lagrangian positions within
the target. The finely patterned “shock trackers” are on each
side of the particle velocity trackers and at the bottom center
of the package. The shock trackers provide a large number of
well-spaced foils to allow for accurate and redundant deter-
mination of the shock velocity in the material. Insertion at an
angle allows the gauges not to shadow one another, produc-
ing a condition of minimum perturbation. After gluing the
embedded gauge between the two target pieces, Fig. 4�b�,
additional polishing of the target face was performed to cre-
ate a flat impact surface. A single element foil gauge, referred
to as a “stirrup” gauge was then affixed to the impact face,
Fig. 4�c�. Particle �mass� velocity �up� was obtained from the
peak voltage of the impact face mounted electromagnetic
gauge. The shock velocity �Us� was redundantly determined
from measured gauge positions and the arrival time of the
shock at nine particle velocity trackers and three shock track-
ers in the gauge element.

The presence of metal particles in the target was a con-
cern when applying the embedded electromagnetic gauge
method. To confirm that the gauge response was unperturbed
by the Al and MnO2 loading in the samples, dual VISARs
were fielded at the back of a target:LiF interface for Shot
2S-318. The particle velocity at the rear interface was as
expected from impedance matching calculations. To further
confirm that the response of the electromagnetic gauges was
not influenced by the metal particles in the composite, two
additional experiments were performed on the two-stage gun
in which the composite was mounted in the front of the
projectile, and impacted into a LiF window. The experimen-
tal configuration was the same as described above for the
single stage gas gun experiment at LANL. Again, dual
VISAR signals were recorded at the sample-LiF interface,
and the Hugoniot locus was determined from the measured
interface particle velocity, the known Hugoniot for LiF, and
impedance matching methods.

D. Explosive loading experiments

Fourteen experiments, detailed in Table IV and shown
schematically in Fig. 5, were conducted at Eglin AFB using
explosive plane wave lenses �PWL� to generate shock load-
ing at higher pressures. In these experiments, the PWL was
in contact with an explosive pad of Baratol, TNT, or 75/25
Octol �25.4 mm thick� to generate a range of pressures in a
6061-T6 aluminum �Al� or OFHC copper �Cu� donor plate.

In explosive loading experiments, the shock wave travels
from the donor to the sample. The shock velocity in the Al or
Cu donor material and the sample was measured using pi-
ezoelectric pins �Dynasen CA-1135�, which were placed in
holes drilled into the sample at differing depths. Using the
shock velocity in the donor plate and the sample, the remain-
ing Hugoniot properties for the sample were determined us-
ing impedance matching.

Initial experiments JJH15—16, Fig. 5�a�, were con-
ducted in which the shock velocity in the sample and metal
plate were measured simultaneously. In these experiments,
nine piezoelectric pins were used. Calibration shots were
performed in order to understand the explosive-metal inter-
action and are discussed in detail in Ref. 16. After the cali-
bration shots were conducted, a new experimental design
was implemented in which two samples are tested simulta-
neously, shown in Fig. 5�b�, and additional experiments were
conducted �JJH54–65� in which Al–MnO2-epoxy was one
of the samples. The known explosive-donor interaction from
the calibration shots is used for impedance matching to the
donor properties.

FIG. 4. �Color online� �a� Optical micrograph of embedded gauge package.
The package consists of 5 �m thick Al patterned and sandwiched between
layers of FEP-Teflon membrane. �b� The gauge membrane glued to the
target bottom. �c� The fully assembled target showing the single element
stirrup gauge on the target impact face.

FIG. 3. �Color online� �a� Expanded view of target assembly for embedded
gauge plate impact experiments and �b� schematic of the experimental target
arrangement with respect to the magnetic field and projectile/impactor at the
LANL Chamber 9 facility.

FIG. 5. �Color online� Schematic of explosive loading experiments showing
�a� first revision measuring shock velocity in sample and metal donor
�JJH15–16� and �b� second revision measuring shock velocity in two
samples �JJH54–65�.
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III. RESULTS

A. Single stage gas gun experiments

Five single stage gas gun loading experiments were con-
ducted in total, four at NSWC �JJH28 and JJH120–122� and
one at LANL �1S-1409�, and the results are given in Table II.
In the NSWC gun experiments, the shock velocity was mea-
sured using gauges and time of arrival pins. The experiments
had PVDF gauges in all experiments and manganin gauges
in JJH121 and 122. However, data acquired from the gauges
was not usable in every case. In JJH120, the shock velocity
was determined by the piezoelectric time of arrival pins, and
the error reported is the variation among the pins. For
JJH120, the gauge data was not able to be reduced, so the
shock state in the composite was determined by impedance
matching to the donor plate. The aluminum donor shock state
was determined by impedance matching to the flyer with the
measured impact velocity.

In JJH28, both the input and transmitted PVDF gauges
were able to be reduced and are shown in Fig. 6�a�. The
shock velocity in JJH28 was calculated from the arrival time
at both gauges and the time of arrival pins. Additionally, the
peak pressures from the input and transmitted gauges are
given in Table II. The peak pressure was determined by av-
eraging the plateau, with the error reported the deviation
from that average. In the case of the input gauge where the
pressure is continuously rising over the peak plateau, the
average over the whole plateau was used. It can be seen that

the pressure recorded on the transmitted gauge is less than
that recorded on the input gauge, which has also been ob-
served in aluminum-iron oxide-epoxy composites.22 This ex-
periment is at low pressures, in the regime where epoxy is
undergoing viscoelastic compressive behavior, and this may
account for the decreased transmitted stress, which is not
seen in higher pressure two-stage gas gun experiments.

In JJH121, both PVDF and manganin gauge traces were
recorded. The input traces are shown in Fig. 6�b�. The shock
velocity was calculated from the arrival times at the input
and transmitted manganin gauges. There are two elbows in
the manganin gauge trace, which could be due to reverbera-
tions in the gauge as it rings up. Additionally, the plateau has
a periodic structure, which may be due to the gauge picking
up electrical noise. The transmitted manganin signal is ex-
tremely noisy probably due to the failure of the input gauge.
Greenwood, et al.36 have shown that selection of a proper
electrical circuit can minimize this noise during gauge fail-
ure. There is a small difference in the peak pressure seen in
the PVDF and manganin gauges. These gauges were be-
tween the donor plate and the sample in the same experi-
ment; however, they are not physically at the same location,
but are mounted between two different samples and the do-
nor plate. The difference in peak pressure may be due to the
composite nature of the samples, which could result in
slightly different material compositions in the region of the
gauges.

In experiment JJH122, the shock velocity and peak pres-
sure were calculated from manganin gauge data, where there
was a periodic structure on the input gauge, which may be
due to ringing in the gauge itself. The transmitted gauge
showed considerable noise. Again, this could be corrected
with an electrical circuit on the input gauge to prevent its
failure being seen on the transmitted gauge.

For the front surface impact experiment, 1S-1409, con-
ducted at LANL, the shock wave profile at the composite-
LiF interface exhibited heterogeneity in the flat top, likely
due to the composite nature of the sample. The velocity dis-
persion in the wave profile at the top was on the order of
2%–3% and the average velocity was taken for the calcula-
tion of the Hugoniot locus in Table II.

B. Two stage gas gun experiments

Three plate impact experiments were performed over a
range of impact velocities designed to cover the range of
pressures achieved in the explosive loading experiments us-
ing electromagnetic gauges. Both the particle and shock ve-
locities are measured directly and redundantly in the experi-
ments, i.e., no impedance matching methods are used.
Particle and shock velocities are derived from the response
of the stirrup and embedded electromagnetic gauges under
shock loading, with the target sitting in a magnetic field.

The response of the stirrup gauge was used to determine
up with all of the particle velocity gauges providing dynamic
wave profiles through the sample and corroborating the re-
sults for up determination. Figure 7 shows the response of the
embedded gauges for shot 2S-333. It can be seen that the
particle velocity achieved in this gauge appears to be con-

FIG. 6. �Color online� �a� Experiment JJH28 PVDF gauge traces and �b�
experiment JJH121 PVDF and manganin input gauge traces.
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stant throughout the length of the sample, which differs from
the attenuation seen in the PVDF gauge measurements �Fig.
6�a��. This experiment �2S-333� is conducted at much higher
pressure, in the linear region of the epoxy shock equation of
state, which is the most likely explanation for the difference.

The rise and top of the wave profile were fit to linear
functions with their intersection taken as the material’s par-
ticle velocity. The arrival times of the shock wave at the
embedded shock and particle velocity gauges as a function of
Lagrangian position in the sample were used to derive Us. A
summary of the measured Hugoniot points for this experi-
mental technique is presented in Table III.

The remaining two plate impact experiments were per-
formed at impact velocities necessary to generate particle
velocities to span those measured using the single stage gas
gun and explosive loading techniques. Table III summarizes
the results of the three experiments, including the calculated
hydrodynamic pressures and specific volumes from the con-
servation equations

P = �0Usup �1�

V

V0
= 1 −

up

Us
�2�

C. Explosive loading experiments

Fourteen explosive loading experiments were conducted
and are listed in Table IV. The donor shock velocity was
determined from the average shock velocity measured in 2–3
experiments. In all experiments, the time of arrival of the
shock wave in the sample was determined using piezoelec-
tric pins at different depths. For each sample, there were two
pin concentric pin circles. The pins were measured in groups
of three pins at different heights. The shock velocity for each
pin group was determined and the shock velocity for the
sample was then calculated as the average of the ping
groups. The variability in this experimental technique is evi-
dent from the difference between identical experiments, with
the average deviation in shock velocity being �0.1 mm /�s.
The remaining properties in the composite are determined
from impedance matching to the donor and the conservation
equations.

IV. DISCUSSION

Highly-filled polymer composites are a class of materials
that are garnering growing attention due to their combination
of light mass and high strength for use in structural and re-
lated engineering components. Plastic-bonded explosives
and related energetic materials are members of this class of
materials that also have received growing interest because of
recent advances in high precision material preparation and
formulation, including micron-scale resolution characteriza-
tion of microstructures. Here, we have examined the dy-
namic �shock� compressive properties of a three-component
polymer composite consisting of Al–MnO2-epoxy compos-
ites, which builds upon the wealth of literature reports on
related ALOX �Refs. 5, 6, and 9–16� and Al–Fe2O3-epoxy
composites.20–22 The results described in this work feed into
multi-phase equation of state models being developed by this
team and others, in efforts to predict the shock response of
multi-phase composites from knowledge of the equation of
state properties of the individual constituents.25–28,37,38

The Hugoniot loci determined from the 4 types of shock
compression experiments between three laboratories are
shown collectively in Fig. 8. Also shown in the figure is the
bulk sound speed, cb=2.631 km /s, determined from ultra-
sonic measurements at AFRL at ambient conditions. Overall,
there is good agreement between the Hugoniot points deter-
mined by the different methods, between different laborato-
ries. The data span the range of particle velocities from 0.18–
1.75 km/s or, equivalently, pressures from 2.3 to 28.4 GPa.

TABLE III. Details and experimental results for two stage gas gun loading experiments, where the shaded values indicate properties measured during the
experiment. Errors on projectile velocity are �1%, while errors on measured shock and particle velocities are within 1%–2%.

Expt. No. Expt. type
Projectile velocity

�km/s�
Shock velocity

�km/s�
Interface particle velocity

�km/s�
Particle velocity

�km/s�
Pressure

�GPa� V /V0

2S-333 Embedded gauge 2.269 4.978 N/A 0.9239 12.0 0.813
2S-371 Front surface impact 2.005 5.22 0.900 1.105 15.1 0.788
2S-336 Embedded gauge 2.770 5.333 N/A 1.1720 16.3 0.780
2S-318 Embedded gauge 3.214 5.578 N/A 1.3650 19.9 0.755
2S-372 Front surface impact 3.249 6.19 1.500 1.750 28.4 0.717

FIG. 7. �Color online� Corrected response of nine particle trackers and one,
of the three, shock velocity trackers for experiment 2S-333. The Hugoniot
point was determined from the particle velocity of the impact face gauge
and shock velocity from the shock arrival at the nine particle velocity and
three shock velocity trackers at their respective Lagrangian positions in the
sample.
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In the shock velocity-particle velocity plane, Fig. 8�a�
the Rankine—Hugoniot behavior is nominally linear and
does not show any evidence of phase transitions. Further
inspection of the wave profiles reveal unreacted behavior. As
seen in Fig. 7, the shock wave profiles recorded at each of
ten particle velocity gauge positions for 2S-333 are flat, with
a rapid rise time, reaching peak particle velocity within
�20 ns. Figure 9 shows shock wave profiles recorded with
dual VISARs at the composite-LiF interface for shot 2S-371,
in which the composite was impacted into LiF at 2.005 km/s.
The wave profiles show some roughness, or velocity varia-
tions, at the peak state, likely related to the heterogeneity of
the material and the high fill percentages of two types of
filler particles in the sample. The wave profiles from both
embedded gauges and VISAR measurements do not show
any evidence of shock-induced phase transformation or reac-
tions under uniaxial compression and to calculated hydrody-
namic pressures exceeding 20 GPa. In addition, the consis-
tency of the wave profiles through the sample and the
magnitude of the measured particle velocity using the elec-
tromagnetic gauges indicate the sample remained non-
conductive during the test. Interestingly, the shock wave pro-
files do not show any substantial shape evolution as the
shock traverses the sample, regardless of input pressure be-
tween �2.3 and 20 GPa. This is in contrast to what was
observed by Anderson, et al.5 for ALOX using VISAR and
PVDF gauge measurements 6 mm into filled epoxy targets,
in which the wave profiles showed considerable rounding
and dispersion. However, this polymer composite is much
more highly loaded than any of those tested by Anderson et
al.5 Typically, polymers show viscoelastic responses at low
shock input pressures, as evidenced by a rounded shock
wave front.39,40

A down turn, or curvature, in the data in the shock
velocity-particle velocity plane at low particle velocities has
also been observed for many polymers. Carter and Marsh1

attribute this to be due to two-dimensional compressibility at
low pressures, where spacing between polymer chains is de-
creasing, but the chain length remains relatively constant.

More recently, Clements39 has developed a rate-dependent
volumetric viscoelastic approach to describe this behavior.
Curvature in this plane is observed for the filled composite
below up�0.7 km /s, Fig. 8�a�, with a linear Rankine–
Hugoniot fit overestimating the bulk sound speed.

A linear fit to the experimental data derived from two
stage gas gun-driven plate impact and explosive loading ex-
periments between 0.7�up�1.7 km /s yields the following
relationship

Us = 1.47 � up + 3.61 �3�

which extrapolates to a value much higher than the ultrasonic
bulk sound speed and does not capture the low pressure
shock data in this plane. A more satisfactory fit to the data in
this plane is the quadratic form:

Us = 2.64 + 2.86 � up − 0.48 � up
2 �4�

The curvature in this plane may be attributed to a combina-
tion of viscoelastic effects, compaction of porosity in the
composite, and the disparity in shock impedances �and pos-
sibly physical contact� between the multiple phases of the
composite.

Additionally, epoxy exhibits a high pressure cusp in the
Us−up plane at 23.1 GPa.1 We have observed differences and
scatter in the gas gun versus explosive-driven experimental
data in this regime. However, additional higher pressure ex-
periments are required to confirm decomposition or chemis-
try in this regime, preferably with in situ measurements of
shock wave profiles.

Figures 8�b� and 8�c� shows the same data in the
pressure-particle velocity and pressure-volume planes, re-
spectively. The fits to the experimental data determined in
the Us−up plane are included. As in the Us−up plane, the
quadratic fit to the experimental data is a better match, par-
ticularly in the P-V /V0 plane. The difference in the experi-
mental data between the gas gun and explosive driven ex-
periments at high pressures is prominent in the P-V /V0

plane. This discrepancy occurs close to the high pressure
cusp determined by Carter and Marsh for epoxy.1 Again,

TABLE IV. Details and experimental results for explosive loading experiments, where the shaded values
indicate properties measured during the experiment.

Expt. No. Explosive Donor
Donor shock velocity

�km/s�
Shock velocity

�km/s�
Particle velocity

�km/s�
Pressure

�GPa� V /V0

JJH64 Baratol Copper 4.48�0.14 4.08 0.56 6.0 0.86
JJH65 Baratol Copper 4.18 0.56 6.1 0.87
JJH56 TNT Copper 4.56�0.01 4.14 0.65 7.0 0.84
JJH57 TNT Copper 4.26 0.64 7.1 0.85
JJH16 Baratol Aluminum 6.31�0.04 4.98 0.82 10.6 0.84
JJH62 Baratol Aluminum 4.81 0.83 10.3 0.83
JJH63 Baratol Aluminum 4.52 0.85 10.0 0.81
JJH60 Octol Copper 4.87�0.25 4.87 0.94 11.9 0.81
JJH61 Octol Copper 5.05 0.94 12.3 0.81
JJH54 TNT Aluminum 6.63�0.04 5.29 1.08 14.9 0.80
JJH55 TNT Aluminum 5.10 1.10 14.6 0.78
JJH15 Octol Aluminum 7.31�0.10 5.30 1.73 23.8 0.67
JJH58 Octol Aluminum 5.41 1.71 24.1 0.68
JJH59 Octol Aluminum 5.36 1.72 23.9 0.68
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additional experiments, particularly with time resolved mea-
surements, need to be conducted to understand this differ-
ences.

The Al–MnO2-epoxy composite contains 45 vol % ep-
oxy. This is the most highly loaded epoxy-based composite
studied to date.5,6,9–16,20–22 This composite shows the, expect-
edly, stiffer behavior compared to the other materials. Addi-
tionally, the Al–MnO2-epoxy composite displays the down
turn, or curvature, in the data in the shock velocity-particle
velocity plane at low particle velocities. Other materials
studied in the literature do not appear to show a pronounced
downturn in the shock measurements, although the measured
values do extrapolate to a value above the bulk sound speed.

The Hugoniot for the Al–MnO2-epoxy composite was
calculated using both the Baer mixture model25 and a mesos-

cale model reported by Fraser, et al.28 Both models used a
piecewise fit for the epoxy Us−up relationship to account for
a possible high pressure phase change. Additionally, the low
pressure epoxy data was fit with a quadratic function for the
Baer mixture model. The equation of state for MnO2 was
determined from that for pyrolusite, as presented in Ref. 2.
The MnO2 material displays porosity in Fig. 1�b�, so that the
density, and subsequently the equation of state, was modified
by matching the composite mixture density to the experi-
mentally measured composite density. The shock equation of
state input parameters used for both models are presented in
Table V. Both models, compared with the experimental data,
are presented in Fig. 10 in the Us−up plane. For the given
input parameters, both models underpredict the experimental
data by approximately 10%. For both models, there is better
agreement with the experimental data at lower particle ve-
locities. There is uncertainty in the input parameters for the
models, i.e., the constituent densities and shock equations of
state, which may account for the differences between the
models and the experimental data. Given the similar under-
prediction in both modeling methods, additional investiga-
tion of the input parameters must be conducted.

This paper presents the experimental measurement of the
shock equation of state for an Al–MnO2-epoxy composite

FIG. 8. �Color online� �a� Shock velocity-particle velocity, �b� pressure vs
particle velocity, and �c� pressure vs volume data from Al–MnO2-epoxy
composite from the three types of experiments. The linear Rankine–
Hugoniot fit to the intermediate-to-high pressure data overestimates the data
at low pressures and the bulk sound speed. A more satisfactory fitting form
is the quadratic equation Us=2.64+2.86�up−0.48�up

2.

FIG. 9. �Color online� VISAR shock wave profile for shot 2S-371 measured
at the LiF-sample interface.

FIG. 10. �Color online� Comparison of experimental data with Baer mixture
model and mesoscale model by Fraser et al. �Ref. 27.�
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between 1.3 and 28 GPa. The high pressure phase transfor-
mation in epoxy was not observed in these experiments.
Additional work measuring the in-situ wave profiles at
high pressure should be accomplished to probe the
decomposition/chemical reactions in the epoxy. Additional
low pressure experiments should be conducted to probe the
rounding due to viscoelastic effects in this highly loaded ma-
terial. Finally, calculation of multi-phase equations of state
should be further investigated to include uncertainties in the
input parameters for the constituents.

V. CONCLUSIONS

The shock equation of state for Al–MnO2-epoxy par-
ticulate composite was determined using three loading
techniques—single stage light gas gun, two stage light gas
gun, and explosive loading. The Rankine–Hugoniot �Us

−up� relationship was found to be linear for a portion of the
particle velocity space between 0.7�up�1.7 km /s. A better
representation of the data was found with a quadratic func-
tion, Us=2.64+2.86�up−0.48�up

2, due to significant cur-
vature in this plane. Deviations from linearity at low particle
velocities may be attributed to a combination of viscoelastic
effects, compaction of porosity in the composite �or disparate
inter-and intramolecular forces and free volume�, and dis-
similar shock impedances �and possibly spatial contact� of
the multiple phases of the composite. Scatter in the data at
high pressures/particle velocities may be due to transition
between the reactants and products caused by shock-induced
chemistry and decomposition in the epoxy binder. However,
additional experiments are needed to elucidate these phe-
nomena. The quadratic fit determined from the Us−up data
provides an excellent fit to the data in the P-V /V0 and P-up

planes.
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