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a b s t r a c t

Quasi-static and dynamic compression response of syntactic foam (SF)–aluminum foam interpenetrat-
ing phase composites (IPC) is examined. Infusion of uncured syntactic foam (epoxy filled with hollow
microballoons) into an open-cell aluminum network results in a 3D interpenetrating structure upon
curing. The compression responses are measured at strain rates of ∼0.001/s and 1500/s. The dynamic
experiments are performed using a split Hopkinson pressure bar set up. The role of volume fraction of
microballoons on the response of IPC is examined in terms of yield stress, plateau stress and energy
absorption under quasi-static and dynamic conditions. The response of IPC samples are also compared
with those made using syntactic foam alone. The results show that the energy absorbed by the IPC foams
under dynamic loading is consistently higher than that measured under quasi-static loading conditions.
For all volume fractions of microballoons, the IPC samples have better compression characteristics when
compared to the corresponding syntactic foam samples. The failure modes and mechanisms of SF and
IPC foams are examined both optically (using high-speed photography) and microscopically and the
underlying differences are discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Multifunctional materials that are lightweight, stiff, strong and
tough are of interest to many engineering disciplines for civil and
military applications. In this context, a new class of materials called
interpenetrating phase composites (IPC) has received attention
in recent years [1]. IPCs are multiphase materials in which each
constituent forms a continuous 3D network within the material
volume. Thus, each phase in its stand alone state has an open-cell
microstructure. Furthermore, even though IPCs are heterogeneous
on a micro/meso scale, the macroscale response is often isotropic.
This co-existence of desirable properties without significant direc-
tional dependency or distinct weak planes makes an IPC attractive
for structural applications. For example, one phase might offer
good toughness and thermal conductivity, while the other phase
might enhance stiffness and dielectric properties. Thus, each phase
of an IPC contributes its unique property to the overall structural
response synergistically.

Among the existing works on IPCs, Prielipp et al. [2] studied
the mechanical properties of aluminum/alumina interpenetrating
composite and measured fracture strength and fracture toughness
of the composite as a function of ligament diameter and volume
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fraction of the metal reinforcement. The metal reinforced inter-
penetrating composites consistently had higher fracture strength.
Breslin et al. [3] characterized an aluminum/alumina IPC using
the method of liquid phase displacement reaction method. The
resulting IPC had enhanced density, thermal conductivity and
CTE characteristics, without compromising stiffness or fracture
toughness. Travitzky et al. [4] showed that the residual stresses
developed in silicon during solidification of molten Si within an
Al2O3 matrix results in better strength and fracture toughness of
the resulting Al2O3/Si interpenetrating system. Wegner and Gibson
[5] developed finite element models to predict the elastic, flow and
thermal expansion properties of two phase IPCs. They attributed
the enhancement in the thermo-mechanical properties to the con-
tiguity of the phase with the most desirable property. In a later
work [6], Wegner and Gibson studied the mechanical behavior of
resin-impregnated porous stainless steel. The yield strength, ulti-
mate strength, elongation at failure and the elastic modulus were
all found to increase with an increasing volume fraction of steel.
Skirl et al. [7] examined the thermal expansion behavior of alu-
mina/aluminum IPC. A pressure infiltration technique was used to
introduce aluminum into slip cast and then sintered alumina. The
tensile and compressive residual stresses in alumina and aluminum
phases were found to enhance the overall thermal coefficient of
expansion. An increase in failure strain with increase in the metal
content was also reported. Mayer and Papakyriacou [8] studied the
fatigue behavior of graphite/aluminum IPC. The lightweight met-
als such as aluminum were infiltrated into polycrystalline graphite
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to improve the fracture toughness of polycrystalline graphite. A
30% increase in the cyclic strength and a 10% increase in the
endurance limit were reported. Tilbrook et al. [9] measured the
effective mechanical properties of alumina-epoxy interpenetrating
composites and reported strong dependence of properties on the
composition and the processing of the material itself. The flexu-
ral strength and fracture toughness of graphite/aluminum IPC at
room temperature and at 300 ◦C were examined by Etter et al.
[10]. A 200% improvement in both these characteristics for IPC
over un-infiltrated material at room temperature was reported.
Also, no significant drop in properties was seen at elevated tem-
peratures. Jhaver and Tippur [11] demonstrated the feasibility of a
lightweight IPC foam by infiltrating a syntactic foam (SF) [12–14]
into an open-cell aluminum network and examined quasi-static
uniaxial compression response experimentally and numerically.

As noted in the above reports, the enhancements in the effec-
tive mechanical properties of IPC are dictated by the contiguity of
the phase with the most desirable properties. Based on this, and
pinning on the necessity to enhance the compression character-
istics of structural foams, in this paper a lightweight IPC formed
by infiltrating syntactic foam1 (SF) into open-cell aluminum net-
work is proposed for static as well as dynamic applications. An IPC
foam formed by continuous interpenetrating 3D network of syn-
tactic and aluminum foams has the potential for improving the
structural integrity with good energy absorption characteristics,
thus making it a worthwhile material system to study further. The
present work builds on the feasibility study of the IPC foam first
reported in Ref. [11]. In the current work, the performance of the
material system and its mechanical behaviors are studied under
both static and dynamic compression. The quasi-static mechani-
cal responses are compared with the dynamic ones obtained using
a split Hopkinson pressure bar measurements. High-speed pho-
tography and microstructural observations are used to distinguish
failure mechanisms of SF and IPC materials. In the next section of
this paper, the SF and IPC material preparation details are discussed.
In Section 3, the experimental methods used are elaborated. Sec-
tions 4 and 5 present the effect of microballoon volume fraction on
the quasi-static and dynamic compressive responses of SF and IPC,
respectively. Section 6 of this paper discusses and compares the
energy absorption characteristics under quasi-static and dynamic
loading conditions. The progression of failure is analyzed photo-
graphically in Section 7. The results of the study are summarized in
Section 8.

2. Material and specimen preparation

The constituents used for preparing the IPC foam were a low
viscosity epoxy (Epo-ThinTM from Beuhler, Inc. USA, mass den-
sity of resin ∼1100 kg/m3), hollow glass microballoons (K-1TM

microballoons from 3M Corp., bulk density 125 kg/m3) of aver-
age diameter of ∼60 �m and wall thickness of ∼0.6 �m and
commercially available open-cell Duocel® aluminum (Al6101-T6)
foam obtained from ERG aerospace Corp., with a pore density of
40 pores per inch (∼8% relative density). The above-mentioned
material properties were provided by the respective manufactur-
ers. The metal foam was cleaned and then coated with silane,
�-aminopropyltrimethoxysilane (H2NC2H4NHC3H6Si(OCH3)3) to

1 Syntactic foams (SF) are structural foams with closed-cell structure made by
dispersing hollow microballoons in a matrix to achieve lightweight characteristics.
Typically they are made by dispersing thin-walled glass microballoons in a polymer
matrix [13–16]. They are used by the electronic industry for their good dielectric
properties [14], by the gas distribution industry for thermal insulation and in naval
and aerospace applications for their excellent buoyancy and energy absorption char-
acteristics, respectively [12,14,16]. Due to its multifunctionality SF is a worthwhile
material to study as well.

Fig. 1. (a) Cross-section of IPC foam with 30% volume fraction of SF and (b) SEM
micrograph of IPC.

enhance the bond strength between the aluminum ligaments and
the syntactic foam. Syntactic foam was then prepared by mix-
ing the desired quantity of microballoons into epoxy resin. The
uncured syntactic foam was then transferred into a silicone rubber
mold after vacuuming (at approximately −75 kPa gage pressure) to
remove any trapped air bubbles in the mixture. In case an IPC was
desired, the silane coated aluminum foam was slowly inserted into
the mold containing the uncured syntactic foam so that the syn-
tactic foam fills in the open-pores of the aluminum network. After
curing for at least seven days, the unfinished sample was removed
from the mold for machining. A photograph of the cross-section of
the cured IPC foam is shown in Fig. 1(a). The shiny metallic liga-
ments of the aluminum preform interspersed within the SF foam
can be readily observed.

The cylindrical specimens used in quasi-static testing were
20 mm thick and 26.7 mm in diameter. These specimen dimen-
sions were chosen in order to maintain the length to diameter (l/d)
ratio less than 1. A higher l/d ratio has been shown to have signifi-
cant effect in the compressive strength of syntactic epoxy foams
by Song et al. [16]. The samples used in dynamic testing had a
length of 9.5 mm and a diameter of 12.7 mm. Gibson [17] has pro-
posed a specimen length to cell size ratio (l/D) of 8 or above, so
that the specimen represents the bulk of the foam. The aluminum
foam used in this work had a pore density of ∼40 pores per inch
with individual cell size of approximately 0.025 in. (0.635 mm). To
be conservative, an l/D ratio of 15 was used in the current work.
Fig. 1(b) shows a micrograph of the cross-section of the IPC with
30% microballoon volume fraction in SF. The interface between the
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Fig. 2. Schematic of compression split Hopkinson pressure bar setup.

aluminum ligaments and the syntactic foam is well defined with-
out voids or cracks suggesting a good bond between the aluminum
and SF phases. The microballoons also appear to be randomly and
uniformly distributed within the epoxy matrix.

3. Experimental details

3.1. Quasi-static experiments

The quasi-static uniaxial compression experiments were con-
ducted according to ASTM standard D-695 for plastics and at room
temperature using a MTS universal testing machine fitted with
a 100 kN load cell. The two parallel faces of the samples were
coated with graphite powder or grease for lubrication between
the sample and the platens. The two lubricants gave a very sim-
ilar load-deflection response and hence grease was used in all
the subsequent experiments. The tests were performed under
displacement controlled conditions with a cross-head speed of
1.25 mm/min. At least three samples of each volume fraction were
tested to check for repeatability [11].

3.2. Dynamic experiments

The dynamic experiments were performed using a split Hopkin-
son pressure bar (SHPB) [18] apparatus developed for this study.
The SHPB (Fig. 2) consisted of an air pressure cylinder, a striker
(25.4 mm diameter and 406 mm long) held inside a barrel that is
connected to the cylinder, a pulse shaper, an incident bar (25.4 mm
diameter and 2438 mm long), a transmitter bar (25.4 mm diameter
and 2438 mm long), a stopper, two strain gages (one on each bar),
a signal conditioning unit and a data acquisition system. Both the
striker and the two bars were made of Al-7075 of the same diame-
ter in order to eliminate the impedance mismatch between them.
The sample was held snug in between the incident and the trans-
mitter bars prior to loading. The sample ends were coated with a
thin layer of grease to position the sample and minimize friction at
the interfaces. A pulse shaper [23], a 6.4 mm diameter disc made
of a stack of four sheets of adhesively backed copper tapes each
0.1 mm thick, was used at the front end of the incident bar. The
interface between the pulse shaper and the incident bar was also
coated with grease for tackiness. The use of pulse shaper helped
to achieve dynamic stress equilibrium in the sample for the load-
ing duration. The strain histories on the bars were captured by the
two strain gages mounted on the incident and the transmitter bars,
and recorded as voltage histories in the data acquisition system
(LeCroyTM high-speed digital oscilloscope) after being processed by
a signal conditioning unit (EctronTM transducer – signal condition-
ing amplifier). The oscilloscope acquired the strain signals at a rate
of 2.5 × 106 samples per second as voltage histories. These voltage
histories were then used to calculate the strain histories on the bars.

The stress �(t), strain rate ε̇(t) and strain ε(t) histories of the
sample were calculated using split Hopkinson bar equations [19]
below:

�(t) = E0
A0

A
εT (t) (1)

ε̇(t) = −2C0

L
εR (2)

ε(t) = −2C0

L

∫ t

0

εRdt (3)

In the above equations, A0 and A are the cross-sections of the two
bars and the specimen, respectively, L is the length of the specimen,
C0 is the bar wave speed, E0 is the elastic modulus of the bars and the
subscripts I, R and T denote incident, reflected and transmitted val-
ues, respectively. Once the engineering stresses (�eng) and strains
(εeng) were obtained, constant volume approximation was invoked
to obtain the corresponding true stress (�true) and true strain (εtrue)
using the following equations:

εtrue = −log(1 − εeng) (4)

�true = �eng(1 − εeng) (5)

4. Quasi-static tests

Compression tests on SF and IPC samples were conducted under
static loading conditions. The microballoon volume fractions (Vf) of
10%, 20%, 30% and 40% were incorporated in both SF and IPC, and
the effect was examined.

4.1. Syntactic foam

The compressive true stress vs. true strain responses for four
types of syntactic foams (SF) (10, 20, 30 and 40% Vf) are shown in
Fig. 3. These responses show three distinct stages of deformation
typical of structural foams. An initial linear elastic region is followed
by a distinct drop in stress with increasing strain after yielding. (This
softening response is attributed to the one seen for neat epoxy sam-
ple tested under identical static loading conditions, discussed in
Appendix A) The softening response is then followed by a region of
nearly constant stress with increasing strain. In this plateau region
microballoons within the SF fail progressively. Further increase
in load causes densification (signified by an increasing stress) as
microballoons collapse completely. These are consistent with sim-
ilar observations made in a few earlier works [20–22] for different
SF systems. As seen in Fig. 3, the stress–strain responses of syntac-
tic foam samples of all four volume fractions follow a similar trend.
It is also evident that the compressive strength decreases with
increasing volume fraction of microballoons in the SF. The 10% Vf
samples (SF-10) have a compressive strength of 63.2 MPa, whereas
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Fig. 3. Effect of microballoon volume fraction on quasi-static compression response
of syntactic foam (SF) samples.

the SF-40 samples have only 34.4 MPa, a 45% decrease. (The elas-
tic modulus values also show a decreasing trend with increasing
microballoon volume fraction. The SF-10 samples have an elastic
modulus of ∼1600 MPa and the SF-40 samples, ∼1260 MPa, which
is a 21% decrease.) The true strain corresponding to the initial max-
imum stress are 4.5%, 4.0%, 3.3% and 3.1% for the SF-10, SF-20, SF-30
and SF-40 samples, respectively.

The plateau stress values of SF samples in the order of increas-
ing volume fractions are approximately 40 MPa, 33.5 MPa, 26 MPa
and 20.6 MPa. This trend of decreasing plateau stress with increas-
ing microballoon volume fraction is also consistent with those
predicted by Kim and Plubrai [21]. Furthermore, as the volume frac-
tion of microballoons increase in SF, the densification strain also
increases monotonically, from ∼50% true strain for 10% Vf to ∼75%
true strain for 40% Vf. The deformed samples were sectioned and
examined in a scanning electron microscope. Fig. 4 shows micro-
graphs of deformed SF-30 samples corresponding to 14% (Fig. 4(a))
and 58% (Fig. 4(b)) strains. The onset of microballoon failure is evi-
dent in Fig. 4(a). Fig. 4(b) shows the microballoons to be almost
completely crushed and flattened, which explains the densification
or the increase in stress with increase in strain after ∼50% strain.
Furthermore, compression of the matrix and crushing of microbal-
loons is uniform in the entire field of view. The direction of load in
the micrographs is along the vertical axis, but a skew in the direc-
tion of the fractured microballoons is seen in Fig. 4(a) suggesting
a tendency for shear failure, consistent with some of the previous
works [20–22] as well.

4.2. IPC

The IPC foam samples used for quasi-static tests also had the
same dimensions as the SF samples. The results for four different
IPC samples with different volume fraction of microballoons in SF
are shown in Fig. 5. The IPC foams respond in a way similar to SF
samples (Fig. 3). There is an initial linear elastic region, followed
by yielding and softening signifying the onset of nonlinearity. The
softening is then followed by regions of plateau stress and densifi-
cation. In the case of IPC, however, the onset of nonlinearity is also
affected by progressive bending of the aluminum ligaments which
in turn cause the crushing of the microballoons in between the lig-
aments (Fig. 6). The plateau region for IPC foam is relatively narrow
when compared to the one for the corresponding syntactic foam.
That is, densification starts at a relatively lower strain in IPC.

The elastic modulus for 10%, 20%, 30% and 40% volume frac-
tion IPC foam samples are 2354 MPa, 2123 MPa, 1852 MPa and

Fig. 4. SEM images of 30% Vf syntactic foam at (a) 14% strain and (b) 58% strain
showing crushing of microballoons at various stages of static deformation. (The
loading was in the vertical direction).

1702 MPa, respectively. The compressive strengths of the IPC sam-
ples in the increasing order of volume fraction are 81.0 MPa,
63.1 MPa, 51.5 MPa and 44.0 MPa. The plateau stresses for the sam-
ples show a similar trend as the compressive strengths, that is,
samples with a lower Vf of microballoons have higher plateau
stresses. The true plateau stress values for the 10%, 20%, 30% and 40%
Vf samples are approximately 59 MPa, 50 MPa, 40 MPa and 31 MPa,
respectively, which is a ∼10 MPa increase in plateau stress value for

Fig. 5. Effect of microballoon volume fraction on quasi-static compression response
of IPC foam samples.
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Fig. 6. SEM image of statically deformed IPC foam at 58% strain. (The loading was
along the vertical direction).

10% decrease in Vf of microballoons. After yielding, the onset of den-
sification also follows a uniform trend, wherein lower Vf samples
have lower densification strain. The approximate true strain values
which mark the onset of densification are in the 45–55% range.

Although the effect of microballoon volume fraction on IPC is
similar to that for SF, when the elastic modulus of IPC is compared
with that for the corresponding syntactic foam, it is evident that the
IPC foams are stiffer. The relative increase in the elastic modulus
values are 47%, 39%, 28% and 35% for 10%, 20%, 30% and 40% volume
fraction of microballoons, respectively. The relative increases in the
compressive strengths are in the range of 27–29%. A loss of densi-
fication strain relative to the corresponding SF counterpart is also
evident when IPC results in Fig. 5 are compared with those of SF in
Fig. 3. It is important to note that the increase in the plateau stress
of IPC foams relative to the SF is substantially higher than that for
unfilled aluminum network which is approximately in the range
of 1.5–2.0 MPa [11]. A comparison of the plateau stress for SF and
IPC foams (Figs. 3 and 5) of same volume fraction of microballoons
show that the plateau stress increases by 10-20 MPa, substantially
higher than that expected based on the value for unfilled aluminum
preform (whose plateau stress is ∼ 2 MPa [11]). This is attributed
to the synergistic constraining effects between SF and aluminum
network of an IPC enhancing the overall mechanical performance.

5. Dynamic tests

The SF and IPC samples with 10%, 20%, 30% and 40% microbal-
loon volume fractions were tested at a strain rate of ∼1500 per
second using the split Hopkinson pressure bar. The maximum strain
attained by a sample depends on the time period of the incident
stress wave. This in turn depends on the length of the striker
used [20]. Several striker lengths, 203 mm (8 in) to 406 mm (16 in.),
were considered. In view of a relatively large expected strain to
failure, the longest feasible striker length was considered. The inci-
dent pulse generated by the 406 mm long striker (impact velocity
∼15 m/s) had a total time period of ∼200 �s with a constant strain
lasting over approximately 100�s as shown in the representative
strain histories in Fig. 7 for SF and IPC samples with 30% volume
fraction of microballoons. The maximum engineering strain expe-
rienced by the sample for this pulse was a little over 25%. So,
conservatively, all analyses were based on a maximum specimen
strain value of 25% and the stress–strain data once the stress pulse
started to drop-off was not considered in the analysis. The repeata-
bility of the set up was evaluated by comparing the stress–strain
curves of multiple samples. Fig. 8 shows the stress–strain responses

Fig. 7. Representative SHPB strain histories for (a) syntactic foam sample with 30%
microballoon volume fraction and (b) IPC foam sample with 30% microballoon vol-
ume fraction.

of four 30% volume fraction SF samples obtained using a 203 mm
striker producing a maximum engineering strain of approximately
15%. Good repeatability is evident from the figure.

5.1. Syntactic foam

The dynamic true stress - true strain responses of SF with
four different volume fractions of microballoons obtained using

Fig. 8. Repeatability check done on four SF samples with 30% Vf of microballoons
using a 203 mm striker at a strain rate of approximately 1500 s−1. (Engineering
stresses and strains are plotted).
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Fig. 9. Effect of microballoon volume fraction on dynamic stress–strain response of
SF samples (Strain rate ∼1500/s).

a 406 mm striker at a strain rate of ∼1500 per second are shown
in Fig. 9. The response of syntactic foam has two distinct phases.
An initial linear elastic response followed by a monotonically
decreasing stress region with increasing strain. As in the quasi-
static cases, the compressive strengths of the samples decrease
with increasing microballoon volume fraction. The compressive
strengths of the 10%, 20%, 30% and 40% volume fraction sam-
ples were approximately 104 MPa, 80 MPa, 62 MPa and 50 MPa,
respectively. The relative decrease in the compressive strengths
for every 10% increase in the microballoon volume fraction is
∼20%. A comparison of plots in Figs.3 and 9 show the influence
of elevated loading rate on the stress–strain response of syntactic
foam. Among the notable differences, dynamic loading clearly
suppresses the distinct softening seen in quasi-static cases after
the initial peak stress in all volume fractions (Fig. 3). Instead a more
gradual softening is evident in Fig. 9. The tendency for the SF with
lower volume fraction of microballoons (10% and 20%) to soften
after attaining the maximum stress is somewhat more distinct
than for the ones with higher volume fraction of microballoons
(30% and 40%). These can be further attributed to the differences in

neat epoxy response under static and dynamic loading conditions
as described in Appendix A. After yielding, the stresses for SF
with lower Vf of microballoons remain consistently higher than
that for SF with higher Vf. The difference in stress values after
yielding between specimens with different volume fraction of
microballoons is approximately constant at all strains (within
the observation window). The elastic responses under static and
dynamic conditions also show differences. The measured elastic
modulus for the four cases of syntactic foams is shown in Table 1. It
should be noted that the dynamic elastic modulus values shown in
Table 1 were obtained using ultrasonic pulse-echo measurements
[24]. (This method was preferred over direct measurement from
the stress–strain response due to weak stress equilibrium in the
specimen during the initial stages (up to about 30 �s) of stress
wave propagation in the specimen. The elastic moduli of the IPC
are not reported here as the pulse-echo transducer could not be
used effectively to determine wave speeds in IPC). The results
indicate a higher elastic modulus under dynamic conditions when
compared to the respective quasi-static counterparts (see, Table 2).

A backlit photograph of a deformed SF sample with 30% Vf
of microballoons is shown in Fig. 10(a). The sample in this case
was loaded along the vertical direction. A network of shear bands
crisscrosses the entire sample and the bands are oriented at approx-
imately ±45◦ to the loading direction. A micrograph of a 30% Vf
specimen is shown in Fig. 10(b). Again, the direction of loading was
along the vertical direction of the image. The cracks that appear
in the image are skewed at an angle of approximately 45◦ to the
direction application of the load. Interestingly, when compared to
quasi-static counterparts (Fig.4(a) and (b)), microcracks are more
distinctly localized, essentially connecting fractured microballoons
along ±45◦ direction. In regions away from the crack, the microbal-
loon footprints are circular suggesting very little deformation.

5.2. IPC

The IPC samples of four microballoon volume fractions viz. 10%
(IPC-10), 20% (IPC-20), 30% (IPC-30) and 40% (IPC-40) were also
tested and the results are shown in Fig. 11. The dynamic compres-
sion response of IPC foams followed trends similar to that of the
corresponding syntactic foams. The response shows a linear region
in the beginning, followed by a modest nonlinear response until a

Table 1
Dynamic properties of syntactic foam and IPC foam samples.

Designation Microballoon volume fraction (%) Density (kg/m3) Compressive strength (MPa) Elastic modulus (MPa)

SF-10 10 995 104 ± 4 3460
SF-20 20 870 80 ± 3 3100
SF-30 30 796 62 ± 5 2700
SF-40 40 696 50 ± 3 2400
IPC-10 10 1169 120 ± 4 –
IPC-20 20 1044 100 ± 5 –
IPC-30 30 986 80 ± 6 –
IPC-40 40 862 60 ± 3 –

Table 2
Quasi-static properties of syntactic foam and IPC foam samples.

Designation Microballoon volume fraction (%) Density (kg/m3) Compressive strength (MPa) Elastic modulus (MPa)

SF-10 10 995 63 ± 1.6 1600 ± 25
SF-20 20 870 52 ± 2.2 1530 ± 35
SF-30 30 796 42 ± 1.4 1448 ± 28
SF-40 40 696 34 ± 1.8 1261 ± 42
IPC-10 10 1169 81 ± 1.6 2354 ± 26
IPC-20 20 1044 63 ± 2.3 2123 ± 32
IPC-30 30 986 52 ± 3.6 1852 ± 27
IPC-40 40 862 44 ± 1.9 1702 ± 26
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Fig. 10. (a) Side view of a dynamically deformed syntactic foam sample revealing
a network of shear bands, (b) SEM image of cross-section of dynamically deformed
syntactic foam; careful observation reveals crisscrossing shear failure planes. (The
loading was along the vertical direction).

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 samples decrease with increasing volume fraction of microbal-
loons. In the order of increasing microballoon Vf, the maximum
stress values attained are approximately 120 MPa, 100 MPa, 80 MPa
and 60 MPa. The percentage decrease in the compressive strength
for the IPC-20 with respect to that of IPC-10 is 17%, and that of
IPC-30 with respect to that of IPC-20 is 20%. The IPC-40 has a 25%
decrease in compressive strength with respect to the IPC-30.

Fig. 11. Effect of microballoon volume fraction on dynamic stress–strain response
of IPC foam samples (strain rate ∼1500/s).

Fig. 12. (a) Side view of a dynamically deformed IPC foam sample revealing multiple
shear bands and (b) SEM image of cross-section of dynamically deformed IPC foam.
(The loading was along the vertical direction).

Fig. 12 shows a photograph and a micrograph of a deformed 40%
Vf IPC. As in the SF samples, the photograph of the deformed sam-
ple in Fig. 12(a) clearly shows well-defined network of shear bands
throughout the specimen. (The shear bands are slightly more pro-
nounced and father apart due to the presence of the aluminum
network.) The SEM image in Fig. 12(b) shows underlying micro-
scopic failure mechanisms in the IPC. Two types of failures can be
identified from this image. One is the formation of cracks in the syn-
tactic foam (similar to the one seen for SF in Fig. 10(b)). The crack
in Fig. 12(b) is again inclined at ±45◦ to the direction of load along
the vertical direction of the image, which suggests that the failure
occurred due to shear localization. However, shear bands here are
interrupted by the metallic ligaments of the IPC. The other type of
failure in IPC, which is absent in pure SF samples, is the debond-
ing of the interfaces between the syntactic foam and the aluminum
ligaments.

6. Energy absorption

An aspect of foams attractive for structural applications is
energy absorption. A comparison of the energy absorbed per unit
volume and per unit mass by the SF and the corresponding IPC
samples under both static and dynamic loading conditions was
made. The energy absorbed per unit volume (U) was evaluated by
calculating the area under the true stress–true strain curve as,

U =
∫ ε

0

�(ε)dε (6)

where �(ε) is the stress as a function of strain. The energy absorbed
was evaluated up to a strain value of 22% for both static and dynamic
cases as U0.22 (Even though energy absorption can be computed up
to 50–60% true strain under static loading conditions, for compar-
ison with dynamic counterparts, it is limited to 22%). The energy
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Fig. 13. Energy absorbed (a) per unit volume and (b) per unit mass by SF and IPC
foam samples under quasi-static loading up to 22% true strain.

absorption per unit mass was also evaluated by dividing the energy
absorbed per unit volume by the density of the sample.

6.1. Quasi-static

The absorbed energy (U0.22) evaluated from true stress–true
strain graphs is plotted as histograms for all the cases in Fig. 13.
As was the case for the compressive strength and the elastic mod-
ulus, the absorbed energies also show a decreasing trend with
increasing volume fraction of microballoons. The energy absorbed
per unit volume (Fig. 13(a)) by the SF samples of 10%, 20%, 30%
and 40% microballoon Vf are 10.4 MJ/m3, 8.5 MJ/m3, 6.8 MJ/m3 and
5.4 MJ/m3, respectively. The relative decrease in U0.22 for every 10%
increase in microballoon Vf is 18–20%. The energy absorbed by
the IPC samples is higher than that by the corresponding syntac-
tic foam samples by 34–37%. The actual values are approximately
14.0 MJ/m3, 11.5 MJ/m3, 9.2 MJ/m3 and 7.4 MJ/m3 for 10%, 20%, 30%
and 40% cases, respectively. The percentage decreases in U0.22 for
the IPC-20/IPC-10 pair, IPC-30/IPC-20 pair and the IPC-40/IPC-30
pair are approximately 20%, respectively. The energy absorption
per unit mass are plotted in Fig. 13(b) and they also show a sim-
ilar trend. The IPC samples have absorbed 12.0 kJ/kg, 11.0 kJ/kg,
9.4 kJ/kg and 8.6 kJ/kg which are higher when compared to the syn-
tactic foams of corresponding volume fraction of microballoons,
respectively. The percentage increase in the energy absorption per
unit mass in the IPC foams with respect to the syntactic foams is
approximately 10–14%.

Fig. 14. Energy absorbed (a) per unit volume and (b) per unit mass by SF and IPC
foam under dynamic loading up to 22% true strain.

6.2. Dynamic

The data on energy absorption, U0.22, under dynamic loading
conditions is shown in Fig. 14. The absorbed energies of SF and
IPC foam samples under dynamic loading conditions are clearly
higher than those observed under quasi-static loading conditions
(Fig. 13). Energy absorbed per unit volume by SF-10, SF-20, SF-
30 and SF-40 samples are 21.9 MJ/m3, 19.6 MJ/m3, 16.4 MJ/m3

and 12.1 MJ/m3, respectively and that by IPC-10, IPC-20, IPC-
30 and IPC-40 samples are 24.5 MJ/m3, 22.0 MJ/m3, 18.3 MJ/m3

and 12.7 MJ/m3, respectively. These values are nearly double the
respective quasi-static ones. The percentage reduction in U0.22
per unit volume for the SF-20/SF-10 pair, SF-30/SF-20 pair and
the SF-40/SF-30 pair are approximately 11%, 16% and 26% respec-
tively. The percentage reduction in U0.22 per unit volume for the
IPC-20/IPC-10, IPC-30/IPC-20 pair and the IPC-40/IPC-30 pair are
approximately 10%, 17% and 30%, respectively. The trend of the
percentage reduction in the energy absorption per unit volume sug-
gests that the rate of reduction in U0.22 would be greater than the
rate of increase of the microballoon volume fraction for dynamic
loading. In the case of energy absorbed per unit mass though, the
syntactic foam appears to perform better than the corresponding
IPC foam under dynamic loading conditions. The energy absorbed
per unit mass by the SF-10, SF-20, SF-30 and SF-40 samples are
22.0 kJ/kg, 22.5 kJ/kg, 20.6 kJ/kg and 17.4 kJ/kg, respectively and
that by IPC-10, IPC-20, IPC-30 and IPC-40 samples are 20.9 kJ/kg,
21.0 kJ/kg, 18.5 kJ/kg and 14.8 kJ/kg, respectively. Again, these are
nearly twice the respective quasi-static values. When compared
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with the SF samples, the IPC samples had lower energy absorp-
tion per unit mass by 5%, 6.7%, 10.2% and 14.5%, respectively (It
should be noted that the differences between 10% and 20% SF and
between SF and IPC of the two volume fractions are relatively small
with overlapping error bars. Hence, no claim regarding the trend
between these two volume fractions is made). This is unlike the
quasi-static loading cases which showed IPC samples to have higher
specific energy absorption. Accordingly, if energy absorption at a
slight increase (∼10%) in weight is acceptable for an application, IPC
still outperforms SF even under dynamic conditions. Another interest-
ing observation is that the increasing trend of the energy absorption
per unit mass with decreasing microballoon volume fraction gets
reversed at a microballoon volume fraction of approximately 10%.
Therefore, the 10% microballoon volume fraction could be used as
a threshold in terms of absorbed energy per unit mass.

Another interesting outcome under dynamic loading conditions
is strain recovery in SF and IPC foam samples. The final lengths
of the deformed samples were measured after the experiments
for both SF and IPC. Interestingly, for SF samples, the final mea-
sured lengths were more than that predicted by the SHPB equations
following a 25% engineering strain. This suggests that the SF sam-
ples had partially recovered (sprung-back) after the loading pulse.
Although the source/s of spring-back in SF is/are unclear at this
point and would be of an interesting aspect to study in the future,
this phenomenon was negligible in the IPC samples. Whatever that
caused the spring-back in the SF, is probably overcome in the IPC
by the aluminum ligaments. Once aluminum ligaments undergo
plastic deformation, they prevent the SF from spring-back. This
aspect of SF relative to IPC should have to be a consideration in
an application if spring-back is a design factor. This issue was fur-
ther examined optically by tracking the progression of deformation
under static and dynamic loading conditions for both SF and IPC
foams.

Fig. 15. Stages of quasi-static deformation of 20% syntactic foam at (a) 0%, (b) 10%
and (c) 52% strain. (The loading was along the vertical direction).

Fig. 16. Stages of quasi-static deformation of 30% IPC foam at (a) 0%, (b) 19% and (c)
48% strain. (The loading was along the vertical direction).

7. Failure progression

To understand the failure of SF and IPC foams including the
above noted spring-back behavior in SF, real-time photography of
progression of deformation during loading was carried out. This
was also particularly important under dynamic loading conditions
to assess progressive vs. steady-state deformation as stress waves
propagate and deform the sample. Figs. 15 and 16 show three differ-
ent stages in the quasi-static deformation process of syntactic foam
(Vf = 20%) and IPC foam (Vf = 30%) samples. No significant barreling
of the specimens is evident suggesting a uniaxial state of stress over
the loading history. Upon unloading, neither SF nor IPC samples
showed any measurable spring-back under quasi-static conditions.

The dynamic counterparts for SF with 30% Vf of microballoons is
shown in Fig. 17. For a qualitative analysis of the overall specimen
behavior during loading, two narrow (3 mm wide) diametrically
opposite flat surfaces were machined on the foam samples and
were printed with a line grating (pitch = 0.4 mm). The grating lines
were first drafted using Solid EdgeTM software and then printed on a
decal paper. The printed grating lines on the decal paper were then
transferred to the specimen surface.2 A few selected photographs
of the specimen with gratings recorded using digital high-speed
photography (186,000 frames/s) are shown in Fig. 17. The image in

2 Liu et al. have used circumferentially painted line markings [25] to photo-
graphically study the crushability and progression of compressive failure in rigidly
confined low-density epoxy foams under quasi-static conditions.
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Fig. 17. Stages of dynamic deformation of SF-30. Images (a)–(c) correspond to the first loading pulse and (d)–(f) correspond to later time instants showing presence of
spring-back. The pitch of the coarse grating lines is 0.4 mm. The sample was loaded in the horizontal direction; t = 0 corresponds to the time when deformation begins.

Fig. 17(a) corresponds to the undeformed sample just before the
onset of the loading pulse in SHPB. The subsequent images show
the deformed samples at different time instants (t). It is evident
from the deformed length (l) that there was continuous decrease
in the sample length up to 135 �s. This time instant is also when the
loading pulse starts to decay due to the finite striker length. That
is, t = 135 �s marks the end of the constant strain-rate region of the
loading pulse. The approximate strain at 135 �s calculated directly
from the image is ∼23% which is close to the obtained engineer-
ing strain of 22% using SHPB equations. Around 195 �s the sample
starts to spring-back. At the 850th �s the sample has regained
about 0.7 mm in length which is about 9.5% of the deformed length
at the end of the loading pulse at 135 �s. In Fig. 17(d), (e) and
(f) correspond to time instants after the end of the first incident
stress wave and before the second incident stress wave. From the
images shown in Fig. 17, due to the coarseness of the gratings

used, shear bands seen on the specimen surface in Fig. 10(a) are
not readily evident although a hint of these bands can be visual-
ized in Fig. 17(c) and beyond. Much higher gratings densities and
magnification are needed to achieve the necessary spatial and tem-
poral resolutions in this regard. To contrast the response of SF with
that of IPC, a similar optical observation using high-speed pho-
tography was carried out for an IPC sample also. A selection of
corresponding real-time images is shown in Fig. 18. (Noticeably,
the quality of the images in these experiments is not as good as
the ones in Fig. 17 due to the presence of shiny aluminum liga-
ments in the IPC which perturb the overall light field making it
difficult to image the specimen. Nevertheless, qualitative obser-
vations regarding the nature of deformation progression can be
made.) The spring-back phenomenon seen in SF is nearly absent in
IPC samples under stress wave loading as evident from Fig. 18(d),
(e) and (f).

Fig. 18. Stages of dynamic deformation of IPC-30. Images (a)–(c) correspond to the first loading pulse and (d)–(f) correspond to later time instants showing absence of
spring-back. The pitch of the coarse grating lines is 0.4 mm. The sample was loaded in the horizontal direction; t = 0 corresponds to the time when deformation begins.
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8. Conclusions

The compression characteristics of a interpenetrating phase
composite (IPC) foam was studied for static and dynamic appli-
cations. The IPC foam was made by infusing uncured epoxy-based
closed-cell syntactic foam (SF) into open-cell aluminum preforms.
Upon curing, an IPC structural foam with a 3D interconnectivity
was formed.

The quasi-static and dynamic compression responses of IPC
foams infused with SF containing 10–40% Vf of hollow glass
microballoons were studied. For dynamic experiments a split Hop-
kinson pressure bar was employed and strain rates of ∼1500/s were
achieved. The responses of IPC foams were also evaluated relative
to their pure SF counterparts. The failure progression in both types
of samples was recorded using high-speed photography to exam-
ine the deformation processes. The micrographs were also used to
explain the underlying failure mechanisms. The major conclusions
of this work are as follows:

• The stress–strain responses under quasi-static conditions of SF
and IPC foams show elastic, softening, plateau, and densification
regimes. A monotonic increase in elastic modulus, yield stress,
and plateau stress are evident as Vf of microballoons decrease.
The IPC foams consistently have higher value of each of these
characteristics relative to the corresponding SF.

• The plateau stresses for IPC foams are greater than the sum of the
plateau stresses of the corresponding SF and unfilled aluminum
preform/scaffold. This is attributed to the prevalence of synergis-
tic mechanical constraint between the scaffold and SF phases of
the 3D interpenetrating microstructure.

• The crushing of microballoons is relatively uniform in both
SF and IPC samples under static conditions. Interfacial
debonding is an additional failure mechanism seen in IPC
foams.

• Unlike static results, under dynamic conditions SF and IPC sam-
ples show a stress–strain response that has only two dominant
regimes – a proportional loading zone up to a maximum stress,
and a monotonically softening zone subsequently. The elastic
modulus and maximum stress increase with decreasing Vf of
microballoons under high-strain-rate loading. The values for IPC
are again higher than those for SF under dynamic conditions. The
dynamic maximum stress values are also higher for both SF and
IPC relative to the quasi-static ones.

• The energy absorbed, U0.22, (up to 22% true strain) for SF and
IPC samples show that IPC absorbs ∼35% higher energy per unit
volume than the corresponding SF under quasi-static conditions.
The dynamic values of U0.22 are nearly twice the correspond-
ing static values for both IPC and SF samples. The energy
absorbed per unit volume by the IPC under dynamic condi-
tions is about ∼10% higher than the SF counterparts. The energy
absorbed per unit mass, however, favors SF under dynamic
conditions.

• The failure of SF and IPC under dynamic conditions is dominated
by the formation an extensive network of shear bands in SF. Also,
the microballoons are not as uniformly crushed as in static cases.

• Unlike static results, the high-speed optical recordings of the
deformation process reveal significant spring-back in SF whereas
it is negligible in case of IPC. Also, the failure process is rather uni-
form in both SF and IPC and no evidence of spatially progressive
failure is seen.
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Appendix A.

A.1. SHPB calibration

The SHPB apparatus was first calibrated relative to the pub-
lished results [26] in the literature for a low impedance material.
The material tested was a commercially produced cast acrylic rod
stock of 12.7 mm dia. Cylindrical samples of length 6.35 mm were
machined from the stock and tested under conditions similar to that
used for SF and IPC samples. The resulting true stress–strain dia-
gram for a strain rate of approximately 1250/s is shown in Fig. A1.
The results are compared with those reported in Ref. [26] for spec-
imens made from cast acrylic sheet stock of identical specimen
dimensions. The overall similarity in the stress–strain response
with the reported ones is clearly evident. The minor deviations
are attributed to differences in the specimen preparation, the stock
material (sheet vs. rod) and strain rates used.

A.2. Neat epoxy compression response

The epoxy resin used for preparing SF and IPC foam samples
were characterized under static and dynamic loading conditions
as well. For completeness the corresponding data is reported in
Fig. A2 up to 22% true strain. The quasi-static response of neat epoxy
shows three distinct regions – initial linear elastic region, soften-

Fig. A1. True stress–strain response for cast acrylic; calibration of the SHPB appa-
ratus.

Fig. A2. Quasi-static and dynamic compressive responses of neat epoxy (“Epo-
Thin”) used in SF and IPC foams
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Fig. A3. An example to demonstrate dynamic stress equilibrium for SF-30. (The
corresponding strain histories are shown in Fig. 8(a)).

ing region following yielding and a plateau stress region. A yield
stress of approximately 80 ± 2 MPa is followed by a plateau stress
of ∼48 MPa up to 22% strain. At higher strains (not shown), a den-
sification response is seen. (The sample continued to densify up to
70% strain). The dynamic response, on the other hand, has only two
distinct regions. Following an initial linear response with a higher
elastic modulus than the quasi-static counterpart, a maximum yield
stress of ∼185 ± 5 MPa is attained by the neat epoxy sample. Sub-
sequently, the sample shows a monotonic softening response until
the stress pulse ends.

A.3. Dynamic stress equilibrium

The standard SHPB equations for strain rate, strain and stress in
the specimen assume that the specimen was under dynamic stress
equilibrium and at a constant strain rate during the loading. These
two conditions were verified by plotting the percentage difference
between the incident wave and the (reflected + transmitted) wave
with respect to the incident wave. For the specimen to be under
dynamic stress equilibrium, the stresses on the front and back ends
or the specimen should be equal. That is, the incident wave should
equal the sum of the reflected and the transmitted waves. From
the graph (Fig. A3) it can be seen that the percentage difference is
about 7% or less for most part of the loading pulse duration and that

the dynamic equilibrium condition is satisfied quite well given the
highly transient nature of the dynamic event. The equations [19]
for SHPB reveal that the strain rate in the specimen is proportional
to the reflected wave induced strain on the incident bar. The nearly
constant strain region in the reflected wave (Fig. 7) suggests that
the specimen was under a constant strain rate for about 125 �s
during the dynamic loading event.
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