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a b s t r a c t

Hollow glass microspheres/epoxy foams of different densities were prepared by stir casting process in
order to investigate their mechanical properties. The effect of hollow spheres content and wall thickness
of the microspheres on the mechanical response of these foams is studied extensively through a series of
quasi-static uni-axial compression tests performed at a constant strain rate of 0.001 s�1. It is found that
strength of these foams decreases linearly from 105 MPa (for the pure resin) to 25 MPa (for foam rein-
forced with 60 vol.% hollow microspheres) with increase in hollow spheres content. However, foams pre-
pared using hollow spheres with a higher density possess higher strength than those prepared with a
lower one. The energy absorption capacity increases till a critical volume fraction (40 vol.% of the hollow
microspheres content) and then decreases. Failure and fracture of these materials occur through shear
yielding of the matrix followed by axial splitting beyond a critical volume fraction.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Syntactic foams are particulate composites consisting of hollow
microspheres based on inorganic and polymeric materials dispersed
in a resinous matrix which could be thermosetting or thermoplastic
[1,2]. They are considered excellent candidate materials for light-
weight structural applications since they exhibit isotropic physical
properties, high specific compressive strength and stiffness, low
moisture absorption, and reasonably high thermal stability [3]. They
are also used as energy absorbing devices and as cores in sandwich
panels. Syntactic foams based on hollow glass microspheres dis-
persed in a polymeric matrix are of immense technological interest
and hence are being extensively investigated in recent times [4,5].

The ability to achieve desired properties by choosing an appro-
priate matrix and hollow spheres is one of the biggest advantages
of this class of materials. The matrix material can be selected from
almost any metal, polymer or ceramic and hollow spheres can be
cenospheres, glass microspheres, carbon and polymer micro-
spheres giving a wide range of possibilities to tune the properties.
The most widely used and studied foam systems are glass micro-
spheres/epoxy, glass microspheres/aluminium and cenospheres/
aluminium [6]. The two main ways to tune the properties of these
materials are, either by changing the volume fraction of the hollow
ll rights reserved.
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spheres reinforced or, by using microspheres of different wall
thicknesses.

Most studies on the mechanical properties of syntactic foams
are based on maximum incorporation of hollow spheres since this
helps in achieving high specific strengths [7,8]. Some of the earlier
studies were focused on the strength as well as density depen-
dence with volume fraction of hollow spheres and a linear model
was proposed [9]. The effect of wall thickness of the hollow
spheres on the strength values of these foams was also studied
by using different types of microspheres keeping the average size
constant [10,11]. In concomitant to achieving higher specific
strength and stiffness, they exhibit immense potential as energy
absorbing materials in light weight structures, in which sometimes
along with glass microspheres even glass fibres or nano-clay is also
incorporated. The system is then treated as a three-phase compos-
ite which helps in further strengthening of the material in addition
to enhanced energy absorption capacity [12]. Studies on gradient
structures based on creating a gradient in microsphere wall thick-
nesses but maintaining the same volume fraction has revealed
300% increase in the amount of energy absorbed per unit volume
in contrast to plain syntactic foams [13]. The potential of these
foams by sandwiching between fibre reinforced composites and
incorporating surface-treated hollow microspheres were explored
earlier by performing both quasi-static and dynamic loading tests
including their fracture mechanical properties which resulted in
improved performance [14–16].

However, previous studies have mainly focused on estimating
the variation in strength of these foams as a function of volume
fraction of the constituents and as a function of wall thickness of
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Table 1
Properties of the hollow glass microspheres and matrix (from the suppliers), used
along with the calculated average wall thickness and radius ratio.

Property Filler Matrix

K15 S22 K46

Effective size (lm) 60 35 40
Typical density (g/cc) 0.15 0.22 0.46 1.15
Isostatic crush strength (MPa) 2 2.8 41
Average wall thickness (lm) 0.60 0.52 1.29
Radius ratio – g 0.98 0.97 0.94
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the hollow spheres independently [17]. Also, the compression
behaviour of foams was discussed either based on microsphere/
matrix adhesion or on the wall thickness of the hollow micro-
spheres along with fracture analysis [18,19]. A comprehensive
understanding of the influence of microsphere/matrix adhesion,
wall thickness of the hollow spheres, and shear yielding of the ma-
trix on the compressive failure mechanisms of these foams is still
lacking. The present work aims at addressing the aforementioned
issues in totality in addition to exemplifying the materials’ energy
absorption capacity. Extensive quasi-static compression tests were
performed on syntactic foam samples produced as a function of
volume fraction and wall thickness of the hollow spheres, at a con-
stant strain rate to evaluate the mechanical response. Fractograph-
ic analyses of the failed samples were done to understand the
failure mechanisms in these foams. In the present work, epoxy re-
sin is chosen as the matrix due to its high strength, low shrinkage,
and excellent adhesion to various substrates, effective electrical
insulation, chemical and solvent resistance, low cost, and low tox-
icity. They are easily cured without evolution of volatiles or by-
products. Epoxy resins are also chemically compatible with most
substrates and tend to wet surfaces easily, making them especially
well suited to composites applications [20]. Hollow glass micro-
spheres are chosen as the hollow spheres due to their low density.
2. Materials and methods

2.1. Constituent materials

Epoxy resin (Araldite GY257) and Aradur (HY951) manufac-
tured by Huntsman Advanced Materials India are used as the
matrix material and curing agent respectively. Araldite GY257 is
a low viscous crystallization resistant epoxy resin based on Bisphe-
nol-A and modified with a reactive diluent having a density of
1.15 g/cc. Hardener (Aradur HY951) is a low viscous aliphatic
amine used for room temperature curing. The resin to hardener ra-
tio specified by the supplier was 100:12. Three different types of
hollow glass microspheres supplied by 3 M India with densities,
0.15 g/cc (K15), 0.22 g/cc (S22), 0.46 g/cc (K46) were used as rein-
forcements. The hollow spheres have chemically stable soda lime
borosilicate glass composition having a thermal stability of
600 �C. Tests were performed to find the peak exothermic temper-
ature, gel time and viscosity of the resin and the graph shown in
Fig. 1 gives the gel time and peak exothermic temperature for
the prescribed resin to hardener ratio. Viscosity of the resin was
found to be 263 mPa s at 33 �C. The test set-up for determining
the gel time and peak exothermic temperature consists of a beaker
Fig. 1. Temperature vs. time graph for epoxy resin showing the peak exothermic
temperature (for 12 parts of resin).
containing 100 parts of resin with 12 parts of hardener with a
thermocouple connected to it. A spindle moving up and down
the beaker was connected to a timer. As curing proceeds, due to
the formation of cross-links, temperature increases which is indi-
cated by the thermocouple and the corresponding time was noted
from the timer. Gel time gives an indication of curing as well as
maximum stirring time before pouring the mixture (glass micro-
spheres and epoxy) into the mould. When the curing is complete,
temperature decreases and the test was stopped when it reached
a temperature of 150 �C.

Material properties of both matrix and hollow spheres are sum-
marized in Table 1. The wall thickness of the hollow spheres and
their radius ratio are calculated using Eq. (1), (2) [21].
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where, e – the wall thickness of the spheres (lm); r – average radius
of the spheres (lm); qtrue – true density of the spheres (g/cc); qglass –
density of glass (2.54 g/cc); g – the radius ratio (inner radius to
outer radius).

2.2. Specimen processing

Stir mixing method [22] was used to process syntactic foams
with varying volume percentage (0–60 vol.%) of microspheres.
Syntactic foams have lesser density because of the hollow spheres
which have hollow space enclosed within the microspheres and
not because of any air bubbles or porosity present in the resin.
Hence, it is necessary to optimize the amount of hardener added
to the resin as it helps in curing the resin. Three different mixtures
with 10, 11 and 12 parts of hardener for 100 parts of resin were
prepared. The mixture with 11 parts of hardener was transparent
and free of air bubbles as seen in Fig. 2. Light scattering is less if
the specimen has minimum entrapped air bubbles. Hence, trans-
parency by visual examination was used as a measure to optimize
Fig. 2. Resin optimisation with three different parts of hardener.



Fig. 3. Processing flow chart for syntactic foam.

Fig. 4. Photograph of the INSTRON 3367 instrument during the test. Insert shows a
closer view of the sample.

Fig. 5. Density of sfhg100, sfhg060 and sfhg050 foams as a function of volume
percentage of the hollow spheres exhibiting a linear trend as per the rule of
mixtures.
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the percentage of hardener added to the resin. Amount of resin and
hardener were calculated a priori, weighed and carefully mixed in
steps in a beaker by manual stirring using glass rod. Then, the re-
quired amount of microspheres depending on the volume percent-
age was weighed separately and was added slowly to the resin
mixture. Slow manual stirring was preferred to avoid breakage of
microspheres. Since the microspheres are less dense compared to
the resin they tend to float on top. Stirring time was more for lower
volume percentage (10, 20 and 30) of hollow spheres to ensure
uniform distribution of hollow spheres in the resin. As the amount
of the hollow spheres increases, the viscosity also increases and the
mixture has putty like consistency. The mixture was then trans-
ferred to a stainless steel mould which was smeared with silicone
gel (mould releasing agent). The sample along with the mould was
allowed to cure for 24 h at room temperature and then removed
from the mould. To ensure complete curing, sample was post-
cured at 60 �C for 1 h in hot air oven. Steps involved in processing
of syntactic foams are shown in Fig. 3. The following nomenclature
was used to name the specimens prepared. sf–xx–yyy–zz: sf – syn-
tactic foam; xx – hollow glass (hg); yyy – maximum particle size of
the spheres as specified by the supplier; zz – volume percentage of
the filler. In short, K15 filler – sfhg100; S22 filler – sfhg060; and
K46 filler – sfhg050 foams respectively.

3. Structural characterisation

3.1. Physical properties

The density of the foams was calculated theoretically using the
rule of mixtures as given in Eq. (3), which also is used to determine
the amount of hollow spheres and matrix for preparation of foams.
Samples were ground and polished to make the surfaces flat and
then ultrasonicated for 3 min in acetone and ethanol respectively.
The weight of the sample in air and liquid was found using Satorius
density determination kit. This gives the density of foam experi-
mentally by Archimedes’ principle as given in Eq. (4).

qc ¼ qmvm þ qf v f ð3Þ

qc ¼
waðql � qaÞ

0:99983ðwa �w1Þ
þ qa ð4Þ

where, qc – density of the composite (g/cc); qf, qm – density of the
hollow spheres and matrix (g/cc) respectively; vf, vm – volume
fraction of the hollow spheres and matrix respectively; ql – density
of the liquid used (water – 1 g/cc); qa – density of air (0.0012 g/cc);
wa, wl – weight of the sample in air and liquid respectively (g/cc).
3.2. Microstructural studies

FEI Quanta 200 (USA) scanning electron microscope (SEM)
fitted with lithium doped silicon energy dispersive spectrometer
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(EDS) was used to observe the microspheres and the foam struc-
ture. To prevent charge build up, the surfaces were sputter coated
with gold–palladium to a thickness of 9 nm. Phenom desktop SEM
was used for back scattered electron imaging which operates at a
low voltage of 5 kV.

3.3. X-ray diffraction studies (XRD)

D8 Discover Bruker AXS was used for X-ray analysis of the
microspheres. The wavelength used was Cu Ka and was scanned
from 10� to 90� with an increment of 0.15� and having a scan speed
of 1 s/step.

3.4. Mechanical characterisation

3.4.1. Quasi-static uni-axial compression tests
Compression test specimens of circular dimensions with 14 mm

(l) � 14 mm (d) were prepared as per ASTM standard C365-05 [23].
Quasi-static uni-axial compression tests were performed on sam-
ples using INSTRON 3367 compression testing system with bluehill
software at a constant strain rate of 0.001 s�1, having a cross-head
speed of 1 mm/min. A photograph of the INSTRON machine during
the test is shown in Fig. 4. Tests were carried out on three samples
in each set and the average of these values is shown in the graphs.
4. Results

4.1. Structural characterisation

4.1.1. Physical properties
The density of the foams as a function of volume percentage of

the hollow spheres is represented graphically in Fig. 5. The volume
Fig. 6. SEM of the as-received microspheres of (a) K15, (b) S22 and (c) K46 gr
percentage of the hollow spheres is varied from 0–60% for K15,
S22, K46 grades. The density values measured through Archime-
des’ principle are plotted in the graph for foams produced using
the aforementioned grades of hollow spheres as a function of the
volume percentage. There is a linear decrease in the density of
the foams following the rule of mixtures and it decreases to
0.54 g/cc for sfhg100 & sfhg060 foams whereas to 0.76 g/cc for
sfhg050 foam from 1.1 g/cc.
4.1.2. Microstructural studies
The micrographs of as received K15, S22, and K46 microspheres

were taken to observe the as-received hollow microspheres before
incorporating in the matrix and are shown in Fig. 6a–c respectively.
EDS was done to confirm the elemental composition of the as-
received microspheres as shown in Fig. 7. The elemental composi-
tion of the microsphere in atomic percentage is C (26.8), O (51.9),
Na (2.98), Al (0.17), Si (15.5), and Ca (2.8). To confirm homoge-
neous distribution of the microspheres in the resin, samples with
60 vol.% hollow microspheres for sfhg100, sfhg060, and sfhg050
foams were fractured by impact and the corresponding micro-
graphs of the fractured surfaces are shown in Fig. 8a–c respec-
tively. The micrographs reveal a fairly uniform distribution of the
hollow spheres in the epoxy matrix. It is also observed that for a
given area fraction, there are more number of K46 grade micro-
spheres than K15 grade which is due to the fact that the average
size of K46 (40 lm) is less than that of K15 (60 lm).
4.1.3. X-ray diffraction studies
X-ray diffractogram of the as-received hollow glass micro-

spheres revealed that the silica used in making the microspheres
is amorphous in nature. Fig. 9 reveals the XRD of K15, S22, K46
ade respectively. Inserts are micrographs at higher magnification (800�).



Fig. 7. EDS of K46 grade to confirm the chemical composition (soda lime borosilicate glass) indicated by the supplier.

Fig. 8. Homogeneous distribution of spheres in the matrix (fractured surfaces) of (a) sfhg100-60, (b) sfhg060-60 and (c) sfhg050-60 foam respectively. Inserts at higher
magnification (1200�) show the inter-microsphere spacing in a given area fraction.
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Fig. 9. XRD of K15, S22 and K46 grade microspheres respectively shows that the
spheres are predominantly amorphous in nature.

Fig. 10. Compressive stress–strain curves for (a) sfhg100 foam; (b) sfhg060 foam; and
spheres.
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grade with a peak at 26.6� (quartz) indicating remnant crystalline
silica in the spheres.

4.2. Mechanical characterisation

4.2.1. Quasi-static uni-axial compression strength
Compressive stress–strain curves for sfhg100, sfhg060, sfhg050

syntactic foams as a function of volume percentage of the hollow
spheres are shown in Figs. 10a–c respectively. Three samples from
each material set were tested and their average values are repre-
sented in the graphs. As the hollow spheres content increases from
0 to 60 vol.%, the strength value decreases from 105 MPa to
25.9 MPa for sfhg100 foam, 105 MPa–25 MPa for sfhg060 foam
and from 105 MPa to 51 MPa for sfhg050 foam respectively. It is
clear that the compressive strength value is almost twice for
sfhg050 foam in contrast to other two material systems for same
volume percentage of the hollow spheres.

5. Discussion

5.1. Structural characterisation

The linear decrease in the density with increase in the content
of hollow microspheres indicates the foamy nature of the material.
There is almost 50% decrease in density for sfhg100, sfhg060 foams
and 37% decrease for sfhg050 foams from that of pure epoxy resin
which is evident from Fig. 5. The linear decreasing trend in density
is consistent with previous studies by other groups [24,9]. How-
ever, the slope of the density vs. volume percentage of hollow
spheres curves increases for high density hollow microspheres. In
(c) sfhg050 foams respectively as a function of volume percentage of the hollow
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the present study, sfhg050 foam (K46 – 0.46 g/cc) shows an obvi-
ous higher slope than the other two material systems owing to
higher density of the K46 grade hollow spheres. The micrographs
of the three types of syntactic foams (see Fig. 8a–c) reveal that
the foamy nature is entirely due to the increase in hollow spheres
content and not due to the presence of any entrapped air bubbles
which can be clearly seen from the uniform distribution of these
hollow microspheres.
5.2. Mechanical characterisation

5.2.1. Deformation behaviour
The deformation behaviour of syntactic foams used in the

present study is analysed based on its structure, i.e., if the structure
is stretch-dominated or bending-dominated, analogous to open or
closed cell foams due to the qualitative similarity in the deforma-
tion response. Earlier studies have indicated that the deformation
of foams whether open or closed, is bending dominated which
means that the topology of the cells causes the cell edges to bend
when the structure is loaded. Stretch-dominated structure is
preferred when foams are required to exhibit higher stiffness and
strength. On the contrary, bending-dominated structures are com-
pliant and not very strong but can absorb large amount of energy
when compressed. In the compressive stress–strain curve for
bending-dominated structures, the material is elastic linearly up
to elastic limit where cell edges yield, and buckle. The structure
continues to collapse at a constant stress until it reaches the
densification regime where stress rises steeply [25].

The stress–strain curves of syntactic foams can also be typically
categorised into three regions, namely, (i) a linear elastic region,
(ii) a plateau region and (iii) a densification region and a schematic
representative plot is exemplified in Fig. 11. In the first region, the
material is subjected to a uniform deformation and a linear elastic
region is observed. As the load increases, the stress value reaches a
maximum and subsequently reaches a constant value indicating
the plateau region. The maximum value of the stress or the peak
stress (see Fig. 10a–c) denotes the point of crack initiation in the
matrix as observed in pure resin and for foams. The plateau region
starts after the initial formation of shear crack, where there is a
continued deformation at a constant stress value which corre-
sponds to the energy absorbed by the material when under com-
pression. This is attributed to breaking of microspheres which
opens up the enclosed hollow space providing more space for the
compressing material to occupy [7]. When significant amounts of
microspheres are crushed, the stress level starts to increase again
indicating the process of densification and more amount of plastic
deformation takes place in the matrix.
Fig. 11. Schematic stress–strain curve for syntactic foams [33].
To model the collapse load, called the plateau stress rpl in bend-
ing-dominated structures using relative density and the yield
strength of solid of which the foam is made is given by Eq. (5) [25].

rpl

ry;s
a

q
qs

� �3
2

ð5Þ

where, rpl – failure strength; ry,s – yield strength of solid of which
the foam is made; q – density of the foam; qs – density of the solid
from which it is made.

The relative densities q
qs

� �
of the three material systems in the

present study were calculated by density measurements in which
the density of the solid was taken to be that of resin to a first
approximation, 1.18 g/cc. The yield strength of solid from which
the foam is made is taken as 105 MPa, which corresponds to the
compression strength of resin. The plateau stress values are found
out from the stress–strain curves (Fig. 10a–c) for the three material
systems and is tabulated in Table 2. The ratio of failure strength to
yield strength of the matrix was plotted against relative density for
sfhg100, sfhg060, sfhg050 foams respectively.
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From the above expressions, it is evident that the relation between
failure strength to yield strength ratio and relative density is in
good agreement with Eq. (5). A slight deviation in the exponent of
relative density in Eq. (8) can be due to higher wall thickness of
K46 hollow spheres. The compressive stress–strain curves of the
syntactic foams (Fig. 10a–c) follow the same trend observed for
bending-dominated structures and the relation between relative
strength and relative density values are in good agreement with
Eq. (5).

While the deformation mechanism of these syntactic foams is
predominantly controlled by the matrix, it is necessary to under-
stand the compressive behaviour of the resinous matrix. Thermo-
setting epoxy resins generally exhibit brittle failure under
tension but a considerable plastic deformation under compression
[26]. The plastic deformation in polymers is known to occur either
by shear yielding or crazing and is localised. The usual drop in
stress value subsequent to yielding is called ‘‘stress-softening’’ in
polymers [27]. The fracture surface of the resin exemplifying crack
formation and propagation and shear bands are shown in Fig. 12a
and b which are consistent with earlier reports [28]. However,
addition of rigid brittle particles to a polymeric matrix tends to re-
duce the strength of the system [29] as shown in Fig. 10a–c. The
Table 2
Relative density and failure strength data of the three material systems taken for the
present study.

Vol% of
micro-
spheres

Failure strength (MPa) Relative density

sfhg100
foam

sfhg060
foam

sfhg050
foam

sfhg100
foam

sfhg060
foam

sfhg050
foam

0 79 79 79 1 1 1
10 84 64 75 0.92 0.89 0.92
20 67 57 62 0.81 0.82 0.85
30 59 49 54 0.70 0.73 0.79
40 43 45 44 0.62 0.68 0.75
50 30 34 N/A 0.53 0.56 0.66
60 21 22 34 0.46 0.45 0.59



Fig. 12. Fractured surface of pure resin (a) shows formation of crack and crack propagation (b) presence of mirror and twist hackle lines.

Fig. 14. Comparison of stress–strain curves of pure resin, sfhg100-60, and sfhg060-
60 and sfhg050-60 foams respectively. Foams have an extended plateau region
when compared with pure resin indication the increase in energy absorption
capacity for foams.
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hollow glass microspheres used in the present study are brittle in
nature with low crush strength values of 2 MPa (K15), 3 MPa (S22)
and 42 MPa (K46) in contrast to that of the epoxy matrix
(105 MPa). On increasing the content of hollow microspheres the
amount of resin obviously decreases leaving behind a thin layer
at the interface of the microspheres. As a consequence of decreas-
ing content of the load-bearing resinous matrix phase, the com-
pression strength of syntactic foams exhibits decreasing trend.
The strength of the syntactic foams thus depends on the volume
fraction of the hollow spheres added to the matrix. From
Fig. 10a–c it is evident that, sfhg050-60 foam shows a strength of
50 MPa whereas sfhg100-60 and sfhg060-60 shows a strength of
22–25 MPa for the same volume fraction of the reinforcement.
There is almost two times increase in strength value for sfhg050
foams and the trend is consistent from 0 to 60 vol.% of the hollow
spheres which is attributed to the difference in crush strength val-
ues of the microspheres which in turn depends on their wall thick-
ness as mentioned in Table 1. Therefore, the strength of these
syntactic foams not only depends on the volume fraction of the
hollow spheres but also on the wall thicknesses of the hollow
spheres used.

Since microspheres with higher wall thickness can withstand
higher stress values in contrast to those with lower wall thickness.
Hence, when fracture occurs more load is transferred to the matrix
for higher wall thickness microspheres as compared to thin walled
microspheres. Therefore, sfhg050 foam exhibits a sharp drop in the
stress value after it reaches the peak stress, whereas this percent-
age drop is very less for sfhg100 and sfhg060 foams. The compres-
sive strength and modulus values of the syntactic foams as a
function of hollow spheres content are shown in Fig. 13a and b
respectively. It is clear that there is a decrease in the strength
and modulus values of syntactic foams with increase in the volume
fraction of the microspheres except the sfhg050 based system
where the decrease seems to be moderate with similar trends also
reported in literature [2,8,9,24]. The modulus values do not vary
much as the stiffness of the foam is mainly dependent on the stiff-
ness of the matrix which is same in all the three foam systems.
Sfhg050 foams exhibit strength of 50 MPa and modulus of
1.42 GPa consisting of 60 vol.% microspheres in contrast to the
other two material systems exhibiting 25 MPa (strength of
sfhg060), 0.86 GPa (modulus of sfhg060) for the same volume frac-
tion which again is attributed to higher wall thickness which in
turn is reflected in the relative density values. This result is in good
agreement with Eq. (5) and the values are tabulated in Table 2.
Specific strength and specific modulus plotted against volume per-
centage of the hollow spheres shown in Fig. 13c and d are high for
sfhg050 foams which is again attributed to the use of high density
hollow spheres.
5.2.2. Energy absorption
The attractive characteristic of these foams is their energy

absorption capacity; hence they are used as cores in sandwich
beams. In order to increase the toughness and damage tolerance
of these foams it is desired to have an increased plateau region
in the stress–strain curves. From the extensive compression stud-
ies performed, it is evident that, the increase in the content of hol-
low spheres increases the plastic strain in the matrix, thereby
extending the plateau region. Fig. 14 shows the increase in energy
absorption capacity of foams (extension in the plateau region)
when compared to pure resin which makes these materials ideal
for packaging applications. Addition of hollow spheres provides
large strain inhomogeneities and helps in toughening of the matrix
[30]. Energy absorbed per unit volume (U) and per unit mass for
the three different material systems taken for the present study
was evaluated by calculating the area under the stress–strain curve
as in Eq. (9)

U ¼
Z e

0
rðeÞde ð9Þ

The energy absorbed is calculated till the end of plateau region i.e.,
where the stress value starts to increase again [31]. Energy ab-
sorbed per unit volume and energy absorbed per unit mass for three
types of syntactic foams for varying volume percentage of the hol-
low spheres (0–60%) are shown in Figs. 15a and b respectively. The
energy per unit volume as well as per unit mass decreases after a
critical volume fraction of the hollow microspheres indicating that



Fig. 13. (a) Strength and (b) modulus; (c) specific strength and (d) specific modulus of sfhg100, sfhg050, sfhg060 foams as a function of volume percentage of the hollow
spheres.
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if the energy absorption capacity is the design criterion 40 vol.% to
50 vol.% of reinforcement seems to be limit. This trend is observed
in all the three material systems. Concomitantly, it is also observed
that the energy absorption capacity for sfhg050 foams is higher in
contrast to sfhg100 and sfhg060 foams.

5.2.3. Failure and fracture mechanisms
Fractured surfaces of the failed samples were studied in detail

and it was observed that in all the three material systems shear
Fig. 15. Energy absorbed (a) per unit volume and (b) per un
cracks originate from the edges of the specimen. The formation
of shear crack in the matrix is represented as drop in the stress va-
lue in the stress–strain curve. When the specimen is in the plateau
region of the stress–strain curve, more such shear bands are
formed and barreling of the specimen takes place. At a later stage
along with shear, axial splitting also occurs and spalling of the
specimen is observed. Below 40 vol.% of hollow microspheres, bar-
reling along with shear yielding alone is observed (schematic
shown in Fig. 16) which is in agreement with earlier results [32].
it mass by foams under quasi-static uni-axial loading.



Fig. 17. Schematic of failure sequence in syntactic foams above critical volume
percentage of hollow spheres (40 vol.% in present study) shows axial splitting along
with shear deformation. Photographs of sfhg050-60 foam i.e., at 60 vol.% of hollow
spheres represent the schematic.

Fig. 16. Schematic of failure sequence in syntactic foams below critical volume
percentage of hollow spheres (40 vol.% in present study) shows only shear with
barreling. Photographs of sfhg050-20 foam i.e., at 20 vol.% of hollow spheres
represent the schematic.
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The axial splitting is observed in specimens only beyond 40 vol.%
(schematic shown in Fig. 17). Fig. 16a represents the schematic
of the sample when loaded, i.e., before the start of the stress–strain
curve. The drop in the stress value in Fig. 11 is due to initial crack
formation which is shown in Fig. 16b. In the plateau region the
sample barrels and its schematic at the end of the stress–strain
curve is represented in Fig. 16c. From Fig. 17c and d, it is clear that
for failure sequence above the critical volume percentage of hollow
microspheres, there is axial splitting along with shear yielding dur-
ing the plateau region. Similar trends are also observed by Gupta
et. al. [12,33] and in epoxy based polymeric foams with different
porosity levels subjected to quasi-static compression [34].

With increase in the volume fraction of hollow microspheres in
the epoxy resinous matrix, there could exist several stress concen-
tration regions in the material. Thus, beyond a critical volume
Fig. 18. Fractured surfaces of sfhg100-60 foam. (a) Region with cru
fraction (40 vol.%) in the present study, it could be easy for interfa-
cial crack to occur and propagate which may be the reason for
observed trend as exemplified in the schematic shown in Fig. 17.
The debonding of the microspheres is more at higher volume frac-
tions and hence axial splitting along with shear yielding is com-
monly observed. Lee and Yee have also reported that the
debonding zone size and the number of steps formed per unit area
also increase with hollow spheres content [35]. This could be one
of the reasons for the decrease in energy per unit volume at higher
volume fractions which is discussed in Section 5.2.2. At lower vol-
ume fraction of the hollow microspheres, only the resinous matrix
is capable of carrying the load even after the failure. However, with
increase in the content of the hollow microspheres beyond a criti-
cal volume fraction the inhomogeneity in the matrix increases
shed microspheres. (b) Regions with small amount of debris.



Fig. 19. Fractured surfaces of sfhg060-60 foam. (a) Region with crushed microspheres. (b) Regions with small amount of debris.
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resulting in more localised regions of tension in the material
causing axial splitting in the specimen. Micrographs were taken
on wedge-like fragments that were separated from the specimen
Fig. 20. Fractured surfaces of sfhg050-60 foam. (a) Region with cru
originated from the shear cracks emanating from the edges of
the specimen which on intersecting gives a network pattern during
compression, which was observed in earlier reports [10,12,17].
shed microspheres. (b) Regions with small amount of debris.
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The fractographs of the sfhg100, sfhg060 and sfhg050 syntactic
foams with identical volume fraction of microspheres (60 vol.%)
are shown in Figs. 18–20 respectively. There are mainly two re-
gions which are commonly observed in all the three material sys-
tems; one region with a large number of uncrushed microspheres
and less debris and the other region with more debris which again
is in agreement with an earlier report [12]. Careful observation in
the regions with uncrushed microspheres shows a step-like feature
in the micrograph. A moving crack front is momentarily stopped by
the microspheres as consequence of which the crack front bows
out from these positions and eventually breaks away creating a
characteristic step on the fractured surface [36,37]. A large number
of debonded microspheres observed in the fractographs could be
due to poor bonding of epoxy with glass microspheres [38,39].
Young and his group studied the effect of particle/matrix adhesion
on the fractured surface where poorly bonded interface is consid-
ered as a spherical hole where the maximum tensile stress is at
the equators of particles [40]. Therefore, the fractured surface has
hemispherical holes and top surfaces of debonded particles. From
Fig. 20b it is observed that sfhg050 system has fewer amounts of
crushed microspheres than sfhg100 and sfhg060 systems again
indicating a strong influence of thickness of the walls of the
microspheres.

6. Conclusions

The experimental study on compressive properties of syntactic
foams with three different hollow glass microspheres of different
grades with varying volume percentage (0–60%) reveals that,

� The strength and modulus decrease with increase in volume
fraction of the microspheres increases as the wall thickness of
the microspheres increase.
� The deformation behaviour of syntactic foams is similar to that

of cellular solids and failure occurs through shear as well as by
axial splitting.
� The nature of the stress–strain curves whether stable or unsta-

ble is dependent on the wall thickness of the spheres which also
gives an indication on the failure behaviour of the foams.
� With increase in the content of hollow microspheres, energy

absorption capacity of the foam increases whereas strength
decreases until a specific critical volume fraction.
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