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ABSTRACT 

Microballoons (hollow particles) of the same outer radius 
but with five different inner radius values are used to fabricate 
five types of syntactic foam slabs.  These five types of slabs 
are used as core material to fabricate sandwich composites.  
Three and four point bending and short beam shear strength 
tests are carried out to characterize the flexural behavior of 
syntactic foam core sandwich composites.  The effect of 
change in microballoon Radius Ratio (ratio of the inner to the 
outer radius) on the flexural properties of the sandwich 
composites is also studied.  The results show that in three and 
four-point bending tests the failure is governed by tensile 
properties of the foam core and the strength is not affected by 
the microballoon radius ratio.  Shear failure takes place in 
short beam shear tests, which makes the microballoon radius 
ratio an important factor in determining the strength of the 
sandwich composite. 
 
INTRODUCTION 

Sandwich composites are produced by attaching two thin 
but stiff skins to a lightweight thick core.  Some of the 
commonly used core materials are wood, honeycomb, truss, 
corrugated structures and open and closed cell foams, among a 
variety of other materials [1].  The skins are normally made of, 
but not limited to, glass or carbon fabric reinforced laminated 
composite materials.  Such materials have high specific 
strength and bending stiffness [2].  Sandwich composites are 
commonly used for aerospace, marine and other structural 
applications including various types of transportation vehicles 
and packaging. Syntactic foams have gained considerable 
importance as core materials in sandwich composites for these 
applications due to their high compressive strength, damage 
tolerance and low moisture absorption [3]. 

Syntactic foams are microballoon (hollow particle) filled 
polymers, which can be classified as closed pore foams.  
Microballoons can be made of polymer, metal or ceramic 
materials [4]. Similarly a matrix can be chosen from a variety 
of available materials depending on the desired properties and 
applications.  A suitable combination of matrix and 
microballoon materials at particular volume fractions can lead 
to a desired set of properties in syntactic foam.  Studies 
regarding compressive [4, 5], impact [6] and hygrothermal [7-
9] properties of syntactic foams can be found published in the 
literature.  In these studies the mechanical properties of 
syntactic foams with various compositions are characterized. 

The compressive strength of syntactic foams is found to be 
much better than open cell structured foams used as core in 
sandwich composites.  Syntactic foams are found to absorb 
about 1% water by weight even after immersion in water at 
room temperature for long periods.  The viscoelastic [10] and 
fire retardant [11] properties are also found published.  These 
studies found that the choice of appropriate filler can lead to 
fire retardant properties in syntactic foams.  Some reports 
focus extensively on the microstructural characterization [12, 
13] and non-destructive testing [14, 15] of syntactic foams.  
Fracture features of syntactic foams that have failed under 
different loading conditions are identified in microstructural 
studies, which may be helpful in finding ways of further 
strengthening these materials.  Non-destructive testing is used 
to find the material density profile, map the void distribution 
and moisture absorption profile in hygrothermal studies.   
High strain rate properties of syntactic foams seem to be of 
great interest for applications requiring high damage tolerance 
[16].  It is interesting to note that the failure mode of syntactic 
foams does not change with change in strain rate from quasi-
static to over 1000 s-1. The fracture toughness is found to 
increase with an increase in microballoon volume fraction in 
the material [17].  Some studies on the mechanical [18-20] and 
hygrothermal [21] properties of syntactic foam core sandwich 
composites are also available.  In these studies it is observed 
that syntactic foams present a better choice than most other 
commonly used core materials due to their high specific 
strength and low moisture absorption. A sandwich structure 
composes of three dimensional skins and syntactic foam core 
is also found studied [22]. Homogenization techniques are 
used to develop predictive models in this study, which closely 
match with experimental data. 

There are two methods of changing the density of 
syntactic foams to directly influence their properties.  The first 
method is to change the volume fractions of matrix and 
microballoons in the structure.  The second method is to use 
microballoons of different internal radius but the same outer 
radius and the same volume fractions of matrix resin and 
microballoons.  The second method is more advantageous 
because several physical properties such as moisture 
absorption coefficient and thermal expansion coefficient can 
be maintained constant while changing the density of the 
syntactic foam. This method is also found to be more effective 
than the first method, 
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Table 1. Properties of Microballoons used in fabricating the syntactic foam specimens. 
Microballoon Type Average Particle Diameter 

(mm) 
Average Particle Density 

(kg/m3) 
Radius Ratio 

h 

10th percentile 50th percentile 90th percentile 
S22 20 35 60 205 0.922 
S32 20 40 75 320 0.907 
K37 20 40 80 370 0.891 
S38 15 40 75 380 0.888 
K46 15 40 70 460 0.863 

 
Table 2. Density and void content of the fabricated syntactic foam slabs. 

Microballoon Type Corresponding Syntactic 
Foam Nomenclature 

Corresponding Sandwich 
Nomenclature 

Syntactic Foam Density 
(kg/m3) 

Void Content 
(%) 

S22 SF22 SFS22 493 6 
S32 SF32 SFS32 545 9 
K37 SF37 SFS37 569 10 
S38 SF38 SFS38 575 10 
K46 SF46 SFS46 650 6 

 
because of the increase in strength with maximum 

reduction in material density can be obtained by this method 
[23].  
 

The present study is focused on characterizing the flexural 
properties of syntactic foam core sandwich composites.  Five 
types of microballoons are used to fabricate syntactic foams.  
All types of foams have the same volume fraction of 
microballoons. However, a difference in the density of the 
various types of microballoons causes a difference in the 
density and the mechanical properties of the syntactic foams.  
These syntactic foams are used as core materials in the 
fabrication of sandwich composites.  The sandwich 
composites are tested under three-point bending, four-point 
bending and short beam shear (SBS) conditions. The specimen 
fracture behavior is carefully studied along with mechanical 
properties.  
 
RADIUS RATIO 

The approach of changing the mechanical properties of 
syntactic foams by changing the microballoon wall thickness 
was studied by the authors in their previous work [23, 24].    It 
is found that the compressive strength and modulus of 
syntactic foams can be varied effectively by using 
microballoons of different wall thickness while keeping their 
volume fraction the same.  The microballoon wall thickness is 
related to a parameter named “Radius Ratio”, which is defined 
as the ratio of the inner radius, r1, to the outer radius, r0, of the 
microballoons, as defined in Equation 1.  

0

1

r
r

=h                                              (1) 

The microballoon wall thickness can also be related to h.  
Keeping the outer radius the same, a decrease in wall 
thickness increases h.  Calculation of h requires knowledge of 
the outer radius of the microballoon and the true particle 
density.  Both these quantities can be experimentally 
determined and h can be calculated.  The authors have 
established analytically that h has a pronounced effect on the 

mechanical properties of syntactic foams and has formed the 
basis for the selection of microballoons [25, 26].   
 
MATERIALS AND METHODS 
Raw Materials 

For the fabrication of syntactic foam a di-epoxide resin 
D.E.R. 332 and an amine based hardener D.E.H. 24, 
manufactured by DOW Chemical Company are selected.  The 
resin has density of 1.16 g/ml.  The hardener has the chemical 
name triethylene tetramine.  A diluent C12-C14 aliphatic 
glycidyl ether is used to lower the viscosity of the resin mix.  
The diluent is added in 5 wt % quantity.   

 Five types of microballoons are selected in the 
fabrication of syntactic foam slabs.  The outer diameter of all 
type of microballoons is nearly the same (around 40 µm).  
However, there is a difference in the density of these 
microballoons.  The density and average particle size supplied 
by the manufacturer and the calculated values of h for the 
selected microballoons are given in Table 1.  Microballoons 
are manufactured and supplied by 3M under the trade name of 
“Scotchlite”. 

Glass fabric having 93 gm/m2 weight and plain weave 
pattern is used to fabricate skins for sandwich composites.  
This E-glass fabric has an epoxy compatible coating.  
 
Fabrication Process 
Syntactic Foam 

The volume fractions of microballoons and matrix resin 
system are maintained at 0.65 and 0.35, respectively in the 
fabricated syntactic foam slabs.  The density and void content 
of cast foam slabs are given in Table 2.  The density values of 
syntactic foams are measured in accordance to the ASTM 271-
94 standard.  At least eight pieces of 25 ´  25 ́  12.7 mm3 were 
used to measure the density. Weight and dimensions of these 
specimens were measured to calculate the density of the 
fabricated specimens.  The theoretical density was calculated 
based on the volume fractions of the various constituents.  A 
difference in the measured (r ce) and the theoretical (r ct) 
densities is used to calculate the void volume fraction (Vv) in 
the fabricated specimens as given by Equation 2 [27]: 
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Figure 1 Structure of syntactic foam. Glass microballoons can be 

seen embedded in epoxy resin matrix. 
 

 
(a) 

 
(b) 

Figure 2 Flexural test setup for (a) three-point and (b) four point 
bending tests on MTS system. The test setup for short beam shear test 

is similar to that of three point bend tests but has smaller specimen 
span length. 
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Figure 3 Schematic of sandwich composite bending under three point 
loading configuration.  

The approach of measuring the density of eight or more 
pieces gave the additional advantage of measuring also the 
density variation in the materials slabs. However, the variation 
was found to be less than 3% in various specimens, which 
means that the void content is well distributed throughout the 
structure of the syntactic foams.  
 
Sandwich Composites 

Four layers of glass fabric were directly laminated on the 
syntactic foam slabs to fabricate the sandwich composites.  
The resin system used as matrix in the syntactic foam slabs 
was also used to fabricate the skins.  The skins were laminated 
by hand lay-up followed by vacuum bagging, which ensures 
uniform thickness of the adhesive layer.  The fabricated 
sandwich composites were cured for 72 hrs before trimming 
and cutting.  The average thickness of the sandwich 
composites is 14.5 mm. 
 
Flexural Tests 

The standard “ASTM C 393-94” is adopted to 
characterize the flexural properties of the sandwich 
composites.  In accordance with this standard three-point 
bending, four-point bending and SBS tests are conducted. The 
specimen dimensions and loading rates for all types of tests 
are given in Table 3.  The thickness of specimens is 14.5 mm, 
which is equal to the thickness of the fabricated sandwich 
composites.  Four specimens of each type of sandwich 
composite are tested in each type of bending tests.  The three 
and four-point bending setups are shown in Figures 2a and 2b 
respectively. The SBS test setup is similar to the three-point 
bend test except the use of different specimen span length. 
 

Table 3 Dimensions of the specimens tested for the flexural 
properties. 

Type of 
Bending Test 

Width 
(mm) 

Span 
Length 
(mm) 

Crosshead 
Displacement Rate 

(mm/min) 
Three-Point 25.4 175 2 
Four-Point 25.4 175 2 

SBS 25.4 55 1 

 
RESULTS AND DISCUSSION 

The bending test presents a case where the stress varies 
across the thickness of the specimen, shown in Figure 3 by the 
plane “CNT”, of the specimen in the three-point bending test.  
The stress changes from compression at the point where the 
loading anvil touches the specimen, marked as point “C”, to 
tension on the opposite surface of the specimen, marked as 
point “T”.  



 4

0

400

800

1200

1600

0 1 2 3 4 5 6

Displacement (mm)

Lo
a

d 
(N

)

SF22

SF32

SF46

SF38

SF37

Plateau 
Region

 
Figure 4 Load-displacement curves for three-point bending test of 

four types of syntactic foam core sandwich composites. 
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Figure 5 Load-displacement curves for four-point bending test of 

syntactic foam core sandwich composites. 
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Figure 6 Load-displacement curves for short beam shear strength test 

of syntactic foam core sandwich composites. 

 
In addition, shear stresses act along the length of the 

specimen.  The core or skins can fracture under these three 
types of stresses depending upon their properties under such 
stresses.  Additionally, the interface between the skins and the 
core can also fracture under shear stresses.  Hence, crack 
origination locations and propagation directions will help in 
determining the types of stresses that cause failure. 

The load-displacement curves for each kind of syntactic 
foam core sandwich composites for three and four point 
bending and SBS tests are shown in Figures 4, 5 and 6 
respectively.  Some of the general observations from these 
curves and the observations of the samples during deformation 
are listed below, and will be discussed in the following 
sections. 

 
(a) 

 

(b) 
Figure 7 (a) Fracture origination in tensile side of a sandwich 

composite (b) a closer look at the crack. 
 
1. The load decreases sharply after the end of the elastic 

region due to failure initiation in the sandwich 
composites. 

2. Some of the samples show complete fracture, whereas 
others show a plateau region after this sharp decrease in 
the load.  

3. The variation in the displacement value at which the peak 
load is observed for various types of syntactic foams is 
considerable. 
4. The failure initiates on the tensile side.  

Within the elastic region of the load-displacement curves, 
where no significant damage is induced, the responses of the 
specimens to the applied loads are quite similar.  This is 
visible in the form of nearly the same slope in the elastic 
region of the load-displacement curves for different types of 
syntactic foams, as shown in Figures 4-6.  It is observed that 
the failure starts in the form of crack initiation on the tensile 
side of the specimen as the displacement increases.  This crack 
tends to grow towards the compression side of the specimen as 
shown in Figure 7.  The exact location of the crack initiation 
depends on several factors including the localized 
concentration of microballoons or matrix resin and the 
presence of entrapped air voids. The effect of these factors is 
prominent because the tests are carried out at slow 
deformation rates. Localized fracture of the microballoons 
takes place at the location of maximum compressive stress 
when the specimen is being loaded.  However, it is not 
significant enough to lead to the final failure of the specimen.  

 

Crack 
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Figure 8. Fracture surface of SFS38 type three-point bend test 

specimen showing tensile and compressive fracture zones. 
 

 
Figure 9 Compressive fracture features of syntactic foam showing 

microballoon debris all over the micrograph. 
 

 
Figure 10 Tensile fracture features of syntactic foam showing largely 

undamaged microballoons. 
 
On further loading, the skin of the sandwich composite 

that is on the tensile side tends to fracture, causing the final 
failure of the specimen. It is observed that the entire specimen 

fractures at the instant of skin fracture.  This happens because 
the load is transferred to the foam core after the skin fracture.  
The magnitude of the load transferred to the core is more than 
the tensile strength of the core leading to its immediate failure.  
It is observed that this fracture sequence is the same for all 
types of sandwich composites, irrespective of the 
microballoon h in the syntactic foam core.  The micrograph 
presented in Figure 8 shows the region on the fracture surface 
of a three-point bent test specimen of SFS38 type, where the 
tensile and the compressive fracture zones meet.  The left side 
region, where large amount of debris is observed, is the 
compressive failure region.  The compressive stress generated 
in the specimen is greater than the compressive stress of all 
types of microballoons; hence, the generation of debris on the 
compression side of the specimen is a common feature for all 
kinds of composites.  In the tensile fracture zone, only a small 
amount of debris is observed on the fracture surface because 
the failure is governed by the failure of the matrix material. 
These observations of the microscopic fracture features are 
consistent with previous observations of compressive and 
tensile failures in syntactic foams [5, 28]. The features of the 
compressive and tensile failures of syntactic foams, observed 
in a previous study, are shown in Figures 9 and 10, 
respectively.   It is observed in Figure 9 that large amounts of 
debris are generated due to the crushing of the microballoons. 
This figure appears to have fracture features similar to the 
features observed on the left side (compression side) of Figure 
8.  Despite observing the fractured microballoons, no 
significant amount of debris are not present on the tensile 
fracture surface in Figure 10. A close observation of Figure 10 
reveals that the failure has taken place primarily in the matrix 
material.  The tensile failure zone in Figure 8 appears to have 
features similar to those observed in Figure 10. 

The appearance of the plateau region in the load-
displacement curves in Figures 4-6 is based on the crack 
length in the syntactic foam core before final failure.  During 
the loading process, deformation also takes place in the 
compression side of the specimen.  Crushing of foam in the 
compression side while the crack propagates causes the 
plateau region in the load-displacement curves.  Plateau 
regions were observed consistently by the authors and other 
researchers in the compression test experiments of the 
syntactic foam material conducted earlier [4, 5].  It is observed 
here that the load-displacement curves show longer plateau 
regions for specimens showing longer cracks.  Three 
specimens subjected to the three-point bending test are 
randomly selected and presented in Figure 11 to show the 
crack length variations.  Considerable difference can be 
observed in the crack lengths of the three specimens shown in 
this figure.  The crack in the specimen marked as “A” in 
Figure 11 is considerably longer than the crack in the 
specimen marked as “C”.  The deformation in the compressive 
side of the specimen, that occurs while the crack is 
propagating from the tensile side, is visible in the form of the 
plateau region in the load-displacement curves.  Therefore, a 
much longer plateau region is observed in the load-
displacement curve of specimen “A” compared to specimen 
“C”.  Two of the specimens subjected to the four-point 
bending test are shown in Figure 12.  This figure also 
demonstrates a considerable crack length variation. 

Tensile 
Failure Zone 

Compressive 
Failure Zone 
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Table 4 Results of the three and four point bending and the short beam shear test. 
Sandwich Composite 

Type 
Three-point bending 

(MPa) 
Four-point bending 

(MPa) 
Short Beam Shear Strength (MPa) 

t  s  t  s  t  s  
SFS22 1.77±0.10 172±9 3.19±0.15 155±10 6.07±0.10 185±6 
SFS32 1.68±0.12 164±12 3.13±0.18 152±7 5.04±0.10 154±5 
SFS37 1.70±0.07 165±8 3.05±0.12 148±7 4.90±0.12 150±6 
SFS38 1.74±0.08 170±9 3.07±0.15 150±9 4.87±0.10 149±4 
SFS46 1.71±0.10 166±11 2.96±0.12 144±8 4.01±0.08 123±5 

 

 
Figure 11 Three-point bending test specimens.  Difference in crack 

lengths should be noticed. These specimens are randomly selected to 
show the variation in crack lengths. 

 

 
Figure 12 Four-point bending test specimens. Two cracks in each 

specimen can be noticed and marked by arrows. The representative 
samples are randomly selected. 

 
These cracks propagated at a random angle to the applied 

load based on the least resistance path. In most samples of all 
types of syntactic foams, the crack propagated in the loading 
direction as shown in Figure 7. However, variations in crack 
propagation length and direction are observed for few samples 
of all types of syntactic foams irrespective of the microballoon 
type. It must be noticed that in case of four-point bending 
tests, two cracks are observed in each specimens, each under 
the loading anvil.  At slow deformation rate the crack always 
tends to take the path of least resistance hence, the crack 
growth depends on the localized composition of the material.  
Factors such as localized interfacial strength between skin and 
core, presence of voids, excess concentration of resin or 
microballoons near the fracture zone cause variations in the 
crack lengths.  The same factors causing localized stress 

concentration zones lead to variation in the displacement 
values at peak load in different specimens. 

The Core Shear Stress (t ) and the Skin Bending Stress (s ) 
values are calculated using the equations given in the ASTM 
C 393-94 standard for each type of sandwich composite based 
on experimental data.  Equation 4 is used for the calculation of 
t  for all types of bending tests.  For the calculation of s , 
Equation 5 is used for three-point bending and SBS tests and 
Equation 6 is used for the four-point bending test.   

b)cd(
P
+

=t
                                                                     (4) 

b)cd(t
PL

+
=

2
s

                                                                (5) 

b)cd(t
PL

+
=

4
s

                                                                (6)
 

here P is the ultimate load, L is the span length, b is the 
sandwich width and d, c and t represent the thickness of 
sandwich, core and skin, respectively. 

The flexural test results are presented in Table 4. Careful 
examination of the t  and s  values leads to two general 
observations: 
1. No general trend can be observed in the values for the 

three and four point bending tests in relation to h.  
2. A decrease in t  and s  is noted with a decrease in h for the 

SBS test.  
From the first observation it is clear that h does not affect 

the bending properties of syntactic foams in three and four 
point bending tests.  In the specimen failure pattern it is 
observed that in most specimens the final failure is due to the 
fracture of the sandwich skin on tensile side.  Hence, these 
values actually reflect the fracture strength of the skins.   

However, the results of the SBS test show a clear 
decreasing trend in t  and s  values as h decreases.  This trend 
is observed due to the pronounced effects of the shear stresses 
on the fracture of the foam core.  It can be observed in Table 4 
that t  for the SBS test is about three times and 1.5 times 
higher than for the three-point and four point bending tests, 
respectively.  This is due to the smaller specimen span lengths.  
The high value of shear stress causes deformation and fracture 
of the syntactic foam core in a shear mode, which is visible in 
the specimen fracture pattern.  Two specimens subjected to the 
SBS tests are presented in Figure 13.  In addition to the tensile 
cracks (along the line “CNT” shown in Figure 3) in the 
syntactic foam core, shear fracture along the neutral axis (the 
line “ANB” shown in Figure 3) can also be observed.  
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Figure 13 Two SBS specimens showing fracture in the core material 

along the central neutral axis.  Core cracking in tensile side of the 
specimen is also visible and marked by arrows. The representative 

samples are randomly selected. 
 
The total crack lengths in these specimens are 

considerably larger than in the three and four point bending 
tests.  A smaller span length of these specimens causes 
considerably high shear stress at a smaller deflection.  Higher 
shear stresses leads to the deformation of the specimens along 
the neutral axis before the fracture of the skin.  Hence, the 
syntactic foam core shows crack initiation and fracture along 
the neutral axis as shown in Figure 13.  The energy absorbed 
in the process of crack propagation appears in the load-
displacement graphs of the SBS tests in the form of a large 
plateau region after initial failure because of such large crack 
lengths. 

In the SBS tests, crack propagation in the syntactic foam 
core is significant along the neutral axis, which causes the 
strength of the microballoons to play an important role in 
determining the mechanical properties of the sandwich 
composite.  The microballoons act as stress concentration sites 
in the syntactic foams. Fracture of the microballoons relieves 
the local stress in the material.  Lower strength (higher h) 
microballoons, such as the S22 type, tend to fracture under the 
applied stresses, relieving the stresses in the sandwich 
structure.  Higher strength (lower h) microballoons, such as 
the S38 or K46 type, do not fracture at lower levels of stress 
leading to greater stress concentration in the material around 
them at a lower deflection.  Hence, the final fracture takes 
place at a lower stress levels for such specimens due to the 
higher stress concentration effects. A lower fracture 
displacement for the SFS46 sandwich composites compared to 
the SFS22 type indicates the stress concentration effect 
appears in the load-displacement curves.  The load-
displacement curves in Figure 5 show that the fracture 
deflection for the SFS22 sandwich composites is more than 
3.5 mm whereas for SFS46 type specimens is less than 1.5 
mm (Figure 7).  It must be noted that the microballoon volume 
fraction in all types of syntactic foam materials is the same.  
Hence, the change in the properties of the syntactic foam can 
be related to h, the only parameter that is changing among 
various types of syntactic foams. 
 

CONCLUSIONS 
The following conclusions are drawn based on the 

flexural tests of five types of syntactic foam core sandwich 
composites in this study. 
·  The core shear stress (t ) and the skin bending stress (s ) in 

three-point and four-point bending tests are not affected 
by the microballoon radius ratio (h).  This is because 
specimens fracture on the tensile side, and the tensile 
properties of the matrix resin used in the syntactic foam 
core dominate the mechanical properties of such 
materials.  Such a behavior is observed because the 
microballoons do not fracture under tensile loading 
conditions, and the fracture is limited to the matrix resin.  
Hence, when designing the syntactic foam type of 
materials, the optimum volume fractions of the 
constituting materials can be chosen to obtain the required 
tensile or bending properties, and then the foam density 
can be decided upon by choosing microballoons of 
appropriate h.  

·  In the SBS tests, t  and s  decrease with decrease 
decreasing value of h due to significant shear stresses in 
the specimen due to the smaller specimen aspect ratio.  
Considerably long shear cracks are observed along the 
specimen neutral axis in the SBS tests.  Such a long crack 
growth is reflected in the load-displacement curves as a 
long plateau region. 

·  Fracture originated in the tensile side of the syntactic 
foam core and it progressed towards the compressive side 
in all types of sandwich composites.  Microscopic fracture 
features of tensile, compression and shear failure zones 
are presented. 
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