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Abstract Syntactic foam composites of cyanate ester with
varying volume fractions of resin and glass microballoon
were processed and evaluated for tensile, flexural and
compressive properties. The effect of nature and volume
fraction of microballoon on the mechanical properties was
studied. The mechanical properties showed a gradual de-
crease in strength with increase in volume fraction of mi-
croballoon. The specific strength values also manifested a
similar order. A similar behaviour was observed for syn-
tactic foams with microballoons of varying true density.
The properties increased proportional to the strength of the
microballoon in resin-rich systems implying a strong mi-
croballoon-resin interface, corroborated by Scanning Elec-
tron Microscopy studies. The compressive modulus showed
a decreasing trend with enhanced microballoon loading.

Introduction

Syntactic foams are composite materials consisting of
hollow microspheres that are dispersed in a resinous ma-
trix. These microspheres are commonly made from inor-
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ganic materials such as glass and silica; and polymeric
materials such as epoxy resin, unsaturated polyester resin,
silicone resin, phenolics, polyvinylalchohol, polyvinyl
chloride, polypropylene and polystyrene [1-7]. Syntactic
thermoset foams have recently evoked a lot of attention as
low-density composites for a wide range of applications
[8]. The matrices of these materials are generally thermo-
setting polymers. Inclusion of hollow microspheres dis-
persed in the thermoset resinous matrix reduces the density
of the syntactic foams, in a controlled manner. Improve-
ments in foaming, production techniques and resulting
properties of thermosetting foams have projected syntactic
foams as the material of choice for general applications.
These foams do not usually exhibit a melting range and can
often be used at higher temperatures compared to ther-
moplastic foams. Unlike most other foams, syntactic foams
are materials whose density before curing is the same as
that after curing [8, 9]. Such predictability is advantageous
in the manufacturing process in aerospace structure. They
find wide application in aerospace and automotive indus-
tries where, reduction for energy conservation is one of the
important factors [10]. Syntactic foams as core material
find application in the construction of sandwich structures
[3, 5,7, 11-14] used in satellites and radomes [15].

An array of thermoset resins have been developed to
handle moderate-to high temperatures and tough conditions
with ease. Cyanate esters constitute a high temperature
resin family traditionally associated with space applica-
tions, because of their good thermal stability, low dielectric
constant and extremely low moisture uptake compared to
other resins of their class. Cyanate ester is known for its
built-in toughness, micro-crack resistance and ease of
processing [16]. Cyanate esters cure via addition poly-
merisation to produce a heterocyclic ring referred to as a
polycyanurate network [17]. This polycyanurate network is
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responsible for the excellent properties of resulting poly-
mer [15]. The ring formation can occur thermally or in the
presence of a transition metal catalyst such as copper, co-
balt or zinc and an active hydrogen donor [17]. A large
variety of commercial dicyanates are available, the most
versatile among them being Bisphenol A dicyanate
(BACY), which was used as matrix in the processed syn-
tactic foams. The properties of cyanate ester coupled with
the low density of microballoons in syntactic foams render
them better candidates for strong low-density structures.

Syntactic foams of epoxy [1, 3, 9, 11, 12, 18-25] phe-
nolic resin [26, 27] and polyurethane [28] have been re-
ported. There are only a very few reported literature on
syntactic foams of cyanate ester [15]. In this paper, we
report the processing and properties of cyanate ester syn-
tactic foams with two types of microballoons, which differ
in their shell thickness. The shell thickness of microballoon
is defined in terms of a parameter called radius ratio (),
which is represented in Eq. 1.

n=-— (1)

To

where r; is the internal and r, is the outer radius of the mi-
croballoon. Increase in # corresponds to a decrease in wall
thickness, which leads to decrease in true particle density and
strength of microballoon [29]. Thus, when the volume
fractions of matrix and microballoon are kept constant, any
change in mechanical properties of syntactic foams can be
related to the change in # of microballoon only. The effect of
microballoon volume fraction and its nature on the
mechanical properties of cyanate ester syntactic foam has
been studied in this work. The variations of specific prop-
erties are also examined. By normalizing mechanical prop-
erties against the density, it is believed that the results would
be useful for guiding future design of syntactic foams based
on specific properties. The failure mechanism in flexurally
failed samples has been studied by SEM analysis.

Experimental
Materials

BACY (2,2-bis (4-cyanatophenyl) propane) with a melting
point of 79 °C supplied by Lonza Ltd (Switzerland) was

Table 1 Particle size distribution and properties of microballoons

used as received. The density of the cured resin system is
1,200 kg/mS. Zinc octate (Amruth industries, Mumbai,
India) and nonyl phenol (Fluka) were used as catalyst and
co-catalyst for the oligomerisation of BACY. Glass mi-
croballoons K-37 and K-25, supplied by 3 M Company,
US were used as fillers. The glass microballoon particle
size distribution and properties, as provided by the manu-
facturer are listed in Table 1.

Processing

BACY was oligomerised in presence of zinc octate and 4-
nonyl phenol (3:40, by weight ratio) under thermal con-
ditions. Oligomerised cyanate ester being very viscous, the
required amount of resin was dissolved in acetone, for
proper dispersion of microballoon. Then weighed quantity
of microballoon was added and thoroughly mixed to get a
uniform dispersion of it. Mixing was done gently to avoid
breakage of microballoon. It was then compression moul-
ded to the required thickness. The curing was done
according to the following cure schedule: 100 °C (1/2 h),
125 °C (1/2 h), 150 °C (1/2 h), 200 °C (1 h) and 250 °C
(2 h). Blocks of dimension 100 x 100 x 5 mm®> were
processed for tensile and flexural test coupon preparation
(CYA and CYC series). The dimension of blocks for
compressive strength determination was 100 x 100
x 12 mm® (CYB and CYD series). The first eight blocks
(CYA1-CYB4) shown in Table 2 were made with K-37
and the remaining (CYC1-CYDS5) with K-25.

Mechanical testing

Test specimens with dimensions conforming to ASTM D-
3039 (5% 13 x 69 mm?), ASTM D-790 (5x 13 x
100 mm?), ASTM D-695 (12 x 12 x 24 mm®) were cut
respectively for tensile, flexural and compressive strength
testing from the processed syntactic foams. The testing was
done in a Universal Testing Machine Instron Model 4202
at a crosshead speed of 5 mm/min for tensile and 2 mm/
min for both flexural and compressive strength measure-
ment. No extensometer was used for tensile testing. The
gauge length and span length in flexural testing was 25 mm
and 80 mm respectively and the test was done in three-
point bend configuration. Three specimens were tested
under each type for tensile and flexural testing. For com-

Microballoon type Microballoon size distribution(pum, by volume)

Effective top Target fractional Average true particle

size (um survival (% density (kg/m*

10th percentile 50th percentile 90th percentile (k) (%) y (ke/m’y
K-25 25 55 90 105 90 250
K-37 20 45 80 85 90 370
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Table 2 Composition and

density of the syntactic foams Microballoon type

Syntactic foam type Cyanate ester Microballoon Void content Density (kg/m®)

Volume percentage

CYALl
CYA2
CYA3
CYA4
CYBI1
CYB2
CYB3
CYB4
CYCl1
CYC2
CYC3
CYC4
CYCS
CYD1
CYD2
CYD3
CYD4
CYDS5

K-25

347 64.5 0.8 665
22.3 72.2 5.5 535
17.5 81.5 1.0 513
12.3 86.7 1.0 469
331 65.6 1.3 640
21.3 69.2 9.5 512
15.8 71.0 7.2 475
11.3 85.2 35 450
31.1 64.1 4.8 534
26.7 69.7 3.6 494
222 75.4 2.4 455
18.5 80.1 1.4 422
11.3 87.7 1.0 355
31.9 62.6 55 539
25.1 73.3 1.6 484
19.0 80.7 0.3 430
133 85.2 1.5 373
9.4 89.1 1.5 336

pressive strength determination five specimens were tested
for each type.

Scanning electron microscopy

The failed samples were coated with a conducting layer of
gold using a sputtering unit and were examined in a Philips
XL-30 Scanning Electron Microscopy.

Results and discussion
Density profile and void content of the syntactic foams

The density and volume percentage details of the processed
syntactic foams are given in Table 2. The syntactic foams
showed a gradual decrease in density with increase in
volume fraction of microballoon due to the incorporation
of low-density filler. For the same volume percentage of
microballoon, syntactic foams with microballoon K-37
showed higher density owing to its higher true density.
During the mixing of the resin with microballoon, entrap-
ment of air is inevitable leading to voids in syntactic foams
as shown in SEM picture (Fig. 1a). Therefore, the observed
density will be lower than the theoretical density. The
voids may also occur due to non-uniform distribution of
resin in the syntactic foam block as illustrated in SEM
picture. (Fig. 1b). Sometimes, a film of resin may enclose
cluster of microballoons, making it difficult for the resin to
penetrate into such cluster and wet the microballoons.

@ Springer
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Fig. 1 (a) SEM picture showing voids in syntactic foam. (b) SEM
picture showing non-uniform distribution of resin in syntactic foam

Theoretical predictions of the density could be made using
the constituent weights and density and the rule of mixture
relationship [9]. The void percentage has been calculated
using the relation,



J Mater Sci (2007) 42:5398-5405

5401

V—[WXWR/pR—FWXWM/pM]

x 100
A%

(2)

where V and W are the volume and weight of foam block;
Wr and W), are the weight fractions of resin and micro-
balloon; pr and py\; are the densities of resin and micro-
balloon respectively. The void-content in the present
context refers to the space unoccupied by resin and mi-
croballoon. The maximum packing factor with spheres of
same size is 0.74. However, the particle size distribution
data reveals a wide range of distribution. As a result, the
spaces created during the packing of large microballoons
were occupied by smaller ones and the matrix. This can be
visualized in the SEM picture (Fig.2). Also the void
percentage has been calculated assuming that the micro-
balloons do not break during moulding. However, breaking
of some microballoons takes place during compression
moulding. This results in reduction of volume of the foam
block, which in turn reduces the void percentage as per Eq.
2. All these account for the very low void percentage in the
syntactic foams. Syntactic foams with void contents as low
as 0.45% has been reported by Kartikeyan et al. [3, 4, 7].
With increase in microballoon content, normally we expect
the void content to increase. However, in the case of K-25
syntactic foams, with increase in microballoon content the
void percentage was found to decrease. This discrepancy
can be explained as due to the partial oozing of resin and
microballoon during compression moulding, in the case of
resin-rich systems. It may be remarked that H. S. Kim
et al. also observed the same phenomenon of reduction in
void content with increase in microballoon volume per-
centage [30].

Void percentage =

Mechanical properties

The variation of mechanical properties with volume per-
centage and shell thickness of microballoon can be

Fig. 2. SEM picture illustrating strong resin-microballoon interface
and also the well packing of microballoons in the sample CYA4
(K-37)

understood from the plot of mechanical properties as a
function of volume percentage of microballoon for the two
types of microballoons, which will be discussed in the
following sections. Since the mechanical properties of the
syntactic foams depend also on the density of the foams
(which in turn depends on the resin to microballoon ratio)
as the density increases, strength increases [3].

Tensile strength

Figure 3a and b show the variations of tensile and specific
tensile strength of cyanate ester syntactic foams as a
function of volume percentage of microballoon, for the two
different types of microballoons. The general trends in the
tensile strength with increasing microballoon volume
fractions are similar for syntactic foams with both types of
microballoons. Syntactic foams with K-37 showed a higher
value of tensile and specific tensile strength compared to
those with K-25 except at higher volume fractions of mi-
croballoon. This shows the strong resin-microballoon
interface and the likely failure through microballoon
breaking as evidenced typically in SEM picture of the
sample CYA4 in Fig. 2. Earlier studies have shown that for
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microspheres of the same material composition, improved
mechanical properties are obtained for microspheres with
high density [8].

Inclusion of microballoon reduces the cyanate ester
volume fraction, thereby reducing the tensile strength as a
result of poor interfacial interaction between the matrix and
the microballoon. The matrix serves as the load-bearing
phase in the composite whereas microballoons only pro-
vide lightweight and minimal strengthening effect [8]. The
reduction in the content of the load bearing resin outweighs
the increase in stiff microballoons. Earlier studies have
proved that a process involving resin fracture and resin-
microballoon debonding, rather than crushing of micro-
balloons dominated the tensile failure in syntactic foams
[7]. At low volume fraction of filler, the failure occurs
through microballoon breaking in the case of K-25 foams
and matrix fracture in the case of K-37 foams. At high
microballoon volume fractions (i.e., at low resin volume
fractions) the failure occurs mainly due to resin-microbal-
loon debonding and poor microballoon wetting, which
makes the tensile strength values of both K-37 and K-25
syntactic foams, low and comparable. Interestingly, con-
sidering the low density of K-25 syntactic foams, specific
tensile strength showed higher values for K-25 systems
compared to the K-37 systems, at high volume fractions of
microballoon.

Flexural strength

Flexural and specific flexural strength variations of the
syntactic foams with microballoon volume fractions are
depicted in Fig. 4a and b. Both flexural and specific flex-
ural strength decreased with increase in volume percentage
of microballoon for the two types of syntactic foams. With
increase in microballoon volume fraction, the layer of
matrix surrounding the microballoon becomes very thin.
Therefore, the flexural strength decreases due to easy
fracture of the thin film of matrix or resin to microballoon
debonding. During flexural loading, the specimen is sub-
jected to compression stresses on the top part and to tensile
stresses at the lower part. It is known that if the micro-
balloon strength is low enough and their fracture takes
place during bending, then their inherent properties sig-
nificantly affect the flexural properties of syntactic foams.
If the microballoon strength is high and their fracture
doesn’t takes place in the syntactic foams, then the foam
properties are governed by the properties of matrix material
[31]. The high value for K-37 syntactic foams is attributed
to the high strength of K-37 microballoons. Fewer micro-
balloons are broken under the applied load in the case of K-
37 syntactic foams as illustrated in the micrograph of the
flexurally failed sample, CYA4 (Fig. 5a). On the other
hand K-25 microballoons break more easily thereby

@ Springer

—0—K-37
——K-25

Y
(3]
1

Flexural strength (MPa)
S S

A,

A—, T
\ \Q
T~

(3]
1

&

60 65 70 75 80 8|5 20
Volume percentage of microballoon

50 (b)
45+
40+
35+
30+
25+ Y
204 & 4\\9\

15- Q

10- 4\4&_/—13
60 65 70 75 80 85 90
Volume percentage of microballoon

é —o—K-37
——K-25

Specific Flexural Strength (MPa/kg/m?)x10°
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reducing the strength of the material (Fig. 5b). Thus, in the
present case, the inherent property of the microballoon has
a say in the properties of the resultant composites. In both
the samples CYA4 and CYCS5, the volume percentages of
microballoons (~87%), resin (~12%) and void (~1%) are
almost same. In CY A4 based on K37, fewer microballoons
are broken whereas in CYCS5 with K25 almost all micro-
balloons are broken, evoking the influence of shell thick-
ness of microballoons on the flexural behaviour. This also
implies that compressive part of the flexural load has more
weightage than the tensile part. This shows a good resin-
microballoon bonding and a combination of resin fracture
and microballoon breaking in dictating the mechanical
strength of the foam composites.

Flexural properties are also found to depend on the void
content. The crack will initiate from an oversized void
when the foam is subjected to flexural load. In the case of
K-25 syntactic foams, there is only a marginal change in
void content with increase in microballoon composition.
Therefore in these cases, the variation of flexural strength
is very marginal. But in the case of the sample CYA?2 that
has a void content of 5.5%, there is a steep decrease in
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Fig. 5 (a) SEM picture of flexurally failed CYC5 (K-25) showing
broken microballoons. (b) SEM picture of flexurally failed CYA4 (K-
37) showing fewer microballoon breaking

flexural strength. This clearly points out the effect of void
content on flexural strength.

Compressive strength

Figure 6a and b show the variation of compressive and
specific compressive strength of syntactic foams with
volume percentage of microballoons. Compressive strength
and specific compressive strength showed a gradual de-
crease with increase in volume fraction of microballoon.
Compressive strength depends on volume fraction of mi-
croballoon, void content and shell thickness of microbal-
loon. When the resin content is high, the microballoons get
smeared with the resin thus preventing the direct transfer of
load to microballoon. For syntactic foams under com-
pressive loading the matrix serves as the load-bearing
phase. As the microballoon volume fraction increases, (and
resin volume fraction diminishes) the microballoon takes
up more loads under compression. But the load bearing
capacity of microballoons is not well pronounced. Due to
high volume fraction of microballoon, the layer of resin
between microballoons is very thin and it tends to fracture
easily under stress. Thus incorporation of microballoon
decreases the compressive strength.

Effect of microballoon shell thickness on mechanical
properties of syntactic foams has been studied in detail by
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Fig. 6 (a) Variation of compressive strength with volume percentage
of microballoon. (b) Variation of specific compressive strength with
volume percentage of microballoon

Gupta et al. [6]. The variation of compressive strength with
shell thickness can be associated with the different inter-
action of the microballoon to the externally applied stress.
Comparing syntactic foams with K-25 and K-37, the latter
showed a higher value of compressive strength due to its
high wall thickness or low radius ratio, making K-37 mi-
croballoons less susceptible for breaking compared to K-
25. Contrary to expectation, syntactic foams with K-37
showed lower compressive strength for microballoon vol-
ume percentages 69 and 77 (corresponding to samples
CYB2 and CYB3). This can be attributed to the higher void
content (9.5% and 7.2%) for these cases. Comparing CYB1
and CYB2, wherein the microballoon volume percentage is
increased from 65.6% to 69.2%, there is a steep decrease in
compressive strength (from 72.9 MPa to 32.8 MPa) as
illustrated in Fig. 6a. This further substantiates the effect of
void content on compressive strength. The effect of void
content is also reflected in the compressive modulus values
of the syntactic foams (Table 3). The high void content in
CYB2 and CYB3 resulted in decreased compressive
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Table 3 Compressive modulus values of the syntactic foams

Syntactic Compressive Syntactic Compressive
foam type modulus (MPa) foam type modulus (MPa)
CYBI1 950 CYD1 620
CYBI1 520 CYD2 600
CYBI1 360 CYD3 400
CYBI1 540 CYD4 360

CYDS5 210

modulus values for the two. The crack initiation could
occur locally at the void and then propagate laterally
through stress concentration on adjacent microballoons.
Earlier studies also evoked the effect of void content on
mechanical properties [1]. The corresponding specific
strength values also followed the same trend.

The typical stress—strain curves for some of the syntactic
foams under compressive loading are depicted in Fig. 7.
The stress—strain curves of the syntactic foam under com-
pressive loading has been studied by several researchers [6,
9, 8, 11, 23, 30]. The failure modes of the syntactic foams
under compressive loading can be established from an
observation of the stress—strain curve under compressive
loading. All the curves showed a peak value for stress,
which corresponds to the point of crack initiation. The
region before the peak stress corresponds to the elastic
deformation of the syntactic foams. After reaching the
maximum, the stress value decreased and became nearly
constant for further compression. This region is referred to
as the plateau region or densification stage. The plateau
region corresponds to energy absorption in the process of
crushing of microballoons. At this stage the microspheres
are crushed, exposing their internal hollow volume.
Microsphere debris and matrix resin occupy the volume
while getting compressed [6]. Interestingly, the plateau
region is absent in the stress strain curve for CYB1, which

Fig. 7 Stress—strain curve for syntactic foams under compressive
loading

@ Springer

shows that here, the failure takes place by fracture of
matrix rather than microballoon. Thus for CYB1, which
has high resin volume fraction, it is the resin that carries
most of the load, whereas the high strength microballoons
resists compression.

The difference in fracture mechanism of the syntactic
foams under compressive loading can be better explained
from a macroscopic examination of the failed specimens.
The specimens showed remarkable difference in failure
modes with increase in microballoon volume fraction.
The macroscopic feature of the syntactic foams failed
under compressive loading is shown in figure (Fig. 8a—d).
The samples CYB1, CYB2 and CYB3 showed a vertical
cracking perpendicular to the direction of the applied
load. Typical cracking pattern for CYB1 and CYB3 are
indicated in Fig. 8a and b respectively. Since these syn-
tactic foams were made with K-37 with higher shell
thickness, it is obvious that the failure has taken place by
fracture of resin. But, for CYB2 and CYB3 the stress—
strain curve shows densification regions illustrating that
for these two samples, resin fracture is also accompanied
by crushing of microballoons. In the case of CYB4, the
vertical cracking is not present but shows compression at
the top and bottom. This is happened due to low resin
content in this case. The microballoons have to withstand
the applied load, thereby getting compressed. Here, the
microballoons are broken uniformly throughout the
specimen, dissipating the load and thereby resisting the
catastrophic failure of the sample. For K-25 syntactic
foams, macroscopic examination reveals that the fracture
modes are more or less identical. Thus, in the case of K-
25 syntactic foams, irrespective of whether the foam is
resin rich or not, the failure takes place by a microballoon
crushing mechanism. This is also evidenced in the stress—
strain curve for K-25 syntactic foams, which showed
densification region for very high strain rates.

Conclusions

Cyanate ester syntactic foams with varying densities were
processed by varying the volume fraction of microballoon.
The mechanical properties of syntactic foams depend on
volume percentage of microballoon, density and shell
thickness of microballoon. Incorporation of microballoon
reduces the density as well as the mechanical properties.
Microballoons with high density and wall thickness re-
sulted in relatively increased mechanical properties unless
certain structural defects such as voids affect it adversely.
Specific mechanical properties also manifested similar or-
der. The failure mechanism for tensile and flexural tests
were comparable i.e., resin fracture, resin-microballoon
debonding and cracking of microballoon. However,
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Fig. 8 Photograph of the
syntactic foams failed under
compressive loading. (a) and (b)
shows vertical cracks in the
samples, CYB1 and CYB3
respectively. (¢) Small cracks at
top and bottom in the case of
CYB4 (shown in marked
region). (d) Deformations at the
top and bottom of the sample
CYD3, no visible cracks are
seen. (In all the cases the arrows
point to the direction of applied
load)
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