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A 3D interpenetrating phase composite (IPC) foam made by infusing syntactic foam (SF) into an open-cell
aluminum scaffold is studied under high-strain rate conditions. The SF is prepared by dispersing hollow
glass microballoons into an epoxy matrix. Dynamic compression characteristics, including strength and
failure progression of pure SF and IPC foam made of four different volume fractions of microballoons in SF
measured using a split Hopkinson pressure bar (SHPB) apparatus are reported. The results show that in
tructural foams
yntactic foams
ybrid materials
igh strain rate measurements
ompression
inite element analysis

general IPC foams outperform SF in terms of compressive strength. An idealized 3D elasto-plastic unit-cell
based finite element (FE) model is proposed for studying the IPC foam. The 3D geometry of the aluminum
constituent in the cubic unit-cell is modeled as a tetrakaidecahedron, whereas the SF constituent is
modeled as the occupant of the rest of the unit-cell. The computational model incorporates infinite
elements to represent the far-field regions surrounding the unit-cell. Comparisons of computational and
experimental results for different microballoon volume fractions of SF are reported.
nfinite elements

. Introduction

Recent advances in commercial and defense automotives, as
ell as aerospace and marine construction, require innovative

ightweight materials that are stiff and tough structures capable
f absorbing impact energy. This concurrence of material prop-
rties cannot be formulated into a single material system easily.
nterestingly, some naturally occurring materials such as bone and
acre exhibit this feature. Such materials have a 3D interpenetrat-

ng microstructure, often made up of two or more biological phases
esulting in the enhancement of the overall structural proper-
ies. Artificial multi-phase composites having a 3D interpenetrating
tructure are often referred to as interpenetrating phase compos-
tes (IPC) (Clarke, 1992). In general, IPCs are composite materials
n which each constituent forms a continuous 3D network within
he material volume. Thus, each phase in its standalone state can
e imagined to have an open-cellular microstructure. Even though
PCs are heterogeneous on a micro/meso scale, the macro scale
esponse is often isotropic. Each phase offers its own unique prop-
rty to the IPC as a whole. For example, one phase might offer
ood toughness and thermal conductivity, while the other might

nhance stiffness and dielectric properties. That is, each phase of
n IPC contributes its unique property to the overall structural
esponse synergistically. This co-existence of desirable properties

∗ Corresponding author. Tel.: +1 334 844 3327.
E-mail addresses: tippuhv@auburn.edu, htippur@eng.auburn.edu (H.V. Tippur).

093-6413/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.mechrescom.2012.03.002
© 2012 Elsevier Ltd. All rights reserved.

without significant directional dependency or distinct weak planes
(as opposed to conventional layered composites) make IPC attrac-
tive for structural applications.

Material processing details and experimental measurements on
one such IPC made of two phases – syntactic foam (SF) and alu-
minum foam has been presented by the authors under static and
dynamic loading conditions in an earlier paper (Periasamy et al.,
2010). In the current work, the dynamic compression responses of
SF and IPC foam along with finite element modeling of IPC foam
are presented. The finite element model is based on a unit-cell
approach. That is, a repeating cubic volume element of IPC foam
consisting of a single aluminum open-cell and a SF region penetrat-
ing the aluminum scaffold within the cubic volume. The geometric
and finite element modeling aspects of the unit-cell IPC are dis-
cussed in this paper. Infinite elements are used in the model to
discretize the far field regions surrounding the unit-cell. A brief
background on these infinite elements, the implementation issues
and calibration work are also presented for completeness. Subse-
quently, results from finite element analysis of IPC foam and their
comparison with experimental are presented.

2. Experimental details

2.1. Sample preparation
The constituents used for preparing SF were a low viscos-
ity epoxy (Epo-ThinTM from Beuhler, Inc. USA, mass density of
the resin ∼1100 kg/m3) and hollow glass microballoons (K1TM

dx.doi.org/10.1016/j.mechrescom.2012.03.002
http://www.sciencedirect.com/science/journal/00936413
http://www.elsevier.com/locate/mechrescom
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ig. 1. Sample preparation for syntactic foam (SF) and interpenetrating phase comp
ontaining uncured SF.

icroballoons from 3 M Corp., bulk density 125 kg/m3) of aver-
ge diameter ∼60 �m and wall thickness ∼0.6 �m. SF samples
ere prepared by mixing the desired quantity of microballoons

nto epoxy resin. The uncured syntactic foam was vacuumed (at
pproximately −75 kPa gage pressure) to remove any trapped air
ubbles, then transferred into a silicone rubber mold (Fig. 1). The
ixture was then allowed to cure in the mold for at least seven

ays before being removed and machined to size as shown in Fig. 2.
The metal foam used in the IPC was an open-cell Duocel® alu-

inum (Al 6101-T6) preform (ERG Aerospace Corp., USA) with a
ore density of 40 pores per inch (∼8% relative density). The metal
oam was degreased with acetone and then coated with silane,
-aminopropyltrimethoxysilane (H2NC2H4NHC3H6Si(OCH3)3), to
nhance wetting and hence the bond strength between alu-
inum ligaments and syntactic foam. To prepare the IPC foam,

he degassed, uncured SF was prepared as described earlier. Then,
he silane coated aluminum foam was slowly lowered into the

old (as shown in Fig. 1(b)) containing uncured syntactic foam
o that the syntactic foam filled the open-pores of the aluminum
etwork. Although gelling of SF occurs within a few hours, the
ast was allowed to slowly cure for at least seven days. The cured
ast was then removed from the mold and cut into small cylindri-

al samples (Fig. 2) whose flat ends were finished using a milling
achine.

Fig. 2. As cast and machined SF and IPC foam samples.
IPC) foams (a) rubber mold with uncured SF, (b) aluminum mold inserted into mold

2.2. Sample dimensions

The sample dimensions were determined based on a previous
work by Gibson (2000). Gibson has analyzed the cell size effects
in open-cell foams and proposed a specimen thickness (length) to
cell size ratio (t/d) of 8 or above, so that the specimen represents
the bulk. By size effects, Gibson means the effect of cell size on
the measured material properties when the macroscopic sample
dimensions are of the order of the cell size. The aluminum foam
used in this work has a pore density of 40 pores per inch with 22–26
cells per inch. Therefore, it can be assumed that there are approxi-
mately 24 cells per inch on an average (Fig. 3(a) shows the relative
sizes of pores and cells). Thus, the individual cell size is approxi-
mately 1.06 mm (0.042 in.). A t/d ratio of 9 was chosen for the SHPB
tests. Accordingly, the samples used in the dynamic testing were
machined to have a length of 9.5 mm (0.375 in.) and a diameter of
12.7 mm (0.5 in.) as shown in Fig. 3(b).

From the dimensions shown in Fig. 3(b), the thickness (t) to
diameter (D) ratio (or, slenderness ratio S0) is 0.75. This S0 was
chosen with reference to the work published by Malinowski and
Klepaczko (1986) in which they suggest an optimum S0 for use
in SHPB tests for different material categories based on the axial
inertia and interfacial friction of the sample material. According to
their work, samples made of low flow stress materials (gold and
uranium) should have 0.1 ≤ S0 ≤ 0.5. For samples made of moder-
ate density metals such as aluminum and copper they suggest an
optimum S0 range of 0.5–1.0 and for hard materials (high strength
steels), an optimum S0 range of 1.0–1.5. The IPC foam used in this
work consists of aluminum and SF, which are made of moderately
dense and brittle, but not hard materials. The combined effect the
two materials suggests a S0 in the 0.5–1.0 range for the SHPB test
samples. Four different types of SF and IPC foam samples were pre-
pared by using different volume fractions (Vf = 10%, 20%, 30% and
40%) of microballoons in epoxy. Accordingly, the different samples
were labeled in a self explanatory fashion as SF-10, SF-20, SF-30,
SF-40, IPC-10, IPC-20, IPC-30 and IPC-40.

3. Experimental results

SF and IPC foam samples with 10%, 20%, 30% and 40% microbal-

loon volume fractions were tested at a strain rate of ∼1500 per
second using a split Hopkinson pressure bar apparatus. At least
four specimens were tested for each volume fraction. Details on
calibration, strain rate measurement and stress equilibrium issues
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ig. 3. (a) Representation of pores and cells in open-cell aluminum foam scaffold,
b) sample dimensions used for split-Hopkinson pressure bar tests.

bout the SHPB experiments have been previously presented by
eriasamy et al. (2010). The maximum strain attained by a sample
epends on the time period of the incident stress wave. This in turn
epends on the length of the striker used (Meyers, 1994). Several
triker lengths, 203 mm (8 in.)–406 mm (16 in.), were considered in
his work. In view of a relatively large strain expected for the sam-
le to fail, the longest feasible striker length was considered. The
ncident stress pulse generated by the 406 mm long striker (impact
elocity ∼15 m/s) had a total time period of ∼200 �s with con-
tant strain lasting over 100 �s (Fig. 4). The maximum true strain

ig. 4. Typical strain histories for SF-30 material obtained from the SHPB bars using
406 mm aluminum striker.
Fig. 5. Effect of microballoon volume fraction on dynamic stress–strain response of
SF samples (strain rate ∼ 1500 s−1).

experienced by the sample for this pulse was a little over 22%. So,
conservatively, all analyses were based on a maximum specimen
true strain value of 22% and the stress–strain data once the stress
pulse started dropping off was not considered in the analyses.

3.1. Syntactic foam response

The dynamic true stress–true strain responses of SF with
four different volume fractions of microballoons obtained using a
406 mm striker at a strain rate of ∼1500 per second are shown in
Fig. 5. The measured response of syntactic foam has two distinct
regions. An initial elastic response is followed by a monotonically
decreasing stress region with increasing strain. The compressive
strengths of the samples decrease with increasing microballoon
volume fraction. The compressive strengths1 of the 10%, 20%, 30%
and 40% volume fraction samples were approximately 104 ± 4 MPa,
80 ± 3 MPa, 62 ± 5 MPa and 50 ± 3 MPa, respectively. The relative
drop in the compressive strengths for every 10% increase in the
microballoon volume fraction is ∼20%. After yielding, the stresses
for SF with lower Vf of microballoons remain consistently higher
than that for SF with higher Vf. The difference between the post-
yield stress values in samples with different volume fractions is
approximately constant at all strains (within the observation win-
dow).

3.2. IPC foam response

The IPC samples of four microballoon volume fractions viz. 10%
(IPC-10), 20% (IPC-20), 30% (IPC-30) and 40% (IPC-40) were tested
and the results are shown in Fig. 6. The dynamic compression
response of IPC foams followed trends similar to that of the cor-
responding syntactic foams. The response shows a linear region
in the beginning, followed by a modest nonlinear response until a
maximum stress is reached. Subsequently a monotonic reduction of
stress with increasing strain is seen in the observation window up
to ∼22% true strain. As in the case of SF samples, the yield strengths
of IPC foam samples decrease with increasing volume fraction of
microballoons. In the order of increasing microballoon Vf, the com-
pressive strengths are approximately 120 ± 4 MPa, 100 ± 5 MPa,

79 ± 6 MPa and 58 ± 3 MPa. The percentage decrease in the com-
pressive strength for the IPC-20 with respect to that of IPC-10 is
16%, and that of IPC-30 with respect to that of IPC-20 is 21%. The

1 The yield stress was estimated to be the value between the start of non-linearity
and the peak value.
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Table 1
Elastic properties of SF (from SHPB measurements) and Al 6101 (from Alcoa Inc.
datasheet) used in the finite element model.

Material Elastic modulus (MPa) Poisson ratio Density (kg/m3)

Aluminum 6101 69,600 ± 700 0.35 2700 ± 15
SF-10 5122 ± 160 0.34 995 ± 6
SF-20 4529 ± 95 0.34 870 ± 4
ig. 6. Effect of microballoon volume fraction on dynamic stress–strain response of
PC foam samples (strain rate ∼ 1500 s−1).

PC-40 has a 26% reduction in compressive strength with respect to
PC-30.

In both SF and IPC, the observed decrease in strength with
ncreasing microballoon volume fraction is attributed to the
ncreased void volume fraction within the SF. This results in a
avorable condition for more number of internal cracks to origi-
ate from the voids. This in turn leads to lower strength at higher
icroballoon volume fraction in SF. Detailed measurements and
icrographic analysis of failed SF and IPC have been documented

n an earlier work (Periasamy et al., 2010).

. Finite element modeling

The enhanced dynamic compression response of IPC foam sam-
les and its complex 3D geometry were motivations to analyze

t using finite element method. For this purpose, a 3D model of
PC foam with SF and aluminum domains had to be developed. In
he actual IPC foam, the aluminum cells are randomly shaped and
riented in the 3D space. Numerical simulation of a full scale 3D
epresentation of IPC foam using nonlinear transient analysis will
equire tremendous computational effort. Therefore, an idealized
nit-cell model of the IPC foam was used for the geometric model
hich considerably reduced the computational requirements.

.1. Geometric modeling

In a previous study on the compressive response of unfilled

pen-cell foams, Gong et al. (2005) have reported that the number
f sides of a cell range from 9 to 17, the average being 14 (see,
nsert in Fig. 1(b)). Accordingly, they chose a 14 sided polyhedron
tetrakaidecahedron) (Thomson, 2008) called a Kelvin cell to

Fig. 7. Schematics representing the building block
SF-30 4459 ± 140 0.34 796 ± 5
SF-40 3835 ± 115 0.34 696 ± 4

idealize a single cell of the open-cell foam. In the current work,
the same Kelvin cell geometry was adopted for the unit-cell model
of the aluminum open-cell foam. The polyhedron consists of six
squares and eight hexagons, with all the edges/ligaments having
the same length l, as shown in Fig. 7. Duocel® foam is known to
show modest anisotropy in the rise and transverse directions (Gong
et al., 2005). In this work, the aluminum cells are filled with SF that
dominates the overall response of the IPC foam and hence geomet-
ric and mechanical anisotropy is not considered for simplicity of
analysis. The height, h of the Kelvin cell is h = 2

√
2l. The unit-cell

thus modeled could be viewed as a repeating volume element in
3D space as depicted by the 3D array of cells shown in Fig. 7.

The 3D geometry of the unit-cell IPC foam was constructed using
Solid EdgeTM. The length and cross section of the aluminum liga-
ments in the model foam were proportionately chosen so that the
volume fraction of aluminum in the model matches the volume
fraction (8% as reported by the manufacturer) of aluminum in the
actual test sample. The ligament cross section was approximated as
an equilateral triangle. In reality however, the cross sections along
the actual ligaments are thinner at the mid-span and thicker at the
vertices of the polyhedron. Considering the complexity of modeling
of such geometry, the ligaments were idealized as having a constant
cross sectional dimension. The region not occupied by aluminum
was discretized and “filled” with the SF material. Thus, the overall
shape of the final unit-cell IPC foam model is a hexahedron.

4.2. Material properties

The geometric model was imported into ABAQUS for finite ele-
ment analysis. The dynamic compressive stress–strain response of
SF measured using the SHPB was used as the material property
input for the SF region of the model in the finite element analysis.
The elastic modulus, Poisson’s ratio and mass density of the differ-
ent volume fraction SF that were used in the finite element analysis
are shown in Table 1. The aluminum ligaments were assigned a
bilinear stress–strain property corresponding to Al 6101 based on
Alcoa Inc. datasheet. The properties of aluminum used in the anal-

ysis are shown in Tables 1 and 2.

Assumptions for the plastic material behavior of aluminum and
SF include homogeneous, rate independent plastic strain, isotropic
hardening and yielding based on von-Mises stresses. The flow rule

s of an idealized Kelvin cell based IPC foam.
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Table 2
Inelastic properties of Al 6101 (from Alcoa Inc. datasheet) used in the finite element
model.

Plastic strain Plastic stress (MPa)
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ssociated with the von-Mises yield criterion is (Mendelson, 1983),

εP
ij = 3

2
Sij

�e
dεp,

here εP
ij

and εp are the plastic strain components and effective
lastic strain, respectively, and Sij and �e are the deviatoric stress
omponents and effective stress, respectively.

.3. Computational details

In order to model the dynamic behavior of the IPC foam, a 3D
ransient elasto-plastic analysis is necessary. However, due to the
omplexity of the geometry and the size of the resulting discretized
odel, an achievable goal of simulating a unit-cell situated deep

n the bulk is attempted instead of a full-scale model. By doing
his, certain approximations occur implicitly. The unit-cell model
y itself has exposed faces, and does not represent a cell within
he material volume. This is because in a dynamically loaded sam-
le most of the stress waves travel through the entire length of the
ample before partly reflecting at the sample boundaries. In reality,
here will be transmission and reflection of stress waves at every

aterial discontinuity/interface (between SF and aluminum). Con-
idering this, a better model to analyze would be the one that has an
rray of unit-cells which repeat periodically in a 3D space. In other
ords, the number and arrangement of cells would be closer to

he actual test sample. This however, demands very high computa-
ional resources. Therefore, the analysis in this work is restricted to
unit-cell model and the criteria for verifying the results from the
E model against the experimental results is restricted to only the
easured stress–strain response. To prevent the stress waves from

eflecting at the unit-cell boundaries, infinite elements (Bettess,
977) were used. A layer of infinite elements that functionally
imulate a large material volume encapsulating the unit-cell was
odeled. In other words, the layer represents the far field sur-

ounding the unit-cell. In doing so, the details of the intercellular
ransients are muted, yet the overall stress–strain response of the
ell can be captured.

The 3D unit-cell IPC model was discretized using four node lin-
ar tetrahedrons. To check for the appropriateness of the mesh
efinement, models meshed with elements having different edge
engths were studied for convergence. Based on the outcome, a

odel meshed with elements having an approximate element
ength of (2/15)l where l is the ligament length, was selected.

.3.1. Infinite elements
The infinite elements are used in situations where the region of

nterest is very small compared to the region surrounding it. One
f the earliest and important work on infinite elements was car-
ied out by Bettess (1977). Since its introduction, infinite elements
ave been developed and used by several researchers. For exam-
le, Haggblad and Nordgren (1987) used infinite elements to model
he far field regions to study a nonlinear soil-structure interaction
ffect. Viladkar et al. (1991) also used infinite elements coupled

ith finite elements to idealize and study interactions between

he far field soil regions and frame structures. Two types of infinite
lements were developed and used by Park et al. (1991) to analyze
he hydrodynamic forces on offshore structures. One type was used
Fig. 8. Schematic of 3D infinite element used in dynamic compression simulations.

to model radiation in the fluid at infinity and the other type used
to model the fictitious bottom boundary of a deep body of water.
Later, Zhao and Valliappan (1993) developed a 3D dynamic infinite
element. A detailed description of one type of dynamic 3D infinite
element formulation can be found in a recent monograph by Zhao
(2009).

The relevant aspects of the element formulation are as follows
in reference to a schematic of the 3D infinite element provided in
Fig. 8. The derivation of the 3D dynamic infinite element is based
on harmonic wave loading and hysteretic damping of the same.
Arbitrary waves can be achieved by superposing several harmonic
waves. The general governing equation of the 3D dynamic infinite
element is,

−ω2[M]{�} + (1 + i�d)[K]{�} = {F0}, (1)

where ω is the circular frequency of a harmonic wave, [M] and
[K] are the global mass and stiffness matrices respectively, {�} is
the unknown nodal displacement vector and {F0} is the amplitude
vector of the applied harmonic load. The difference between an
ordinary 3D dynamic finite element and a 3D dynamic infinite ele-
ment is in their shape function matrix, [N]. For the infinite element,
it is given by,

Nq = Pq(�)
[

1
4

(1 + �)(1 + �)
]

(q = 1, 5, 9),

Nq = Pq(�)
[

1
4

(1 + �)(1 − �)
]

(q = 2, 6, 10),

Nq = Pq(�)
[

1
4

(1 − �)(1 − �)
]

(q = 3, 7, 11),

Nq = Pq(�)
[

1
4

(1 − �)(1 + �)
]

(q = 4, 8, 12),

(2)

where Pq(�) is the wave propagation function, q = 1, 2, . . ., 12 repre-
sents the 12 nodes of the infinite element in Fig. 8 and �, �, � are the
Cartesian element coordinates. The general form of Pq(�) is given
by,

Pq(�) = exp(−˛�)

[
3∑

n=1

cn exp(−iˇn�)

]
(q = 1, 2, . . . , 12). (3)

In the above equation, ˛ is the nominal decay coefficient which
accounts for the wave damping due to energy dissipation and geo-
metrical divergence of the infinite element. ˇn are the nominal R-,
S- and P-wave numbers and cn are the three constants determined
by equating the displacement fields of the infinite element and
the infinite medium. In the present work, this wave propagation
function, Pq(�) accounts for the incident wave decay rather than
wave reflection after the wave reaches the unit-cell boundary. It
is this functionality of the 3D infinite element that enables one to
computationally simulate far field regions surrounding the material

volume of interest.

In the current work, ABAQUS/explicit was used for perform-
ing finite element simulation of the IPC foam unit-cell. As infinite
elements are associated with the far field regions, their behavior
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ig. 9. Schematic of the imposed load and boundary conditions on a IPC foam unit-c
n only one face of the unit-cell.

s assumed to be linear and the material response isotropic. The
articular infinite element used in this analysis is a 3D, 8 node,
ne-way infinite brick. Here, “One-way” implies that the infinite
lements transmit any stress wave incident on them to a hypothet-
cally infinite distance in one direction and prevent any reflection
f stress waves at the boundary of the unit-cell. Further, those infi-
ite elements adjacent to aluminum were assigned the properties
f aluminum, and those that are adjacent to SF were assigned the
F properties as seen in Fig. 9. Even though all the sides of the IPC
oam have infinite element layers, for the purpose of clarity, the
nfinite element layer on only one side is shown.

.4. Boundary conditions

The velocity pulse derived from the measured strain history in
he incident bar of the SHPB was imposed for 250 �s on the front
ace of the unit-cell. Here, the front face of the unit-cell is the bound-
ry between the unit-cell IPC foam and the infinite element layer.
he time period of 250 �s was chosen as it is the approximate dura-
ion for which the actual test samples were loaded in the SHPB
xperiments described earlier (Fig. 4).

.5. Numerical results
The average true stress and average true strain histories of all
he elements (aluminum and SF) on the face of the cell directly
pposite to the loading face were obtained. From this data, the

Fig. 10. Comparison of measured stress–strain and dynamic FEA r
odeled using finite and infinite elements. For clarity infinite element layer is shown

true stress–strain response of the unit-cell was plotted. The same
procedure was followed for all the numerical IPC foam models
corresponding to 10%, 20%, 30% and 40% microballoon volume frac-
tions in SF, and the results are shown in Fig. 10 for 20% and 30%
cases. Also plotted are the experimental measurements (solid line)
obtained from SHPB tests on IPC foams. The agreement between the
two is generally good. The minor differences between the experi-
mental results and the simulations are attributed to (a) in the actual
specimens micro cracking occurs whereas the numerical model
used does not allow any debonding to occur at material interfaces,
(b) the material property of aluminum used in the model corre-
sponds to the quasi-static compressive response (this assumption
was used considering the fact that aluminum is relatively strain
rate independent (Deshpande and Fleck, 2000)) and (c) The infinite
elements transmit all the stress waves that are incident on them. In
reality, however, there will be stress wave reflections back into the
sample at the sample/transmitter bar interface within the duration
of 250 �s.

From the finite element analysis, the von-Mises stresses and the
equivalent plastic strains were obtained for the unit-cell. From the
stress contour plots (Fig. 11), it can be seen that the aluminum lig-
aments experience the maximum stress, approximately 200 MPa,
equal to the yield stress of aluminum. The maximum stress attained

by the SF, however, is approximately 70 MPa, which is close to the
yield stress of SF-30 obtained from the experiments. From the fig-
ures, it is also evident that stress concentrations are present in the
vicinity of the ligament intersections. Micrographic inspection of

esults for two different IPC foams. (a) IPC-20 and (b) IPC-30.
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Fig. 11. Contour plots from dynamic FE model for IPC-30. Left side images: von-Mises stress, right side images: equivalent plastic strain (loading is along the x-direction).
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eformed IPC foam presented by Periasamy et al. (2010) indeed
hows debonding between aluminum and SF in the vicinity of a lig-
ment intersection which supports the stress concentration effects
bserved in the simulation.

The contour plots of the equivalent plastic strain are also shown
n Fig. 11. Evidently, the SF region has experienced larger plas-
ic strains compared to aluminum. A more interesting observation
rom the figures is that the locations of localized maximum plastic

train are not too close to the ligament vertices. This suggests that
ery close to the vertices, the stiffer aluminum restrains the adja-
ent SF from deforming as much as the SF regions that are further
way.
5. Conclusions

The dynamic compression responses of IPC foams made of SF
with 10–40% Vf of hollow glass microballoons were studied at strain
rates of ∼1500/s. The responses of IPC foams were evaluated rel-
ative to their SF counterparts. Micrographs of deformed SF and IPC
samples were used to explain the underlying failure mechanisms. A
unit-cell based finite element model of an IPC was developed using

a Kelvin cell representation of aluminum ligaments of the open-cell
scaffold. Experimental stress–strain measurements were used as
the material property inputs for the SF region in the finite element
IPC model. The aluminum ligaments were assumed to have a
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ig. A1. The bimaterial composite sample geometry used for validating the usage
f infinite elements.

ilinear stress–strain behavior with negligible strain rate depen-
ence. Infinite elements were used to model the external surface
oundary of the unit-cell to idealize its presence within a large
olume of the material. Computational and experimental dynamic
ompressive stress–strain responses of IPC foam were successfully
ompared. This numerical model for IPC has the potential to be

sed as a tool to experiment with new IPCs made of materials other
han SF and aluminum. That is, high strain rate performance can
e estimated and optimized computationally prior to processing
nd testing of an IPC.

Fig. A2. Finite element model using (a) infinite element layer an

ig. A3. (a) Dynamic compression response of neat epoxy at a strain rate of 1200 s−1, (b) v
f simulating a hypothetical bi-material sample.
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Appendix A.

First the usage of infinite elements in numerical simulation
of the IPC foam was verified. A hypothetical bi-material sample
(Fig. A1) was modeled and analyzed for its dynamic compres-
sion response using two different finite element based approaches
(Fig. A2): (a) using infinite elements and (b) using a long transmit-
ter bar analogous to the long bar in the SHPB experimental set up
at one of the sample ends.

The input on the other end in both cases was the measured
velocity history obtained from the strain measurements on the
incident bar in the SHPB set up used to characterize the IPC foam
samples. The hypothetical material model was assumed to be cylin-
drical with a 9.5 mm diameter SF-30 core and a 1.6 mm thick outer
layer of neat epoxy such that the overall diameter was 12.7 mm.
The length of the sample was 9.5 mm. The measured stress–strain
response of neat epoxy from SHPB experiment at a strain rate
of 1200 s−1 is shown in Fig. A3(a). The model was discretized
using eight node linear hexahedron elements that had a minimum
edge length of 0.5 mm. The average stress and strain histories in

the (a) sample/infinite element layer and (b) sample/bar inter-
face were obtained for the two cases, respectively. The dynamic
stress–strain responses from the two simulations are shown in
Fig. A3(b). The two results overlay on top of each other, thus

d (b) long aluminum bar; loading is along the x-direction.

erification of appropriateness of the implementation of infinite elements by means
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alidating the use of infinite elements for modeling the IPC foam
ehavior.
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