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Abstract

Dynamic fracture behavior of syntactic foams made of thin-walled microballoons dispersed

in epoxy matrix is studied. Monotonically decreasing dynamic Young’s modulus with

increasing volume fraction of microballoons is observed using ultrasonic pulse-echo and

density measurements. The results are also in good agreement with the Hashin–Shtrikman

lower-bound predictions for elastic porous solids. Dynamic crack initiation toughness and

crack growth behaviors are examined using instrumented drop-tower tests and optical

measurements. Crack initiation toughness shows a linear relationship with Young’s modulus

over the entire range of volume fraction of microballoons studied. A proposed model based on

simple extension of micromechanics prediction agrees well with the measurements. The optical

method of coherent gradient sensing (CGS) has been used along with high-speed photography

to record crack tip deformation histories in syntactic foam samples subjected to impact

loading. Pre- and post-crack initiation events have been successfully captured and apparent

dynamic stress intensity factor histories are extracted from the interferograms. Results suggest

increasing crack speeds with volume fraction of microballoons. No significant dependence of

dynamic fracture toughness on crack speed in any of the volume fractions is observed.

r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Syntactic foams can be distinguished from conventional foams in the way they are
manufactured namely by mechanically blending thin-walled microballoons in
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different polymeric or metallic matrix materials. Thus porosity in syntactic foams
comes from the ‘filler’ which is typically hollow glass, ceramic or polymer
microballoons. Further distinction is that the porosity in these materials is typically
microscopic in nature and can be easily controlled. The range of engineering
applications of syntactic foams have increased in recent years due to the
manufacturing simplicity, specific strength, insulating and energy absorbing
characteristics [1]. One of the most significant applications for syntactic foams is
in the area of naval and undersea marine equipments [2–3], where it has been used as
structural element for decks and submarines buoys. Syntactic foams are also used in
civil and industrial engineering, as imitation wood and marble, because of the good
shear stiffness and specific strength [4]. Due to the high specific energy absorption,
and impact resistance [5], syntactic foams have been considered for army vehicles
and for personnel protection. Syntactic foams made with glass and carbon
microspheres are used in aerospace structures, missile heads and heat shields for
space vehicles [6]. They are also employed in electronics and telecommunications due
to superior thermal and dielectric properties [7]. The need for low cost, lightweight,
bio-compatible materials has led to the exploration of porous syntactic materials for
potential biological [8–9] applications.

Among the methods for mechanical characterization of foams, the ones developed
by Gibson et al. [10] are widely used. They have introduced relations of the form
F ¼ Cðr=rsÞ

q for the mechanical properties, where F denotes the material property,
r is the effective density, rs is the density of the wall material, C and q are constants
dependent on cell geometry determined either experimentally or analytically. In their
later work, Maiti et al. [11] have introduced a semi-empirical relationship that shows
fracture toughness of cellular materials relative to that for the wall material depends
on the density ratio as well. Elastic characteristics of porous materials could also be
determined using micromechanics models such as the ones proposed by Hashin and
Shtrikman [12] and modified Mori–Tanaka approaches [13] for multiphase materials
by setting the filler phase elastic properties to zero. Among other methods, Krstic
and Erickson [14] have taken a linear elastic fracture mechanics approach for
predicting Young’s moduli of elastic porous solids wherein cylindrical and spherical
pores are assumed to possess radial or annular flaws. Nielsen [15] has established
relationships between Young’s modulus and strength of porous materials for aiding
non-destructive evaluation of porous materials. Recently, Rizzi et al. [16] have
studied tensile and compressive behaviors of pre-fabricated syntactic foams of a
particular volume fraction. Experimental measurement of elastic modulus, tensile
strength and crack initiation toughness of epoxy and urethane syntactic foams have
been reported by El-Hadek and Tippur [17]. They have also proposed and validated
simple energy-based models for predicting their properties by treating them as
porous materials. Fabrication and impact behaviors of syntactic foams have been
studied by Kin and Oh [18].

As evident from the above, despite their potential application in a wide range of
dynamic loading environments, investigation into the dynamic fracture behavior of
syntactic foams is currently lacking. In this work, dynamic crack initiation and
growth in syntactic epoxy foams is studied under low-velocity impact loading
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conditions. Effect of volume fraction of the microballoons in the matrix on crack
initiation and crack growth are examined. In the next section, preparation and elastic
characterization of homogeneous epoxy syntactic foams of different volume
fractions is described. Section 3 describes dynamic crack initiation toughness
measurements along with micromechanics-based models for predicting the mechan-
ical properties. Optical measurement of crack initiation and growth in different
volume fractions are described in Section 4. The results are summarized in Section 5.

2. Material preparation and elastic characterization

Syntactic epoxy foam sheets with randomly distributed microballoons were
prepared. The volume fraction, Vf ; of the microballoons in these sheets ranged
between 0 and 0.45. The microballoons used in this investigation were commercially
available hollow soda-lime glass spheres of mean diameter of B60 mm and wall
thickness B400 nm. The extremely small (nano-scale) wall thickness relative to the
diameter of these fillers makes the mixture behave like a porous material.

Two-part epoxy with relatively low viscosity, low shrinkage and long duration
(72 h) curing characteristics was used as the matrix material. Elastic wave speed
measurements using ultrasonic pulse-echo technique was used for ensuring
homogeneity of the material. Some of the relevant physical and mechanical
properties of the constituents are listed in Table 1.

The values of dynamic Young’s moduli (Ed) for epoxy compositions were
determined by measuring longitudinal (Cl) and shear (Cs) wave speeds

C2
l ¼

Ed

r
ð1� nÞ

ð1þ nÞð1� 2nÞ
; C2

s ¼
Ed

r
1

2ð1þ nÞ0
; ð1Þ

in these compositions using ultrasonic pulse-echo technique. In the above, r and n
denote apparent density and Poisson’s ratio, respectively. The ultrasonic long-
itudinal and shear wave transducer–receivers having crystal diameter 3 and 5mm,
operating at frequencies of 2.5 and 10MHz, were used. The measured velocities
monotonically decrease with increasing volume fraction, as shown in Fig. 1. The
apparent densities of different compositions were evaluated independently and are

Table 1

Material properties

Properties Microballoons Epoxy

Mean size B60 mm —

Wall thickness B400 nm —

KIc (MPaOm) (static) 0.7 1.170.1

Tensile modulus (MPa) (static) — 3016

Tensile strength (MPa) (static) — 58

Density (g/cc) 0.13 1.18

Viscosity (centipoises) — 213
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also shown. The wave speed measurements were used in conjunction with measured
densities to determine dynamic Young’s modulus and Poisson’s ratio. The variation
of dynamic Young’s modulus with volume fraction of microballoons is shown in
Fig. 2. The Young’s modulus reduces monotonically with microballoon volume
fraction over the entire range. Due to the loading rate dependency of epoxy,
measured dynamic value of Young’s modulus of unfilled epoxy is higher than the
static values listed in Table 1 and compares well with the values reported for this
epoxy in the literature [19]. The values of Poisson’s ratio in these compositions were
found to be nearly constant at 3570.001.

Next, comparison of the measurements with micromechanics predictions-based
Hashin–Shtrikman estimation [20] was carried out. It should be noted that, for
spherical filler particles in two-phase compositions, lower bounds are known to
accurately predict apparent Young’s modulus and hence recommended [21]. For a
two-phase mixture comprising of matrix and spherical fillers, the apparent bulk (B)
and shear (m) moduli are expressed in terms of the corresponding properties of the
matrix (subscript ‘m’) and filler (subscript ‘f’) as

Bc ¼ Bf þ
Vf

1=ðBm � Bf Þ þ 3ð1� Vf Þ=ð3Bm þ 4Bf Þ
;

mc ¼ mf þ
Vf

1=ðmm � mf Þ þ ð6ð1� Vf ÞðBm � 2mmÞ=5mmð3Bm þ 4mmÞÞ
;

Ec ¼
9Bcmc

3Bc þ mc
; ð2Þ

Fig. 1. Longitudinal and shear wave speeds along with density variation for microballoon-dispersed

syntactic epoxy compositions.
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where Vf is the filler volume fraction and subscript ‘c’ denotes the properties of the
composite. The bulk and shear modulus estimates of the porous material in terms of
pore volume fraction and properties of the matrix were determined by setting values
of Bf and vf equal to zero. Subsequently, the Young’s modulus was determined from
the apparent bulk and shear moduli using Eq. (2). The values of Young’s modulus
thus obtained are shown in Fig. 3. Excellent agreement between the measurements
and predictions are clearly evident and reinforcement of the matrix by the filler, if
any, is therefore negligible. Also shown in Fig. 2 are the Young’s modulus
predictions (broken lines) by Gibson and Ashby [22] for cellular solids. The
predictions based on this model over estimate the values of Ed in this case.

3. Dynamic crack initiation toughness

The crack initiation toughness or critical stress intensity factors ðKIÞcr of
microballoon filled epoxy with respect to the pore volume fraction were determined
using dynamic impact tests in three-point bending configuration. Edge notched
beams with microballoon volume fraction in the range 0–0.45 and dimensions
150mm� 20mm� 6mm were prepared. An initial notch of root radius 75 mm and
length 5mm was made using high-speed circular saw. The notch was subsequently
extended into a sharp crack by gently tapping a wedge into the notch mouth, forcing
the crack tip to ‘pop’ and extend by a few millimeters and arrest. Care was exercised
to ensure the tip of the wedge from contacting the tip of the notch, thereby
preventing undue residual deformations at the crack tip. The samples were subjected
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to impact loading (impact velocity of 1.5m/s, deadweight 90N) in an Instron-
Dynatup-8210 instrumented drop tower. Integral to the deadweight is a cylindrical
tup, with a hemispherical end of radius 12.7mm, that impacts the specimen directly
on the edge opposite to the cracked edge. Load and displacement histories
experienced by the tup were recorded by a PC-DAQ system. The maximum load
(Pcr) registered at the tup was used for determining the dynamic crack initiation
toughness using [23]

ðKIÞcr ¼ Y
PcrS

BW 3=2
; ð3Þ

where Y is the geometric factor. In the above, S;B and W are span, thickness and
height of the beam samples, respectively. Typically, 4–5 samples were tested for each
volume fraction and the failure load in each case was used to determine crack
initiation toughness. The apparent critical stress intensity factors, ½ðKIÞcr	c;
determined from the above are plotted as a function of volume fraction of the
microballoons in Fig. 3. (The rate of increase in stress intensity factor prior to
initiation in all specimens tested was 1971.8MPaOm/ms.) The measurements
monotonically decrease with increasing volume fraction of the microballoons. This
trend is similar to the observation of other investigators for brittle ceramics having
different degrees of porosity [24]. The values of ½ðKIÞm	cr for unfilled epoxy is
approximately 1.9MPaOm and compared well with earlier results for this material
reported by Rousseau and Tippur [25].
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Interestingly, the reduction of crack initiation toughness values with microballoon
volume fraction has similarities with the variation of Young’s modulus (Fig. 2) for
the same material compositions. This similarity can be further ascertained by
plotting ðKIÞcr vs. Ed as shown in Fig. 4. The linear relationship between the two
quantities is clearly evident. El-Hadek and Tippur [17] have introduced a simple
model to predict critical stress intensity factors for brittle porous materials using
linear elastic fracture mechanics considerations along with Hashin–Shtrikman
Young’s modulus predictions for porous compositions. The model is based on strain
energy balance in porous materials, where the apparent strain ec in the porous
medium is equated to the average matrix strain /emS in the same direction. That is

ðecE/emSÞ ) scE
Ec

Em
/smS

� �
; ð4Þ

where s denotes stress. For uniaxial loading situations, apparent stress in the porous
composite can be expressed in terms of the average matrix stress and the Young’s
modulus ratio of the composite relative to the matrix, as in Eq. (4). Then, the
apparent stress intensity factor ðKIÞcand hence crack initiation toughness ½ðKIÞcr	cfor
a generic mode-I crack in a porous material can be expressed in terms of the average
matrix stress /smS; to get

ðKIÞc ¼ Ysc
ffiffiffiffiffiffi
pa

p
;

½ðKIÞcr	c ¼
Ec

Em
ðY/smS

ffiffiffiffiffiffi
pa

p
Þcr ¼

Ec

Em
½ðKIÞcr	m; ð5Þ
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where a represents generic flaw size, and ½ðKIÞcr	m is the crack initiation toughness of
the matrix material. Thus, Eq. (5) suggests that ½ðKIÞcr	c variation would be similar to
that of the Young’s modulus of the porous solid since Young’s modulus and crack
initiation toughness for the matrix are constant. The predicted values (solid line) of
½ðKd

I Þc	cr from Eq. (5) for different volume fraction of microballoons are shown in
Fig. 3 and excellent agreement between predictions and measurements are evident.

4. Dynamic crack initiation and growth—optical measurements

4.1. Optical method

The optical method of reflection coherent gradient sensing (CGS) [26] was used to
collect information related to the out-of-plane crack tip deformations in samples
prior to and following crack initiation. A schematic of the optical set-up is shown in
Fig. 5. An Argon-ion laser beam (l ¼ 514 nm) was expanded and collimated to
illuminate a circular spot of B50mm diameter on the specimen. The reflected light
beam, containing information about the local out-of-plane deformations of the
surface from its original state of flatness, was then transmitted through a pair of
Ronchi gratings to shear the object wave front laterally perpendicular to the grating
lines. All the diffracted wave fronts were then collected by a positive lens and
displayed as a linear array of spots on the focal plane, where either the +1 or �1
diffraction orders were filtered and imaged. The ‘camera’, comprising of the positive

Fig. 5. The schematic of reflection CGS and high-speed photography set-up.
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lens and the image plane, was kept focussed on the object surface. The resulting
fringes represent surface slopes in the x-direction (along the crack line and
perpendicular to the grating lines), and are described by the governing equation of
reflection CGS

qw

qx
E

dw

dx
¼

Np

2D
; N ¼ 0;71;72;y; ð6Þ

where N denotes fringe orders, p is the pitch of the gratings (25 mm), D is the grating
separation distance (49mm) and dðdÞ is the difference operator. Assuming plane
stress conditions, the out-of-plane displacement w can be related to the in-plane
normal stresses and elastic constants as

ezE
2w

B
¼

�n
E
ðsx þ syÞ; ð7Þ

where B is the thickness of the specimen.

4.2. Experimental set-up

A schematic of the experimental set-up is shown in Fig. 5. The dynamic
measurement system consisted of an impactor, pulse laser, CGS interferometer
and a continuous access high-speed camera (Beckman–Whitley 339-B). During the
experiment, a pneumatically operated impactor with a steel cylindrical head having a
hemispherical tip was launched towards the specimen (impact velocity B5.8m/s).
During its descent, the hammer first triggered a photodetector to open the capping
shutter located in front of the high-speed camera, allowing light to reach its internal
cavity. Soon after that, the specimen was subjected to one point symmetric impact.
An adhesive-backed copper tape placed on the top edge of the beam closed an
electric circuit when contacted by the hammer. This initiated a string of laser pulses
for a total duration corresponding to a single sweep of the laser beam on the film
track. The light entering the camera was then reflected-off of a spinning three-facet
mirror mounted on a turbine shaft. The reflected light beam was swept on the film
held stationary in a film track as discrete images. At the end of that period, the
capping shutter was closed avoiding over-writing on the film. In the current
experiments, the laser pulse was repeated every 5 ms with a pulse width of 50 ns and a
total recording duration of approximately 340 ms. With the settings used,
approximately 70 images were written over a 2701 angle at a rate of 200,000 frames
per second.

4.3. Specimen preparation for optical investigations

Syntactic foam specimens of three select volume fractions of 0.05, 0.25, and 0.45
were prepared for optical measurements. The specimens were machined into
152.4mm� 43mm� 8.5mm slabs. Due to the microstructure of the foam, it was not
possible to obtain a specularly reflective surface by directly depositing a thin layer of
aluminum on a 152.4mm� 43mm face of the sample. Therefore, an optical flat was
first coated with a thin layer aluminum film using vacuum deposition technique. This
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layer of aluminum was then transferred to the specimen surface using a few drops of
epoxy (same as the matrix material of the foam). Once the epoxy was cured the glass
disc was pried-off leaving the specimen surface coated with a specularly reflective
layer. The thickness of the epoxy-aluminum layer was about 8–12 mm, very small
compared to the sample thickness. Next, an 8mm long single edge notch (root radius
B150 mm) was introduced in each specimen using high-speed diamond impregnated
circular saw.

4.4. Optical results

Several experiments were carried out with all the three types of homogenous epoxy
syntactic foams. An example of the interference fringes obtained for a volume
fraction of 0.25 is shown in Fig. 6. For brevity, only selected frames of the entire

Fig. 6. Representative CGS interferograms representing contours of dw=dx in a syntactic epoxy foam

(volume fraction 0.25) slab impact loaded on edge opposing the crack tip. (The vertical line is at a distance

of 10mm from the crack.) Fringe sensitivity B0.0151/fringe.
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event are shown. The evolution of the fringes, both at the point of impact (top edge)
and the crack tip fringes, representing contours of constant dw=dx can be readily
seen. (A line parallel to the crack line on the specimen at a distance of 10mm is
drawn for determining magnification factor of the images.) The frame corresponding
to t ¼ 110 ms corresponds to a time (measured from impact) just before crack
initiation. In the next two frames shown (t ¼ 135 and 140 ms) a stress wave released
from the propagating crack tip can be clearly seen as a circular trace in the
interferograms. Based on the two consecutive images, the stress wave speed was
found to closely match with that of the Rayleigh wave speed for this material.
Additionally, crack tip fringes appear to be the tri-lobed interference patterns with
apogee of each set of lobes along y ¼ 01; and 71201. This is consistent with the
fringe patterns anticipated based on mode-I K-dominant description of crack tip
deformations [26] for dw=dx:

Optical measurements were used to determine instantaneous crack tip locations.
Using forward difference approximation, instantaneous crack speeds (V ) were
estimated for all the three volume fractions. The crack speed data is presented in
Fig. 7. The crack speed is normalized relative to the Rayleigh wave speed CR of the
corresponding material and the time is normalized by the longitudinal wave speed Cl

and specimen height W : Evidently, crack initiation occurs earlier in the foam with

 

 0 2 4 6 8 10
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

V
/ C

R

vf=0.45

vf=0.25

vf=0.05

t*C l / W

Fig. 7. Variation of normalized crack speed with time after impact for volume fractions 0.05, 0.25 and

0.45.

M.A. El-Hadek, H.V. Tippur / Optics and Lasers in Engineering 40 (2003) 353–369 363



the highest volume fraction of microballoons, Vf ¼ 0:45; followed by the ones with
0.25 and 0.05, respectively. Further, in each case, there is a rapid acceleration of the
crack (B13.3� 106m/s2) following initiation with a nearly constant crack speed
attained for a short duration of 30–40 ms before rapid deceleration as the crack
encounters reflected stress waves from the specimen boundaries. Another interesting
aspect is that the samples with higher volume fraction of microballoons attain higher
crack speeds between 0:25CR to nearly 0:4CR: (It may be interesting to determine the
upper shelf of the crack speeds, which could not be done during the current
investigation due to the difficulty in processing foams with higher volume fraction of
microballoons.)

4.5. Dynamic stress intensity factors

The fringe patterns for all the three volume fractions of microballoons were
analyzed to obtain stress intensity factor histories. This was done using over-
deterministic least-squares analysis of the fringes in conjunction with asymptotic
crack tip stress fields for a steadily growing crack in a planar homogeneous,
isotropic, elastic solid [27]. In doing so, the K-dominant assumptions were relaxed
since interference patterns in Fig. 6 suggest interaction between the deformation
fields at the impact point and the crack tip location. Explicit expressions for crack tip
fields in this case are given by

ðsx þ syÞ ¼
XN
m¼1

AmðtÞr
ðm=2�1Þ
l cos

m

2
� 1

� �
yl; ð8Þ

where rl; yl are the scaled crack tip polar coordinates moving with the crack tip, Am

denote the coefficients of the asymptotic expansion with A1ðtÞ related to the dynamic
stress intensity factor as A1 ¼ 2f ðV ÞKD

I =
ffiffiffiffiffiffi
2p

p
: The velocity function f ðV Þ is given by

f ðV Þ ¼
ð1þ a2s Þða

2
l � a2s Þ

4asas � ð1þ a2s Þ
2
;

where as:l ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

V

Cl:s

� �2
s

and rle
iyl ¼ ðx þ ialyÞ: ð9Þ

In the above, f ðV Þ approaches unity as the crack velocity V approaches zero
allowing determination of stress intensity factors (KD

I ðtÞ ¼ Kd
I ðtÞ) prior to crack

initiation.
Fringes were digitized around the crack tip to obtain fringe order and fringe

location data. Based on prior CGS investigations [26], which show that the regions
least afflicted by crack tip triaxiality in finite thickness specimens to be r=B > 0:4; and
901ojyjo1351; the fringes were digitized and used in the analysis. The coefficients
AmðtÞ were evaluated by minimizing the least-squares error ðdw=dx � Np=2DÞ2 (w as
given in the right-hand side of Eqs. (6)–(9)) at all the digitized data points with
respect to the unknown coefficients. The values for instantaneous mode-I stress
intensity factors Kd

I or KD
I ðtÞwere determined from A1ðtÞ:
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The need for using higher order terms for evaluating stress intensity factors was
first established. Fig. 8 shows variation of stress intensity factor, KD

I ðtÞ; with the
number of terms, m; used in the expansion for ðsx þ syÞ: Analysis for a typical fringe
pattern from each experiment is depicted. Evidently, as the number of terms used in
the least-squares analysis increase the value of the stress intensity factor drops and
attains a plateau. In all cases, value of KI remains nearly unchanged beyond m ¼ 3:
It should be noted that m ¼ 2 in Eq. (8) corresponds to the so-called T-stress which
does not affect the CGS fringes.

The stress intensity factor histories for the three cases obtained are shown in
Fig. 9. Crack tip stress intensity factors increase monotonically in each case until
crack initiation. The crack initiates at 105, 120 and 130 ms, respectively, for the three
volume fractions of 0.05, 0.25 and 0.45, respectively. The rate of increase of stress
intensity factors prior to crack initiation (dKd

I =dt) in nearly constant
(B4472MPaOm/ms) in all the three cases. After crack initiation, the values of
KD

I ðtÞ remain nearly constant for a short duration (25–30 ms) before becoming
oscillatory as the returning stress waves reflected from the boundaries reach the
crack tip. This region of nearly constant KD

I ðtÞ corresponds to accelerating crack
after initiation in each case. The stress intensity factor at initiation is the lowest in
case of the foam with a microballoon volume fraction of 0.45 followed by the ones
with 0.25 and 0.05, respectively. This is consistent with the drop tower test results
reported in Fig. 3. Further, The values of KD

I at initiation from optical measurement

0 1 2 3 4 5 6 7 8 9 10
m

1.0

1.2

1.4

1.6

1.8

2.0

2.2

K
ID

, (
M

P
a.

m

Vf = 0.05 at 130 µsec 

Vf = 0.25 at 120 µsec 

Vf = 0.45 at 105 µsec 

1/
2 )

Fig. 8. Variation of dynamic stress intensity factor with the number of terms in the expansion for

ðsx þ syÞ used in the least-squares analysis.

M.A. El-Hadek, H.V. Tippur / Optics and Lasers in Engineering 40 (2003) 353–369 365



are slightly higher than their counterparts obtained from the drop tower tests. This is
attributed to (a) in the optical tests, the value of dKd

I =dtis higher (B44MPaOm/ms)
than the drop tower tests (B19MPaOm/ms), and (b) specimens used in the optical
tests had 150 mm root radius notch instead of a sharp crack as in the drop tower tests.

The velocity dependence of dynamic fracture toughness is widely reported in the
literature [28] for polymers and metals. Accordingly, existence of this behavior in all
the three cases of syntactic epoxy foams was also examined. In Fig. 10 measured
fracture toughness values, KD

I ; are plotted against crack speed (normalized by the
respective Rayleigh wave speed). In each case, within the accuracy of measurements,
there appears to be no significant crack speed dependence in each of these cases.

Fracture surface of each of three foams was examined using scanning electron
microscopy (SEM). To facilitate microscopic observation in this polymeric material,
a few Angstroms thick gold layer was sputtered on to a fractured surface. The
observations were made at a location where the crack speed in each case is same and
equal to the maximum speed in the foam with volume fraction 0.05. The
corresponding micrographs are shown in Fig. 11. Evidently, hemispherical fracture
of the microballoons is evident in each case. Additionally, there is no wide spread
interfacial separation between the microballoons and the matrix. Also evident in the
micrographs are non-planar dynamic crack growth involving microbranching of the
matrix resulting in a rather rugged of the fractured matrix surface. These contribute
to the mechanical behavior of the syntactic foams under consideration comparable
to that of truly porous materials.
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Fig. 9. Mode-I dynamic stress intensity factor histories for three different epoxy syntactic foams.
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5. Summary

Dynamic fracture behavior of syntactic epoxy foams with microballoons in the
volume fraction range of 0–45% was examined. The foams were made by dispersing
microsize (B60 mm) hollow glass balloons having sub-micron (B0.4 mm) wall
thickness in low-viscosity epoxy matrix. Longitudinal and shear wave speeds of

Fig. 11. Scanning electron micrographs of dynamically fractured syntactic foam surfaces. The location of

the micrograph corresponds to a region where the apparent crack speed is the same (and equal to the

maximum speed in the syntactic foam with volume fraction 0.05).
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Fig. 10. Dependence of dynamic fracture toughness on crack speed in epoxy syntactic foams.
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homogeneous sheet samples of different volume fractions have been measured using
ultrasonic pulse-echo measurements. The dynamic Young’s modulus and Poisson’s
ratio for each volume fraction was obtained from wave speed measurements along
with density measurements. Monotonically decreasing Young’s modulus with
increasing volume fraction of microballoons was observed. The measurements were
in very good agreement with Hashin–Shtrikman lower-bound predictions for elastic
porous solids.

Dynamic crack initiation toughness and crack growth behaviors were determined
from instrumented drop-tower tests. Specimens with single edge sharp cracks were
subjected to low-velocity (1.5m/s) impact loading in three-point bending configura-
tion. Using maximum tup load from load-history records, crack initiation toughness
for each volume fraction was determined. Measurements show a monotonic
reduction in crack initiation toughness with volume fraction and a linear relationship
with Young’s modulus over the entire range of volume fractions studied. Prediction
based on an extended Hashin–Shtrikman model shows good agreement with the
measurements. Next, homogeneous samples of three selected volume fractions
(Vf ¼ 0:05; 0.25 and 0.45) were optically studied using the method of reflection CGS
and high-speed photography. Transient crack tip deformations in foam samples
subjected to impact loading (impact velocity B5.8m/s) were measured. Pre- and
post-crack initiation events were successfully captured and results indicate higher
crack speeds in foams with higher microballoon volume fractions. Further, crack
initiation occurs earlier in samples with higher degree of porosity. From the
interferograms apparent dynamic stress intensity factor histories were extracted
using overdeterministic least-squares analysis and asymptotic crack tip fields for
steadily propagating dynamic cracks in homogeneous, isotropic, elastic media. In
each case rapid increase of dynamic stress intensity factors (dKd

I =dtB44MPaOm/
ms) is seen. Following crack initiation, toughness values remain nearly constant and
subsequently become oscillatory about a mean value. Optical tests also indicate that
stress intensity factors at crack initiation and dynamic crack growth also decrease
with increasing volume fraction of microballoons. Further, dynamic fracture
toughness does not show any significant dependence on crack speed in the three
volume fractions studied.
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