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Syntactic foams are characterized for high strain rate compressive properties using
Split-Hopkinson Pressure Bar (SHPB) technique in this study. The results at high strain rates
are compared to quasi-static strain rate compressive properties of the same material. Four
different types of syntactic foams are fabricated with the same matrix resin system but
different size microballoons for testing purpose. The microballoons have the same outer
radius. However, their internal radius is different leading to a difference in their density and
strength. The volume fraction of the microballoons in syntactic foams is maintained at 0.65.
Such an approach is helpful in isolating and identifying the contribution of matrix and
microballoons to the dynamic compressive properties of syntactic foams. Results
demonstrate considerable increase in peak strength of syntactic foams for higher strain
rates and increasing density. It is also observed that the elastic modulus increases with
increasing strain rate and density. Scanning electron microscopy is carried out to
understand the fracture modes of these materials and the density effect on high strain rate
properties of syntactic foam. © 2005 Springer Science + Business Media, Inc.

1. Introduction

High damage tolerance, low density and high specific
strength of open and close cell structured foams make
them suitable for aeronautical and marine structural ap-
plications [1, 2]. Normally open cell foams have lower
density and strength compared to close cell structured
foams. However, moisture absorption and thermal ex-
pansion coefficients of close cell foams are lower [3,
4]. Depending on loading and environmental condi-
tions either open or close cell structured foams can
be selected for a specific application. Both foams are
widely used in sandwich composites as core materials
[5].

Syntactic foams are one of the most widely used
close cell structured foams. These foams are fabricated
by incorporation of hollow particles (microballoons) in
a matrix material. Such kind of foams give great design
flexibility as microballoons and matrix can be made up
of any material depending on the desired composite
properties. Volume fraction of constituents and inter-
facial properties can also be adjusted to fabricate syn-
tactic foams exactly as per requirements. Quasi-static
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properties of syntactic foams can be found studied in
the literature particularly. Large numbers of studies on
compressive properties of these materials are published
in the literature [6—13]. These studies characterize the
stress-strain behavior, the energy absorption charac-
teristics and the fracture features of various types of
polymer matrix syntactic foams. A stress plateau re-
gion observed in the stress-strain graphs of syntactic
foams is found to be of particular interest because it
represents the energy absorption characteristics of the
foams.

Large number of studies can be found in the pub-
lished literature on the high strain rate testing of various
kinds of polymeric and metallic foams performed by
using various techniques. Dynamic tests are conducted
in industry to characterize the impact energy behavior
of a variety of rigid polymers using drop weight tower
[14] or simulated head impact using dynamic impact
sled [15]. High strain rate mechanical properties of
metallic foams have been studied by many researchers
using the Split Hopkinson Pressure Bar (SHPB) tech-
nique [16-19]. These studies suggest that compressive
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flow stress of the Al-foam is a function of the relative
density but does not exhibit strain rate sensitivity. High
strain rate compressive behavior of a rigid polyurethane
foam with various densities is determined by Chen et.
al [20]. They found the peak stress to be strain rate
sensitive and expressed it in terms of the square of the
foam density. Tensile and compressive properties of
polystyrene bead (PSB) foams at various temperatures
and strain rates are studied extensively by Rinde et al.
[21]. Some of the previous studies on the dynamic prop-
erties of honeycomb structures can also be found in the
published literature [22, 23]. These studies found an
increase of 20 to 70% in the dynamic crush strength at
impact velocities of 30 m/s. Some recent studies related
to the high strain rate properties of syntactic foams can
also be found published in recent times [24, 25]. These
studies have tested one type of syntactic foam at a vari-
ety of strain rates between 300 and 1900 s~! and at dif-
ferent temperatures. However, comprehensive studies
relating the properties of various constituting materials
to the high strain rate properties of syntactic foams are
needed.

Applications in aircraft and marine structure com-
ponents require strong understanding of dynamic me-
chanical properties of syntactic foams because the im-
pact loading conditions may significantly alter mechan-
ical response of the material. Hence, syntactic foams
should also be characterized for high strain rate proper-
ties by carefully controlled experiments. Such data are
essential for conducting realistic numerical simulations
for safe design of structures.

In the present work the high strain rate characteriza-
tion of syntactic foams of four different densities but
of the same microballoon volume fraction is conducted
using a SHPB. Solid cylindrical specimens of aspect ra-
tio (length/diameter) of 1 are used for the tests. The re-
sults of the high strain rate tests are subsequently com-
pared to those of quasi-static tests. The effect of strain
rate variation on the values of compressive strength,
failure strain and compressive modulus is observed and
analyzed. Extensive optical and scanning electron mi-
croscopic observations are performed to establish the
high strain rate failure mechanisms in syntactic foams
and relate them to the mechanical properties of the
materials.

2. Syntactic foam structure
Syntactic foams are two-phase materials having mi-
croballoons dispersed in a matrix material. Structure
of syntactic foams is shown in Fig. 1. It is possible to
change the density of syntactic foams without changing
the volume fractions of microballoons and matrix mate-
rial in the structure. This can be achieved by selecting
microballoons of different wall thicknesses. Another
advantage of this approach is that a constant interfacial
area between matrix and microballoons can be main-
tained while varying the density of the syntactic foam.

Microballoon wall thickness can be related to a pa-
rameter named Radius Ratio, 1, which is given by
Equation 1.

T

n=— (1)
ro
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Figure 1 Structure of a syntactic foam.

Where ry is the internal and r is the outer radius of the
microballoon. The parameter » varies between 0 and 1.
Increase in 1 corresponds to a decrease in wall thick-
ness, which leads to a decrease in true particle density of
microballoon. Therefore, microballoons having higher
n value give rise to lower density syntactic foams and
vice versa.

Microballoon can be divided into two categories
based on their  value. It is theoretically established
that syntactic foams having n value lower or higher
than 0.71 experience different stress states in the spec-
imens during compression testing [26]. All selected
types of microballoons have 1 value more than the crit-
ical value of 0.71 in order to make the direct comparison
of experimental results meaningful.

3. Material preparation

3.1. Syntactic foam fabrication

Four types of microballoons, manufactured and sup-
plied by 3M under the trade name "Scotchlite" are se-
lected for the fabrication of syntactic foam specimens.
All four types of microballoons have nearly identical
mean outer radius, however, 7 is different for each
of them. The mean particle diameter and true parti-
cle density of selected microballoons, supplied by the
manufacturer, are given in Table I. Diglycidylether of
bisphenol A based epoxy resin D.E.R. 332 manufac-
tured by DOW Chemicals with hardener D.E.H. 24 is
used as the matrix material. A diluent C;,—Cy4 aliphat-
icglycidylether is used to lower down the viscosity of
the resin, which is desired to properly mix and wet mi-
croballoons. The volume fraction of microballoons is
maintained at 0.65 in all types of syntactic foams.

TABLE 1.
foam slabs

Properties of microballoons used to fabricate syntactic

Mean

Microballoon Microballoon microballoon Calculated

type density (kg/m3)  diameter (um) radius ratio n
S22 205 35 0.922
S32 320 40 0.907
S38 380 40 0.888
K46 460 40 0.863




TABLE II.
syntactic foams

Density and void volume fractions in the fabricated

Corresponding
Microballoon foam Syntactic foam  Void volume
type nomenclature density (kg/m3)  fraction (%)
S22 SF 22 493 6
S32 SF 32 545 9
S38 SF 38 575 10
K46 SF 46 650 6

Fabrication of syntactic foams is carried out in a two-
step process, i.e. mixing and casting. First the resin and
diluent are mixed and heated to 50°C to further reduce
the viscosity of the mix. Hardener is then added and
stirred thoroughly, followed by microballoons addition.
The mixture is stirred gently to minimize the damage
to microballoons during the mixing process. The slurry
like mixture is then cast in stainless steel molds of 230
x 230 x 13 mm? dimensions and cured for at least
36 h at room temperature. Cast foam slabs are removed
from the molds and post cured at 100 &+ 3°C for 3 h.
The fabricated syntactic foams have some entrapped air
due to mechanical mixing. This entrapped air is termed
as voids. The measured density and the calculated void
volume fraction values of fabricated syntactic foams
are presented in Table II.

3.2. Test specimens

During high strain rate testing using the SHPB, speci-
men diameter never exceeds the pressure bar diameter
up to its fracture strain because of small Poisson’s Ratio
of foams. The diameter of the samples is kept slightly
less than that of the SHPB bars (9.65 mm). Cylindrical
foam specimens of 9.5 mm in diameter and 9.5 mm in
length are core drilled from the slabs for testing. The
specimen ends of these core-drilled specimens are then
carefully polished with 400-grit polish paper.

4. Testing methods

4.1. Static testing

Compression testing of the fabricated syntactic foams
is carried out using MTS 810 Material Test System
as shown in Fig. 2. Load and displacement data ob-

Steel 4 °h < Specimen
g
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§

Figure 2 Static compression testing setup of syntactic foam specimen.

tained from the machine is used for the calculation of
compressive strength and modulus. Constant crosshead
velocity of 1.3 mm/min was maintained as recom-
mended by ASTM D 695-94 standard for such tests.
This compression rate corresponds to a strain rate of
about 0.0003 s~!. Test specimens have cross section
area of 25.4 x 12.5 mm? and height of 25.4 mm. Re-
sults of the static compression tests have been published
elsewhere in detail [27].

4.2. High strain rate testing

4.2.1. Testing procedure

High strain rate tests are conducted using a compres-
sion type SHPB equipment that is popularly known as
Kolsky bar well described in the literature [28, 29]. In
this technique a cylindrical specimen is mounted be-
tween long incident and transmitter bars of very high
yield strength while a short striker bar is used to pro-
duce an impact on one end of the incident bar. The
overall specimen dimensions are required to be small
enough to minimize the effects of longitudinal and lat-
eral inertia and wave dispersion within the specimen.
In addition, a frictional constraint at both pressure bar-
specimen interfaces due to the radial expansion of the
specimen during loading can produce non-uniform de-
formation in the specimen. These frictional constraints
have been significantly reduced by applying a thin film
of lubricant at the interfaces [29]. In the present study
molybdenum disulphide lubricant is applied. The de-
tails about testing by using this technique for high strain
rate testing of materials can be found elsewhere in the
literature [29].

4.2.2. Instrumental characterization

High strain tests are carried out on a SHPB by vary-
ing the air pressure in the chamber from 60 to 250 psi
to achieve striker bar velocities between 5 and 15 m/s.
The stress wave produced initially undergoes distorting
wave phenomenon contrary to the basic assumption of
uniaxial wave propagation. The waves with narrower
frequency bandwidth suffer less from distorting effects
of dispersion. Such bandwidth can be obtained by in-
creasing the rise time of the wave. Shaping of impact
pulse is achieved by placing a yielding material (im-
pact plenum) between the striker bar and the input bar.
Mild steel plenum with 6.73 mm diameter is used in
this experimental work.

A typical oscilloscope record for the materials under
testing obtained from SHPB experiments is shown in
Fig. 3. Waves for the incident and the transmitter bar
can be observed in this figure. The first pulse, denoted
by A, in the incident wave is incident pulse; whereas
the second pulse (B) is reflected pulse. If the mechani-
cal impendence of the specimen is less than that of the
bar, the two pulses are opposite in sign, as shown in this
figure. The transmitted pulse (C) through the syntactic
foam specimen is lower in magnitude than the inci-
dent pulse A. In the last part of the transmitted pulse,
its magnitude decreases gradually compared to the in-
cident pulse in a way similar to metallic specimens
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Figure 3 Typical oscilloscopic record for high strain rate testing of
syntactic foam specimens.

[30]. The transmitted pulse records the stress history
in the specimen whereas the reflected pulse records the
specimen strain rate and strain. By comparison of two
pulses, B and C, it can be noted that the magnitude of
the reflected pulse is very high compared to the trans-
mitted pulse. It shows relatively higher amount of total
strain at lower value of stress in comparison with other
composite materials such as graphite/epoxy, which fail
at relatively much lower strain [31]. The plateau in the
reflected pulse indicates that the specimen deformed at
a nearly constant strain rate for most part of the time
during specimen deformation.

The strain rate for a given test varies as a function
of time. Initially it increases from zero and remains
relatively steady at a certain value as mentioned in the
previous paragraph. The average strain rate value is
obtained and used to characterize the specific experi-
ment. Based on the assumption that the dynamic force
in both the incident and transmitted bar are equal, the
following equation can be written.

ET — & = ER (2)

where, T, €1 and e are pressure bar strains due to
transmitted, incident and reflected pulse, respectively.
This verification of dynamic equilibrium is presented
in Fig. 4. The two curves match with each other rea-
sonably well.
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Figure 4 Verification of equation of dynamic equilibrium for the high
strain rate response.
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Figure5 Stress vs. Strain curves for syntactic foams of various densities
at strain rates of around 1050 s~!.

5. Results and discussion

5.1. Stress-strain behavior

High strain rate compression test results of four types
syntactic foams are discussed here to establish the ef-
fect of strain rate and effect of syntactic foam density on
the dynamic compressive properties of syntactic foams.
The results at high strain rates are compared to quasi-
static strain rate compressive properties of the same
material. Typical engineering stress versus engineer-
ing strain curves for various foam densities obtained
at strain rates of approximately 1050 s~! are shown in
Fig. 5. An almost linear initial region is found for each
stress-strain curve where stress is directly proportional
to strain up to about 3% strain. Another general ob-
servation for each of them is that the stress reaches to
its peak value when the compressive strain is between
3.5 to 4%. The foam density is not found to influence
the strain at peak stress value. This fact strongly in-
dicates that the critical strain at which peak strength
is observed does not depend on the type of microbal-
loons and can be primarily recognized as the matrix
property. Contrary to quasi-static stress-strain curves,
the stress values do not drop drastically after maximum
stress in high strain rate experiment. Only a small de-
crease in stress is observed after the peak stress value.
After the peak, the stress stays nearly constant for in-
creasing strain until it drops suddenly corresponding to
the ultimate failure of the specimen. For some of the
lower density specimens tested under dynamic condi-
tions, stress oscillations are observed in this constant
stress region, which indicate the fracture front propaga-
tion through specimen length. A constant stress region,
called the plateau region, is also observed in the quasi-
static test results, which is termed as the densification
stage. The main reason for the densification stage in
the quasi-static tests is the fracture of microballoons.
Compressing material consumes the space of microbal-
loons and increases the overall density of the syntactic
foam. Microscopic evidences will be sought in the later
sections to determine if the same kind of phenomena
occurs in high strain rate tests.

The strain rate dependence of peak stress for vari-
ous types of foams can be observed in Fig. 6. Almost
twofold increase in peak stress values is attained at
the strain rates of about 1700 s~! compared to quasi-
static value in all types of syntactic foams. The increase
in maximum strength with increase in strain rate can
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Figure 6 Peak Stress values for syntactic foams of various densities at
different strain rates.

be attributed to the fact that at slower strain rates, the
damage propagates more slowly expending most of
the applied energy. However, at higher strain rates, the
damage does not have enough time to propagate and
thus a higher amount of energy is absorbed under this
situation. This is accomplished by increase in stress
level as compared to quasi-static conditions for sim-
ilar strain values. Additionally, viscoelastic nature of
the polymer matrix itself is responsible in addition to
the time dependent nature of damage accumulation.
Another observation from Fig. 6 indicates that similar
to quasi-static testing, the maximum stress values in-
crease with increasing syntactic foam density. The peak
stress is calculated to be 130.8 MPa for the SF46 foam
having density value of 460 kg/m® and progressively
decreases with decrease in density and becomes about
65.4 MPa for SF22 syntactic foam having density value
of 205 kg/m>.

It is possible to consider the combined effect of strain
rate and density of the syntactic foam on peak stress val-
ues in different strain rate ranges. Fig. 6 shows almost
linear increase in peak stress values with increasing
strain rates for higher density syntactic foams (SF46
and SF38). For lower density foams, this increase is
linear up to the strain rates of about 1100 s~! and then
it becomes nonlinear where the curves become almost
flat. This phenomenon is more apparent from Fig. 7
where with increasing strain rate, lower density forms
show relatively less increase in peak stress values com-
pared to those of higher density foams. This means that
in case of the lower density (higher 1) foams the strain
rate sensitivity of peak stress decreases at higher strain
rate values where microballoons play a major role in
sustaining applied stress. At lower strain rates where
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Figure 7 Syntactic foam density dependence of maximum stress at
various strain rates.

matrix failure is more dominant, the peak stress values
appear to be almost equally strain rate sensitive regard-
less of the density of the foam. The variation in strain
rate sensitivity of the syntactic foams in different strain
rate regions will become clear in the section on failure
mechanisms of foams where it can be found out that
the mode of failure is the determining factor for strain
rate sensitivity.

Crushing of microballoons is a considerably impor-
tant mechanism of failure for lower density syntactic
foams under quasi-static conditions of loading. Signif-
icantly high failure strains can be expected in this case
due to the availability of newly created space by break-
ing of hollow microballoons. With increase in density
of syntactic foam, vertical crack originated under lat-
eral secondary tensile stresses limits the total strain in
the materials before its failure. Therefore, lower fail-
ure strain can be expected. These phenomena are quite
clear from Fig. 8. It can be observed that under quasi-
static loading, the failure strain decreases considerably
from 9.41% for SF22 to 5.82% for SF46. The fail-
ure strain remains almost the same at high strain rate
(~1300 s~!) for higher density syntactic foams but
the gap between failure strains at quasi-static and high
strain rate increases considerably at lower densities of
the foam. Thus it can be inferred that under dynamic
conditions of loading, lower density foams are more
susceptible to vertical cracking of the materials than
crushing of microballoons. In general increasing trend
of failure strain with decreasing density of the syntac-
tic foam becomes less and less prevalent with increased
strain rates.

Fig. 9 shows stress-strain curves for SF38 syntactic
foam at various strain rates. It can be observed that
stress-strain curves get stiffened significantly at higher
strain rates compared to the static curve due to vis-
coelastic nature of the polymer matrix. Similar trends
are observed for all types of foams. Compressive mod-
ulus values for all types of foams at various strain rates
are presented in Table III. An appreciable amount of
increase in modulus values is observed for all kinds
of foams with increase in the strain rate. At the strain
rates of about 1700 s~ up to 37% increase has been
noted in the modulus as compared to quasi-static value.
It is interesting to note two facts here. First, the volume
fraction of the polymer matrix is the same for each type
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Figure 8 Fracture strain values for various foam densities at different
strain rates.
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TABLE III. Change in modulus with strain rate

Syntactic foam Modulus E Percentage
type Strain rate (s™')  (MPa) change
SF 22 Static 1547 -
830 1777 14.86
1200 1969 27.77
1688 2503 37.29
SF 32 Static 2025 -
703 2191 8.19
1164 2372 17.13
1636 2601 28.44
SF 38 Static 2394 -
830 2796 16.79
1030 2888 20.63
1324 1864 19.65
SF 46 Static 2639 -
979 3132 18.68
1015 3161 19.78
1460 3564 35.20
140 1
120 1 1324/ s
100 -
‘@ 1187/ s
Q 80 -
=
0 60 -
7]
g
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20 4 /
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Figure 9 Static and dynamic stress-strain curves for SF38 specimens.

of foam. Second, for all types of foams the percentage
changes in the elastic modulus values at any similar
higher strain rates compared to respective quasi-static
values are almost the same. Hence, it can be concluded
that elastic modulus variation is due to the matrix part
of foam only and not due to microballoons.

5.2. Failure observations

In the quasi-static compression tests of syntactic foams
it is observed that the specimen failure takes place un-
der the combined effects of shear and secondary tensile
stresses as shown in Fig. 10. Specimen of SF38 syntac-
tic foam is shown in this figure. Shear cracks originate
from the corners of the specimens and propagate at 40—
60 ° angles. Cracks originated under lateral secondary
tensile stress are in the direction of applied load. It is
noticed that as the foam density increases, vertical split-
ting becomes more and more prominent. Also initiation
of the crack is highly influenced by the stiffness of the
material. Higher stiffness syntactic foams, with higher
density (lower microballoon 1), show early formation
of the vertical crack. On the contrary, the foams with
lower density (higher microballoons 1) show higher
strains before origination of vertical crack and final
failure of the specimen. The higher specimen failure
strain also leads to more crushing of microballoons in
the syntactic foams.
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Figure 10 Optical micrograph of a SF38 syntactic foam specimen failed
under quasi-static testing in mixed failure in shear and vertical splitting.

Failure modes of specimens tested at high strain rate
are evaluated using optical and scanning electron mi-
croscopy. Although the stress-strain responses of the in-
dividual category of syntactic foam specimen portray
some unique characteristics, the samples share some
common modes of failure for all kind of foams.

In high strain rate test specimens crack starts from
one end and propagates to the other end across the
specimen length. It initiates with two shear planes orig-
inating from the edges of the same end of cylindrical
specimen. Under the effect of secondary tensile stresses
these shear planes eventually join together and form a
crack plane along the length of the specimen. Optical
micrograph showing this mode of failure is shown in
Fig. 11. Substantial amount of damage is noticed at
this end of specimen and on the shear planes caused
by crushing of microballoons. Debris of microballoons
at this specimen end is visible all over the micrograph
in Fig. 12. This crack then travels through the speci-
men causing the ultimate fracture. The higher the strain
rate, the lower will be the shear failure at the ends and
most of the fracture will be a result of straight cleavage
like tensile crack plane. A typical example of this kind
of fracture is shown in Fig. 13, which shows a SF46
specimen tested at 1680 s~! strain rate. In this figure
a straight crack plane is initiated at the incident end

Figure 11 Optical micrograph of a dynamically tested specimen show-
ing two shear planes originated at the specimen end and then joining
together to form a vertical crack.



Figure 12 Debris of crushed microballoons at the end of a specimen.

Figure 13 A crack originated at the specimen end causing vertical
splitting in the specimen as observed under optical microscope.

of the specimen, which eventually propagates to the
transmitted end without any deviation.

Although the failure mechanism for high strain rate
testing as mentioned above seems similar to the vertical
splitting mechanism observed for quasi-static testing
of the syntactic foam specimens, scanning electronic
micrographic observations reveal some interesting dif-
ferences. In the lower strain rate test specimens it is
observed that the crack propagates through either the
matrix material or the matrix-microballoon interfaces
as shown in Fig. 14. Crack does not tend to fracture the
microballoons and bypasses them completely. In higher
strain rate test specimens, crack tends to fracture the
microballoons while propagating (Fig. 15). A higher
magnification micrograph shows the crack propagation
through a microballoon causing its ultimate fracture as
shown in Fig. 16. This consumes a higher amount of en-
ergy at high strain rates and requires higher amount of
stresses for fracture as compared to quasi-static testing.
Fig. 17 shows the side view of a failed specimen under
dynamic loading. Here, like a typical brittle-like frac-
ture, the fracture plane passes through microballoons
and cut them into hollow hemispheres.

In many cases, a network of cracks derived from
the original crack plane or from either of the specimen
ends or from voids was observed. The voids in the
specimen are also found to be "attraction centers" for

Figure 15 A crack passing through microballoons under high strain
rate conditions.

Figure 16 SEM image of enlarged view of Fig. 15 showing crack’s path
through a microballoon.

the cracks and cause fracture planes to change their
original direction. Fig. 18 shows an SEM image of
fracture planes meeting at a void site. Another SEM
image in Fig. 19 shows a fracture plane being attracted
by a void where its lower wall remains undamaged
(central portion of the micrograph). Hence, voids are
found to influence crack path and play an important
role in deciding the mechanical properties at high strain
rates.
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Figure 17 scanning electronic image showing the crack plane passing
through microballoons breaking them into hollow hemispheres.
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Figure 18 Crack planes observed to be attracted by higher void density.
The planes are observed to change their path due to voids in the material.

Figure 19 Fracture surfaces meeting at a void. The lower half of the
void can be seen as undamaged group of microballoons in the center of
the micrograph.

6. Summary
e In contrast to metallic foams, syntactic foams are
found to be highly strain rate sensitive. SHPB is
found to be an effective and reliable instrument
for testing high strain rate properties of syntactic
foams.
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e Almost twofold increase in the maximum stress
is observed for the samples tested at a strain rate
of about 1700 s~! as compared to the quasi-static
value. The strain rate sensitivity of the maximum
stress is found to vary with density of the foam and
the strain rate range.

e Strain at maximum stress is found to be almost con-
stant for foams containing all types of microbal-
loons. The failure strain values are observed to
increase with increasing microballoon internal ra-
dius. Strain rate sensitivity of failure strain for syn-
tactic foam depends on the density of the foam and
the applied strain rate.

e Continuous increase in modulus unlike metallic
foams is obtained with increasing strain rate due
to viscoelastic nature of polymeric matrix.

e Failure initiated by shear at one end of the spec-
imen is found to propagate along the length of
the specimen creating flat fracture surfaces show-
ing its brittle-like characters. The crack does not
deviate from its path to avoid the harder microbal-
loons until it causes ultimate fracture of the speci-
men unlike the one observed under low strain rate
conditions.
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