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a b s t r a c t

The feasibility of processing lightweight interpenetrating phase composite (IPC) foam is demonstrated.
The composite is produced by infiltrating uncured epoxy-based syntactic foam into an open-cell aluminum
preform, resulting in an IPC foam with improved compression characteristics relative to conventional
syntactic foams. Different IPC foam varieties are prepared by varying the volume fraction of microballoons
in the syntactic foam from 20% to 40% while keeping the volume fraction of the metallic network the same.
Two variations of these IPC foam are produced using the aluminum preform in (a) ‘as-is’ condition and (b)
after coating it with silane to increase adhesion between the metallic network and polymer foam. The IPC
yntactic foam
pen-cell aluminum foam
ompression response
tress–strain behavior
inite element analysis

foam samples in general and the silane coated ones in particular show significant improvement in elastic
modulus, yield stress and plateau stress values when compared to the corresponding syntactic foam of the
same volume fraction of microballoons. The increase in plateau stress of IPC foam samples is about eight
times that of an unfilled preform and approximately 42% higher than that of the corresponding syntactic
foam. Up to 50% higher energy absorption by the silane treated IPC foam relative to the corresponding
syntactic foam is also achieved. A Kelvin cell based 3-D elasto-plastic finite element model capable of
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capturing both linear and

. Introduction

Continued demand for lighter, stiffer, stronger and tougher
tructural components requires development of novel materials.
eterogeneous materials with discrete, dispersed and/or embed-
ed phases in a matrix material (fiber reinforced composites,
articulate composites, functionally graded materials, syntactic
oams, etc.) are found suitable for many structural applications.
here are, however, limitations in terms of the degree of con-
entration of the secondary phase that can be dispersed into
he primary phase and the degree of inter connectivity between
he phases. Nature overcomes these limitations by adopting 3-D
nterpenetrating microstructure as evident in skeletal tissue and
otanical systems. This observation has inspired a relatively new
ategory of materials called interpenetrating phase composite/s
r IPC (also called co-continuous composites). The IPC are multi-
hase materials in which the constituent phases are interconnected

hree-dimensionally and topologically throughout the microstruc-
ure (and hence sometimes are referred to as “3–3” composites).
hat is, both matrix and reinforcement phase/s interpenetrate all
ver the microstructure in all the three spatial dimensions. Thereby

∗ Corresponding author. Tel.: +1 334 844 3327.
E-mail address: htippur@eng.auburn.edu (H. Tippur).
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near characteristics of the IPC foams is also presented.
© 2008 Elsevier B.V. All rights reserved.

he two constituents in their stand alone state would have an open-
ell microstructure. Hence, IPC are uniquely different from traditional
omposites comprising of a matrix with one or more reinforcing filler
hases (long fibers, whiskers, particles, microballoons, etc.) where
uch a complete interpenetration does not occur. Consequently, each
hase of an IPC contributes its property to the overall macro scale
haracteristics synergistically. For example, if one constituent pro-
ides strength and toughness, the other might enhance stiffness,
hermal stability, acoustic insulation and/or dielectric character-
stics. Additionally, it is also possible to tailor residual stresses in
he constituents to produce advantageous macro scale response
n a metal–ceramic IPC. The tensile residual stresses in the metal-
ic phase and compressive ones in the ceramic phase delays crack
nitiation and strengthens the IPC. Based on the occurrence of
nterpenetration at different length scales, interpenetrating phase
omposites can be classified as molecular, micro or meso varieties.
blend of two or more cross-linked polymers which are interlaced

ut not covalently bonded to each other and cannot be separated
nless chemical bonds are broken is an example of a molecular scale

PC and is called an InterPenetrating Network (IPN).

Some of the conceptual underpinnings and possible material

rocessing strategies for IPC are reviewed by Clarke [1]. The work
y Breslin et al. [2] outlines material processing and characteriza-
ion of aluminum/alumina IPC using a liquid phase displacement
eaction method. The resulting IPC is shown to have excellent

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:htippur@eng.auburn.edu
dx.doi.org/10.1016/j.msea.2008.09.042
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ass density, thermal conductivity and CTE characteristics without
ompromising stiffness or fracture toughness. The elastic–plastic
ehavior of this IPC is studied by Daehn et al. [3] using experi-
ental and finite element methods. Polymer networks made by a

hoto-cross-linking method are reported by Imagawa and Qui [4].
hermal expansion behavior of alumina/aluminum IPC is reported
y Skirl et al. [5]. They used a pressure infiltration technique to
ntroduce aluminum into slip cast and then sintered alumina. These
uthors suggest that tensile and compressive residual stresses in
lumina and aluminum phases, respectively, contribute favorably
o the overall thermal coefficient of expansion. They report an
ncrease in failure strain as the metal content increases in the
omposite. Veenstra et al. [6] also developed polymer blends with
nterpenetrating microstructures and compared their mechanical
roperties to the ones based on the same polymers processed with
droplet/matrix morphology. A significantly higher tensile mod-
lus without a notable drop in the tensile and impact strengths
hen compared to the one obtained from dispersed blends is

eported. Finite element modeling of a two phase interpenetrating
icrostructures to study elastic, strength and thermal proper-

ies is reported by Wegner and Gibson [7]. An enhancement in
hermo-mechanical characteristics in IPC is observed. In a recent
ork on graphite/aluminum IPC Etter et al. [8] examined flexu-

al strength and fracture toughness at room temperature and at
00 ◦C. Their global measurements indicate a 200% improvement

n both these characteristics for IPC over the un-infiltrated material
t room temperature and at elevated temperatures no significant
rop in properties is seen. Estimation of elastic properties of alu-
ina/aluminum IPC structures using micromechanics approach is

he focus of the work reported by Moon et al. [9]. Fatigue behav-
or of graphite/aluminum IPC is studied by Mayer and Papakyriacou
10]. They attempted to improve the low fracture toughness of poly-
rystalline graphite using infiltration by lightweight metals such as
luminum. A 30% increase in the cyclic strength and a 10% increase
n the endurance limit are reported. Static compression and energy
bsorption of metal–polymer IPC are examined by Liu and Gong
11]. They infiltrate polyethylene or epoxy into an open-cell alu-

inum network to prepare IPC.
A class of structural foams called syntactic foams is consid-

red for structural applications in recent years [16,17]. These foams
an be distinguished from conventional variety by the way they
re manufactured. Unlike traditional foams which are produced
y gasification of the matrix material, syntactic foams are pro-
uced by mechanical blending of hollow polymer, ceramic or metal
icroballoons (hollow microspheres) in a polymer or metal matrix.

hus porosity is due to the ‘filler’ phase resulting in a closed-cell
icrostructure. Further distinction of these foams is that porosity

n these materials is often microscopic and known to offer many
dvantages including high surface area to volume ratio as well
s macroscopic isotropy. The range of engineering applications of
hese foams has increased in recent years due to the advancement
f materials processing methods that offer choices in microballoon
all-thickness and diameter as well as the materials with which

hey are made of. Syntactic foams have been extensively used by
aval and marine equipment manufacturers for decks and sub-
arines buoys. They are also used in civil and industrial engineering

s imitation wood and other building construction materials for
heir high shear stiffness and specific strength. Due to the high
pecific energy absorption and impact resistance, syntactic foams
ave the potential for use as core materials of sandwich structures.

yntactic foams made of glass and carbon micro-/nano-spheres are
sed in aerospace structures, missile heads and heat shields for
pace vehicles. They are also employed in electronics and telecom-
unications due to superior thermal and dielectric properties as
ell as shock absorption characteristics.
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r
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The compression response of polymer syntactic foams can be
urther enhanced by infiltrating the syntactic foam into lightweight
pen-cell preform/scaffold made of a stronger and tougher mate-
ial such as an open-cell metal foam. The resulting composite
oam could have improved mechanical characteristics in tension
nd shear when compared to the conventional polymer syntactic
oams. Accordingly, in this paper the feasibility of processing poly-

er syntactic foam-aluminum foam IPC is demonstrated and its
ompression response is studied. In the following section, exper-
mental details of material preparation are described. Mechanical
haracterization of syntactic foams and IPC foams is presented in
ection 3. Relevant mechanical properties are compared in Sec-
ion 4 and possible explanations for the differences are provided
ith the aid of microstructural analysis. In Section 5, a unit cell

ased finite element model capable of capturing the salient fea-
ures of the experimental observations is presented. The results of
his investigation are summarized in Section 6.

. Material preparation

.1. Syntactic foam preparation

Epoxy-based syntactic foams containing different volume frac-
ions (20%, 30% and 40%) of hollow soda-lime glass microballoons
ere processed. The method involved heating epoxy resin to 50 ◦C

or ∼45 min. Predetermined amount of microballoons (spherical
ollow balloons of mean diameter ∼60 �m and wall-thickness
600 nm) were added into epoxy resin and the mixture was

arefully stirred ensuring uniform distribution of the filler. Subse-
uently, an amine based curing agent was introduced and stirring
as continued. The mixture was then placed in a vacuum cham-
er and evacuated down to −75 kPa (gage) pressure. Once this
ressure was reached the vacuum was released and the chamber
as returned to atmospheric condition. This process was repeated

about 8–10 times) until no air bubbles were observed in the mix-
ure. (This method of cyclic vacuuming of the mixture was found to
e more effective when compared to holding the vacuum continu-
usly for a set period of time.) When the mixture showed a tendency
o gel, it was transferred into a silicone rubber mold with a blind
ylindrical cavity. The increased viscosity of the mixture prevented
egregation of microballoons due to buoyancy forces. The mix-
ure was then cured at room temperature for a period of 48 h and
ested for over a week to obtain a macroscopically homogeneous
nd isotropic solid. The cylindrical sample was then machined to
he required dimensions. Unless specified otherwise, in this work,
he sample length and diameter were 20 mm and 26.7 mm, respec-
ively.

.2. IPC foam preparation

Many different strategies have been proposed in the literature
o process co-continuous composites including powder metallurgy
13], squeeze casting [14,8], stir casting [15], and molten metal
nfiltration [5]. In this work pressureless infiltration technique was
sed. Commercially available open-cell aluminum foam (made of Al
101-T6; pore density = 40 ppi, relative density = 9%, manufactured
y ERG Inc., USA) was used as the scaffold for the IPC foam. The pre-
orm has a uniform cell size distribution (Fig. 1(a)) resulting in an
sotropic mechanical response at macro scales. The manufacturing

f the IPC foam consisted of the following steps. A silicone rubber
old was first prepared with a blind cylindrical well of dimen-

ions nearly close to the final sample dimensions. The syntactic
oam (prepared as previously described) was then poured into the
ubber mold just before the mixture started to gel. Subsequently
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Table 1
Properties of constituents.

Properties Neat epoxya Microballoonsb

Elastic modulus (MPa) 3200 –
Bulk density (kg/m3) 1175 125
Poisson’s ratio 0.34 –
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ment control mode. Dry graphite powder was used as a lubricant
between the platens and the specimen surfaces to minimize fric-
tion.
ig. 1. Photograph of (a) 40 pores per inch open-cell aluminum preform/scaffold
nd (b) interpenetrating phase composite (IPC) foam made by infusing syntactic
oam into the preform.

cylindrical aluminum preform of the required dimensions was
lowly lowered into the cavity previously filled with uncured syn-
actic foam. This ensured good percolation of the uncured syntactic
oam mixture into all the cells of the preform. The resulting IPC foam
as then cured at room temperature for 48 h before removing from

he mold for machining. The cylindrical sample was subsequently
achined to a length of 20 mm and diameter 26.7 mm (Fig. 1(b)).
Two different types of cylindrical IPC foam specimens were

repared. In the first type, the aluminum preform was used in
as-is’ state after degreasing it with laboratory grade alcohol. In
he second type, the surface of the degreased aluminum preform
as coated with amino silane, �-aminopropyltrimethoxysilane
H2NC2H4NHC3H6Si(OCH3)3). This coating was to enhance adhe-
ion between syntactic foam/epoxy and the aluminum ligaments
hereas the former produced a weaker adhesion between polymer

nd metal phases of the IPC foam. Some of the relevant properties
f different phases of the IPC foam are listed in Table 1.

F
l

a Supplied by Beuhler, Inc., under the trade name ‘Epo-Thin’.
b Supplied by 3 M Corp., under the trade name K-1 microballoons.

.3. Microstructure

SEM images of polished surfaces of syntactic foam and IPC
oam with 30% volume fraction of microballoons are shown in
igs. 2 and 3, respectively. Fig. 2 shows random but uniform distri-
ution of microballoons in the epoxy matrix. From the micrograph

t can also be seen that microballoons show a relatively broad size
ariation. The cross-section of cast cylindrical IPC foam so obtained
s shown in Fig. 3(a). The photograph reveals aluminum cell walls
shiny gray ligaments) interconnecting pockets (white) of syntac-
ic foam throughout. A micrograph of an undeformed IPC foam
pecimen obtained using a scanning electron microscope is shown
n Fig. 3(b). It clearly shows aluminum ligaments surrounded by

icroballoons dispersed in the epoxy matrix. The metal–polymer
oam interfaces are crisp and continuous suggesting a good bond
etween the two. The microstructure does not show any evidence
f distortions in the aluminum ligaments caused by the curing pro-
ess.

. Compression tests and results

A series of compression tests were carried out on syntactic and
PC foam specimens at room temperature using a MTS universal
esting machine fitted with a 100 kN load cell. The tests were per-
ormed according to ASTM standard D-695 for plastics. A cross-head
peed of 1.25 mm/min was used during the tests done in displace-
ig. 2. Micrograph of epoxy syntactic foam with 30% Vf of hollow glass microbal-
oons (mean diameter 60 �m and 0.6 �m thickness).
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SF-30 (Vf = 30%) and SF-40 (Vf = 40%) show a linear elastic response
up to strains of approximately 0.028, 0.031 and 0.039, respectively.
The plateau stress values in the three cases are 42 MPa, 33 MPa and
27 MPa for SF-20, SF-30 and SF-40, respectively. That is, the plateau
ig. 3. (a) Cross-section of a lightweight IPC foam cylinder with open-cell aluminum
f the IPC foam showing the constituents.

.1. Syntactic foams

First, uniaxial compression tests were performed on syntactic
oam samples of two different specimen length (L) to diameter (D)
atios—0.74 and 0.85. (The aspect ratio was altered by changing
he length of the specimen while keeping the specimen diameter
ame.) The measured engineering stress–strain responses1 for syn-
actic foam specimens with 20% microballoon volume fraction and
wo aspect ratios are shown in Fig. 4(a). The two curves closely over-
ap on each other and are in close agreement. The value of elastic

odulus in each case is 1594 ± 50 MPa and compressive yield stress
s 55.7 ± 2 MPa. The results being nearly the same for both the cases,
he effect of the two L/D ratios is insignificant for L/D < 1 and hence
n all subsequent tests a L/D ratio of 0.74 was used. A similar obser-
ation has been made by Song et al. [18] who note that increasing
he L/D ratio to 2 resulted in a lower compressive strength of the
yntactic epoxy foams by ∼4.5%. They attributed this reduction to
ize-dependent defect distribution in their specimens. For this rea-
on L/D < 1 was used during this study. A detailed study of the effect
f aspect ratio on the failure behavior and compressive properties
f syntactic foam has also been reported by Gupta et al. [19].

Next, the repeatability of compressive stress–strain responses
f syntactic foam samples was studied. In Fig. 4(b), engineering
tress–strain curves for three different samples made from 20%
olume fraction of microballoons in epoxy resin is shown. Good
epeatability is evident from the figure. (Similar tests for two other
olume fractions namely 30% and 40% were also carried out and
re not shown here for brevity.) In these curves a linear elastic
esponse is seen initially. Upon yielding, the compressive stress
ecreases with increasing strain as evident from the softening
esponse following the yield stress. This is followed by a plateau
f nearly constant stress where progressive crushing of microbal-
oons occurs. Further increase in load results in densification seen
s the region of monotonically rising stress, consistent with the
bservations reported in the previous works [18–20] on syntactic
oams and has many similarities with the compression response of
tructural foams in general.

The influence of volume fraction (Vf) of microballoons on

tress–strain response of syntactic foam was also studied. A few
epresentative stress–strain responses for three Vf – 20%, 30% and
0% – are shown in Fig. 5. An increase in volume fraction of
icroballons resulted in a reduction of elastic modulus as well

1 It is interesting to note that unlike conventional cellular structures and honey-
ombs, macro scale stress–strain responses for syntactic foams tend to be rather
mooth due to microscopic porosity.

F
d

m (9% relative density) infiltrated with epoxy-based syntactic foam. (b) Micrograph

s the compressive strength (see Table 2). The elastic modulus
nd compressive strength decreased from 1595 MPa and 55.7 MPa,
espectively for 20% volume fraction case to 1260 MPa and 36.7 MPa
or 40% volume fraction case. The foam samples SF-20 (Vf = 20%),
ig. 4. Stress–strain curves of syntactic foam with 20% volume fraction (a) for two
ifferent aspect ratios and (b) for three samples having L/D = 0.74.
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in Fig. 6(a). With further deformation of the sample, microballoons
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ig. 5. Stress–strain curves of syntactic foam (SF) with different volume fraction (20,
0, and 40) of microballoons.
tress decreases with increasing volume fraction of microballons
nd is consistent with the trends reported by Kim and Plubrai [20].
he onset of densification for the three cases is in the strain range
f 0.3–0.5 with the lower value corresponding to the lower vol-

f
t
p
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ig. 6. SEM images of a deformed syntactic foam sample with 30% Vf of microballoons (
howing fractured surface of a microballoon highlighted by the dotted box in (b). (The sam

able 2
roperties of syntactic foam.

oam designation Volume fraction of microballoons (%) Density (k

F-20 20 931 ± 4
F-30 30 821 ± 6
F-40 40 701 ± 4
Engineering A 499 (2009) 507–517 511

me fraction of microballoons. Beyond this strain, stress increases
ith increasing strain. All specimens showed formation of inclined

racks at advanced stages of loading suggesting shear localization.
his is consistent with the previously published results [19,21] for
yntactic foams.

In order to explain the failure behavior of syntactic foams,
eformed specimens were sectioned and microscopically exam-

ned at a few select strain levels. Fig. 6 shows SEM images of a
yntactic foam sample (with 30% volume fraction of microballoons).
n these, the direction of compression is along the vertical axis. In
ig. 6(a) and (b) micrographs of deformed specimens at 10% and
0% strain are shown. In Fig. 6(c) an enlarged view of an isolated
rushed microballoon, highlighted in Fig. 6(b) is shown. It can be
learly seen from the images that the initial softening response is
ue to the onset of crushing of microballoons. A good interfacial
onding between microballoons and matrix has produced clearly
isible fragments of a crushed microballoon adhering to the sur-
ounding matrix. This suggests that interfacial debonding between
icroballoons and matrix is not a major contributor in the observed

lobal material response shown in Fig. 5. A bias in the direction of
ractured microballoons at lower levels of deformation can be seen
racture completely, leading to the densification response seen in
he stress–strain curve. Failure of microballoons along inclined
lanes (relative to the loading direction) also indicates shear local-

zation.

a) at a strain of ∼10%, (b) at a strain of ∼60%, and (c) higher magnification image
ple is compressed in the vertical direction.)

g/m3) Compressive strength (MPa) Elastic modulus (MPa)

55.7 ± 2.2 1594.7 ± 35
46.3 ± 1.4 1447.6 ± 28
36.7 ± 1.8 1260.5 ± 42
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For comparison, the compression response of an unfilled alu-
minum preform [22] is shown as an inset in Fig. 7(a). It shows an
elastic modulus of ∼93 MPa and a plateau stress of ∼2.5 MPa with-
out any noticeable softening at the onset of cell collapse. This is
ig. 7. Compression response of IPC foam: (a) uncoated (b) silane coated. (Data for
hree specimens are shown for IPC-S20 case to show experimental repeatability.)
tress–strain response of unfilled aluminum preform is shown as an inset in Fig. 7(a).
otice the plateau stress for the preform is ∼2.5 MPa.

.2. IPC foam

Fig. 7 shows typical stress–strain curves for different IPC foam
amples. These plots correspond to samples made of aluminum pre-
orm infiltrated with syntactic foam containing 20%, 30% and 40%
olume fractions of microballoons. Fig. 7(a) shows responses for
PC foam samples when the aluminum preform was used in ‘as-is’
uncoated) conditions whereas plots in Fig. 7(b) are for IPC foam
ounterparts with silane treated preforms. (The inset in Fig. 7(a)
orresponds to the compression response of un-infiltrated pre-
orm/scaffold. It is shown for comparative purposes and will be
iscussed later on.) In Fig. 7(b) three results for one particular type
f IPC foam (20% syntactic foam with silane treated preform) are
hown to demonstrate a high degree of repeatability of these tests.
he overall response of IPC foam has similarities with the ones
btained for pure syntactic foam specimens (Fig. 5). These plots
Fig. 7) also show three distinct regions typical of a foam behav-
or. Initially there is a linear elastic response. The stress plateau
egion following the onset of nonlinearity is characterized by pro-
ressive bending of aluminum ligaments of the IPC foam. This in
urn results in crushing of microballons present in between the
igaments of aluminum preform. SEM images of silane coated IPC
oam (with 30% volume fraction of microballoons and sample com-
ressed in the horizontal direction) shown in Fig. 8(a) supports this
bservation. With further increase in load the stress increases more

apidly (compared to syntactic foam samples, Fig. 5). This can be
xplained by the micrograph in Fig. 8(b) (compression is along the
ertical direction) where compaction of crushed microballoons and
eformation of aluminum preform is clearly evident. The behavior

s dependent on many factors among which the density (depen-

F
I
i
u
f

Engineering A 499 (2009) 507–517

ent on the volume fraction of the microballoons in the current IPC
oam) of the composite being the most important. The SEM image
n Fig. 8(c) is that of an uncoated IPC foam compressed to about
4% strain. It clearly reveals the effect of weaker adhesion between
he metal and polymer phases as evident from an isolated debond
ighlighted in the micrograph. Such debonds are generally absent
ven at relatively high strain levels when silane coated preform is
sed (see Fig. 8(b)).
ig. 8. SEM images of (a) silane coated IPC foam at a strain of 10%, (b) silane coated
PC foam at a strain of 58%, and (c) uncoated IPC foam at a strain of 14%. (Compression
s in the horizontal direction in (a) and in the vertical direction in (b) and (c). In case of
ncoated IPC foam, evidence of debonding between the metal preform and syntactic
oam can be seen.)
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Table 3
Properties of IPC Foam (20, 30, 40 designation denotes Vf of microballoons in the syntactic foam).

IPC foam with uncoated preform IPC foam with silane coated preform

IPC designation Density (kg/m3) Compressive strength
(MPa)

Elastic modulus
(MPa)

IPC designation Density (kg/m3) Compressive strength
(MPa)

Elastic modulus (MPa)

I IPC-S20 1036 ± 13 67.5 ± 2.3 2123 ± 32
I IPC-S30 954 ± 12 55.4 ± 3.6 1852 ± 27
I IPC-S40 879 ± 18 45.8 ± 1.9 1702 ± 26
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PC-20 1008 ± 12 59.9 ± 2.5 1821 ± 17
PC-30 937 ± 8 50.5 ± 1.8 1573 ± 12
PC-40 861 ± 12 41.5 ± 2.6 1442 ± 28

nlike the response of syntactic foams (see Fig. 5) which have a
oticeable softening at the onset of nonlinearity. When responses
f pure syntactic and IPC foams with the same volume fraction of
icroballoons (Fig. 9) are compared, IPC foams show an increase in

he plateau stress by as much as 15–20 MPa (depending upon the
olume fraction of the microballoons in the infiltrated syntactic
oam), much higher than that expected from the aluminum pre-
orm. Synergistic mechanical constraint between aluminum ligaments
f the preform and pockets of infused syntactic foam are responsible
or this favorable response. That is, aluminum ligaments are laterally
upported by the syntactic foam pockets preventing them from pre-
ature bending/buckling as in an unfilled preform. On the flip side,

ockets of syntactic foam are reinforced by the metallic ligaments
gainst an early collapse of microballoons.

Another interesting comparison between the responses of IPC
oam with silane coated and uncoated aluminum ligaments can
e made from Fig. 9(a)–(c). The characteristics, such as yield stress,
lateau stress and compaction response, seem to favor silane coated

PC foam over uncoated IPC foam and pure syntactic foam, in that
rder. This is largely attributed to the elimination of microscopic
ebonds between aluminum ligaments and syntactic foam as defor-
ation progresses in case of coated IPC foam.
The elastic modulus of the composite was determined using the

nitial linear portion of the measured stress–strain curves. The elas-
ic modulus and the upper yield stress for IPC foam made from
ncoated and coated aluminum preforms are quantified in Table 3
nd are found to monotonically decrease with increasing volume
raction of microballons in the syntactic foam. This behavior is con-
istent with the corresponding values of pure syntactic foam (see
able 2). From Table 3 it can also be noted that the elastic modu-
us and yield stress of IPC foam with silane coating is higher when
ompared with the corresponding uncoated preform for all vol-
me fractions of microballoons in syntactic foam. As noted earlier,
he increase in elastic modulus and compressive strength of silane
oated preform can be attributed to improved wettability, which
n turn enhances adhesion between the metal and polymer phases.
he IPC foam is also found to have improved mechanical properties
hen compared with those for the respective syntactic foams.

In Fig. 9(a)–(c), data for syntactic foam and the correspond-
ng IPC foam samples with uncoated and silane coated preforms
s examined comparatively for 20%, 30% and 40% volume fraction
f microballoons. There is a substantial increase in all the relevant
haracteristics of IPC foam when compared to that for pure syn-
actic foam samples. The increase in elastic modulus for IPC foam
ith silane coated preform was found to be 33%, 28%, and 35% for

he composite IPC-S20, IPC-S30, IPC-S40, respectively when com-
ared to the corresponding pure syntactic foam. (The corresponding

ncreases can be assumed to be nearly constant after factoring
xperimental scatter in the data into account.) The relative increase
n the compressive strengths for the three composites were 21.2%,

9.7%, and 24.8%, respectively, relative to the corresponding syn-
actic foam samples. From Fig. 9 it can also be seen that treating
luminum preforms with silane results in an increase in plateau
tress for the same three IPC foams when compared to the uncoated
ersions IPC-20, IPC-30 and IPC-40, respectively. Also the percent-

Fig. 9. Comparison of stress–strain response of syntactic foam, IPC foam with
uncoated preform and IPC foam with silane coated preform for (a) 20% volume frac-
tion, (b) 30% volume fraction, and (c) 40% volume fraction of microballoons. Notice
the increase in the plateau stress (by ∼15–20 MPa) of silane treated IPC foam in
each case is well above the plateau stress (∼2.5 MPa) of unfilled preform shown in
Fig. 7(a).
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to the uncoated preform and is found to vary between 11% and 9%
with decreasing volume fraction of microballoons.

Fig. 11. Finite element model development: (a) Idealization of IPC foam structure
using Kelvin cells. (b) Unit cell model used to represent aluminum-syntactic foam
IPC.
ig. 10. Comparison of energy absorption (up to 50% strain) for syntactic foams and
PC foam samples: (a) per unit volume and (b) per unit mass.

ge increase is a maximum for IPC-S20 which is approximately 14%
nd it decreases with increasing volume fraction of microballoons
o a value of about 8% for IPC-S40.

. Energy absorption

Conventional cellular materials have found application in auto-
otive and packaging industries due to their excellent energy

issipation characteristics. The cellular structure of these materi-
ls enables them to undergo large deformations in compression,
nabling them to absorb considerable amounts of energy [12]. Thus
mprovements in energy absorption achieved by IPC foam samples

hen compared to the corresponding syntactic foam counterparts
eeds to be highlighted. The energy absorbed per unit volume (U)
an be found by evaluating the area under the stress–strain curve

=
∫ ε

0

�(ε) dε (1)

here �(ε) denotes uniaxial stress as a function of strain. The
nergy absorbed up to 50% strain is plotted as histograms in Fig. 10.
he syntactic foam with 20% (SF-20) volume fraction of microbal-
oons is found to have the highest value of energy absorption when
ompared to 30% (SF-30) and 40% (SF-40) cases, in that order. Sim-
lar trend can also be seen for IPC foam with silane coated and

ncoated aluminum preform. Approximately 50% increase in the
bsorbed energy per unit volume of silane coated IPC foam sam-
les relative to the conventional syntactic foam is evident from
ig. 10(a). Specifically, 48%, 53% and 49% increase in the absorbed
nergy per unit volume for IPC-S20, IPC-S30 and IPC-S40 relative

F
t
c
(
r
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o the conventional syntactic foam samples SF-20, SF-30 and SF-40,
espectively, is indicative of the potential of IPC foams for energy
issipation applications. On the other hand, when IPC foam sam-
les had an uncoated preform, the absorbed energy was modestly

ower and was found to be 31%, 37% and 40% for IPC-20, IPC-30
nd IPC-40 relative to SF-20, SF-30, and SF-40, respectively. Intro-
uction of aluminum preform increases the overall weight of the
omposite and hence specific energy absorption (energy absorbed
er unit mass) was also calculated. From Fig. 10(b), the increase in
he value of specific energy absorption per unit mass for IPC-S20 is
ound to be about 33% when compared to the corresponding syn-
actic foam case (SF-20). This value decreases to about 28% and 23%
or IPC-S30 and IPC-S40 when compared to syntactic foam cases
F-30 and SF-40, respectively. This also shows that with increasing
olume fraction of microballoons in syntactic foam, the percentage
ncrease in the value of specific energy absorption reduces. From
tress–strain plots shown in Fig. 9 for various volume fractions of
icroballoons in syntactic foam, it can be seen that coating the

luminum preform with silane results in improved compression
haracteristics of the IPC foam resulting in higher values of com-
ressive strength and elastic modulus relative to the uncoated IPC
oam. There is also an increase in energy absorption per unit mass
f IPC foam with silane coated aluminum preform when compared
ig. 12. Finite element model of undeformed unit cell with boundary condi-
ions used while simulating the uniaxial compression of IPC foam. (Different
olors/shades show metallic ligaments embedded in the syntactic foam cubic cell.).
For interpretation of the references to color in this figure legend, the reader is
eferred to the web version of the article.)
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Table 4
Comparison of finite element results with experiments (based on true stress–strain data).

IPC designation Finite element results Experimental results

Elastic modulus (MPa) Compressive
strength (MPa)

Plateau stress (MPa) Elastic modulus
(MPa)

Compressive
strength (MPa)

Plateau
stress (MPa)

I 0 2109 64.2 50.8
I 9 1843 53.2 40.2
I 7 1689 45.0 31.7
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PC-S20 2204 67.8 52.
PC-S30 1938 55.8 41.
PC-S40 1792 47.9 33.

. Finite element modeling

In order to model stress–strain characteristics of IPC foams finite
lement method was utilized and the results were validated by
hose obtained from experiments discussed earlier. To understand
he mechanical behavior of the IPC foam on hand, it would be
ppropriate to consider models with randomly interpenetrating 3-
structures, similar to the one studied experimentally. However,

n view of practical considerations of modeling the complexities of
he metallic preform and syntactic foam, a unit cell based analysis
as carried out.

In order to represent the open-cell foam microstructure, pre-
ious structural foam researchers [23–25] have successfully used
pace filling Kelvin cells [26]. These investigators have vividly
emonstrated the ability of these cells and finite element method
o capture the behavior of open-cell foams. A Kelvin cell is

tetrakaidecahedron, a 14-sided polyhedron comprised of six
quares and eight hexagonal faces. In the present work, initial
odeling of a Kelvin cell was done using solid modeling software

OLIDEDGE®. The actual cross-section of aluminum ligaments of
he preform/scaffold used in experiments was close to a triangular
hape and hence was approximated as an equilateral triangle in the
imulations for simplicity. The space inside and outside this cell was
lled with syntactic foam, assumed to be a macroscopically homo-
eneous and isotropic solid medium for modeling purposes. This
esults in an interpenetrating structure, representative of the IPC
oam on hand. The unit cell model used to represent the IPC foam
s shown in Fig. 11. All ligaments of the Kelvin cell have the same
ength (L) and the cell height in this case is h = 2

√
2 L. The cross-

ectional area of the ligaments was decided such that the overall
olume fraction of the aluminum foam in the IPC foam is approxi-
ately 9%, same as that of the preform used in the experiments.
Finite element analyses were carried out using

BAQUS/standard structural analysis software. A four node
etrahedron element (element type C3D4) in ABAQUS with linear
nterpolation was used to discretize the unit cell. The unit cell

odel has a total of 86865 elements and 16111 nodes.2 The
lastic constants of aluminum and the respective syntactic foam
from experiments) were assigned to the two phases of the IPC
oam. The plasticity model based on associated plastic flow and
on-Mises yield criterion with isotropic hardening was used to
odel plasticity of both metallic and syntactic foam phases. In the

ssociated plastic flow rule the direction of flow is the same as the
irection of the outward normal to the yield surface and in isotropic
ardening the yield surface is assumed to maintain its shape, while
ts size increases or decreases as plastic straining occurs. Since
he applied strains were greater than the elastic limit (∼40% in
his work), geometrical nonlinearity was also incorporated into
he analysis. The stress–strain response of aluminum Al6101-T6

2 A mesh convergence study was performed using different element sizes (average
izes—0.0825 mm, 0.152 mm and 0.325 mm) and it was found that the element size
f 0.152 mm was sufficient for achieving convergence, and hence was used in all the
imulations. The details are avoided here for brevity.

s
s
t
s

o
f
a
5

ig. 13. Comparison of numerical and experimental results for IPC foam with 30%
olume fraction of microballoons. Experimental result for the corresponding con-
entional syntactic foam is also shown for comparison.

Young’s modulus = 69 GPa, � = 0.35, yield stress = 172 MPa at 0.2%
train and ultimate stress = 200 MPa (at 15% strain) based on Alcoa
nc. datasheet) was assigned to all the elements representing the

etallic ligaments. Measured stress–strain responses for syntactic
oams made with different volume fractions of microballoons were
sed to model the infiltrating material surrounding the ligaments
f the unit cell. The model was subjected to uniaxial compression
y displacing the nodes uniformly on the top face of the cell in
he z-direction, as shown in Fig. 12. The nodes on the other lateral
aces of the unit cell were constrained in the respective outward
irections but were free to displace in the in-plane directions.3 All
he prescribed boundary conditions are shown in Fig. 12, where
isplacements of nodes on the face ABCD along the x-direction is
ero and similarly displacements of nodes on the face ABEF along
he y-direction is zero.

.1. Results and discussions

The uniaxial compressive behaviors of IPC foam with different
olume fractions of microballoons (20%, 30% and 40%) in syntac-
ic foam were simulated and the results were compared with the
orresponding ones from experiments. In Fig. 13, the finite element
esults for IPC foam with 30% volume fraction of microballoons in

yntactic foam are compared with experimentally obtained true
tress–strain response. The measured stress–strain response of syn-
actic foam with 30% volume fraction of microballloons is also
hown for comparative purposes. It can be seen that the simula-

3 Previous foam mechanics researchers have used either displacement constraints
r periodic boundary conditions in their studies. As a first step to study IPC foam, the
ormer approach was adopted here due to its simplicity. The validity of the model was
ssessed based on its agreement with measurements, as discussed in sub-section
.1.
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ig. 14. Finite element results for unit cell model for IPC-S30 at 40% strain. (a) Def
ith equivalent plastic strain contours. (c) Deformed unit cell with displacement co

ions indeed capture the measured IPC foam behavior very well.
n the post-yield regime, the simulations seem to slightly over
redict the measurements attributed primarily to the idealiza-
ion of uniform and defect free bonding between aluminum and
yntactic foam phases. The assumption of uniform cross-sectional
rea for all ligaments throughout the unit cell could be an addi-
ional contributor to this over prediction. The experimental data
nd simulation results for IPC-S20 and IPC-S40 had a similar
greement and are not shown in favor of brevity. Table 4 lists
he values of elastic modulus, compressive strength and plateau
tress of the IPC foam obtained from finite element simulations
or all the three cases. Again, from the results it is evident that
he predictions are slightly higher in all cases when compared to

easurements.
A few representative results from finite element simulations for

PC-S30 case are shown in Fig. 14(a)–(c). In Fig. 14(a), von-Mises

tress contours are depicted on the unit cell and on an interior pla-
ar section denoted by A and B at an imposed strain of 40%. As
xpected, the ligaments experience higher stresses compared to the
urrounding syntactic foam. From the contours of equivalent plastic
train (Fig. 14(b)) it can be seen that the strain levels are higher for

m
c
w
v
l

and undeformed unit cell with von-Mises stress contours. (b) Deformed unit cell
s in the u3 (uz).

he syntactic foam when compared to that in the aluminum phase
s syntactic foam has lower yield strength when compared to the
reform ligaments. Further, non-uniformity of strains through the
ross-section of the unit cell is clearly evident. In Fig. 14(c), displace-
ent contours in the direction of the imposed strain (u3) is shown.

he presence of aluminum ligaments in the unit cell clearly per-
urbs the uniformity of displacements as evident by the contours
n and within the cell.

. Conclusions

The feasibility of processing lightweight interpenetrating
hase composite (IPC) foams using aluminum open-cell pre-
orms/scaffolds and syntactic polymer foam is demonstrated. The
tructural composite foam is produced by infiltrating uncured
poxy-based syntactic foam containing micron-size hollow glass

icroballoons into aluminum open-cell preform of millimeter size

avities. The cured product forms a meso-/micro-scale IPC foam
ith promising compression characteristics. Different IPC foam

arieties are processed by varying the volume fraction of microbal-
oons from 20% to 40% in the syntactic foam. Two variants of these
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PC foams are produced by using aluminum preform in ‘as-is’ con-
ition and by coating it with silane to increase adhesion between
he metal scaffold and polymer foam.

Cylindrical IPC foam specimens are tested in uniaxial com-
ression and failure responses are examined relative to the
onventional syntactic foam with the corresponding volume frac-
ion of microballoons. The IPC foam samples show stress–strain
esponses similar to the ones for conventional structural foams. An
nitial linear elastic response is followed by a noticeable softening
aused by the onset of collapse of microballoons leading to a plateau
tress and compaction behaviors are seen. IPC foam samples in gen-
ral and the silane coated ones in particular show improvement in
lastic modulus, compression strength and plateau stress values by
8–35%, 20–25%, and 37–42% respectively, when compared to con-
entional syntactic foam with the same volume fraction of hollow
icroballoons. More importantly, the increase in plateau stress of

PC foam samples by 15–20 MPa relative to the corresponding syn-
actic foam samples is significantly higher than the plateau stress
f ∼2.5 MPa for an unfilled preform. This is attributed to synergistic
echanical constraint between the syntactic foam and aluminum

reform of the IPC foam. This also produces a rather pronounced
mprovement in the energy absorption in IPC foam relative to the
orresponding syntactic foam samples. Approximately 50% higher
nergy absorption per unit volume and 33% higher energy absorp-
ion per unit mass relative to the corresponding syntactic foam is
ealized in silane treated IPC foam. When preforms are untreated,
he percentage increase in energy absorption is somewhat
ower.

A Kelvin cell based 3-D elasto-plastic finite element model is
eveloped by adopting unit cell analysis approach to examine the
easibility of predicting both the elastic and plastic characteristics
f the IPC foam. This analysis is aimed at validating the case of silane
reated preform where adhesion between the ligaments and foam
an be assumed to be relatively strong. The numerical model based
n measured compression response of the corresponding syntactic
oam and aluminum is able to successfully capture the overall IPC
oam behavior.
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