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In this paper, we discuss the chemorheology of epoxy based syntactic foams containing glass microballoons of varying density, with
an aim of establishing the effect of microballoon loading on its processability. The primary objective is to determine the maximum
microballoon loading that disperses uniformly in the resin without the aid of any diluent. The viscosity and dynamic mechanical
properties of epoxy formulations containing varying amounts of glass microballoons were established by parallel plate rheometry.
Our studies reveal that solventless processing of formulations with microballoon loading > 60% poses practical difficulties due to
prohibitively high viscosities, although a packing efficiency of 74% is theoretically allowed in the case of hexagonal close packing.
The presence of microballoons does not alter the curing mechanism. The mechanical properties of syntactic foams were inversely
proportional to the loading and type of glass microballoons.

1. Introduction

Syntactic foams are lightweight compositematerials prepared
by incorporating hollow microballoons of glass [1], polymer
[2, 3], or metal [4] in a suitable matrix.The inclusion of these
hollow counterparts allows for significant weight savings,
which is crucial for certain applications, especially marine
[5, 6], aerospace [7, 8], and blast mitigation [9]. Polymeric
syntactic foams refer to a subclass of cellular material, where
hollow fillers are dispersed within a mechanically robust
polymeric matrix. Apart from the nature of the matrix, con-
centration and type of microballoon are critical parameters,
which decide its final properties [10]. Amongst hollow fillers,
glass microballoons (HGM) are most extensively used [11–
14], due to their low coefficient of thermal expansion and
chemical inertness. Amongst all polymeric matrices, epoxy
has been extensively studied [15–20], in view of its excellent
mechanical properties and low shrinkage [21, 22].

The density of syntactic foam decreases with increasing
concentration of purposely placed voids and for maximal
weight savings, high loadings of the microballoon are desir-
able. The density of the syntactic foam can further be tuned

by astute choice of microballoons, which are available in
a variety of sizes and grades. Hexagonal close packing of
rigid spheres is expected for microballoon loading to 74%
v/v [23]. However, it is very unlikely to achieve hexagonal
close packing under conventional conditions employed for
processing. Interestingly, assuming random packing, the
upper limit of microballoon loading is restricted to ∼ 64% v/v
[24–26]. It is perhaps for this reason that very few studies deal
with syntactic foams with very high microballoon loading
(𝜙 > 60%) [8, 27–30].

Syntactic foams are conventionally processed usingmold-
ing, casting, extrusion, rotational molding, or buoyancy
methods, with the choice of technique depending upon the
microballoon loading and the type of product being manu-
factured [31–33]. Processing using conventional techniques
mandates fluidity of formulation for subsequent casting
into molds. Increasing the microballoon loading beyond a
critical value may render its processing impracticable by
stir-casting techniques, which is perhaps most common. It
is very important to establish the relationship of viscosity
with curing time to ascertain optimal conditions required
for processing. Surprisingly, rheological studies on syntactic
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Table 1: Characteristics of hollow glass microballoons [2].

HGM Density
(kgm−3)

Wall thickness
(𝜇m) Radius ratio

Microballoon
size (mean
diameter)
(𝜇m)

Isostatic crush
strength
(MPa)

Thermal
conductivity
(Wm−1K−1) at

21∘C
K15 150 0.70 0.9839 43.6 2 0.055
K46 460 1.29 0.9356 40 41 0.153

foam formulations are rather scarce, with most of the studies
dealing with the thermoplastic matrix [34–36]. In general,
processing of compositions containing high microballoon
loading is possible through molding [31], and casting man-
dates the use of solvent [14]. Unfortunately, there are issues
associated with the subsequent solvent removal step, which
in turn leads to void formation and a concomitant decrease
in mechanical properties and increased production costs.

Chemorheology of curing thermosets has been widely
studied and extensive reviews are available [37, 38]. Surpris-
ingly, the rheological behavior of HGM-epoxy formulations
has not been reported, which instigated us to undertake this
work. Here, in this work, we attempt to establish the role
played by HGM towards the curing of epoxy with an aim
of determining the maximum amount of microballoons that
can be dispersed properly within the resin in the absence of
a diluent. It has been brought out in the literature that the
presence of glass fibers does not affect the curingmechanism,
but notable difference in the reaction rates has been observed
[39, 40].We hypothesize that, in view of the physical restraint
posed by the glass balloons, the curing process will be
adversely affected, especially at high microballoon loadings.

In this article, the rheological profile of glass microbal-
loon filled polymeric syntactic foams using a cycloaliphatic
epoxy resin in the presence of two different types of hol-
low glass microballoons of varying crushing strengths and
densities is discussed, to establish the optimal processing
conditions.

2. Materials and Methods

A low viscosity cycloaliphatic epoxy resin (Ciba Geigy,
Araldite CY 230; epoxy equivalent 200 eq g−1, 𝜂∼1000 mPa.s
at 30∘C ( ̇𝛾=0.1 s−1)), a hardener (HY 951; amine content 24 eq
kg−1), and hollow glass microballoons (Grades K46 and K15,
3M�) were used without any further treatment. The physical
properties of hollow glass microballoons (HGM) used for the
preparation of syntactic foams are presented in Table 1.

2.1. Rheological Studies. Rheological studies were carried
out for HGM-epoxy formulations using an Anton Paar
rheometer (MCR 102) using 25 mm disposable aluminum
parallel plates. During the experiments, the shear stress was
maintained at 1000 Pa to produce reliable and reproducible
results. Shear rate sensitivity studies were performed, while
varying the shear rate over the range of 0.1 to 1 s−1 under
isothermal conditions (30∘C). The oscillatory shear flow
studies were conducted under both isothermal and dynamic
conditions. The test fixture was initially preheated to the

desired temperature. The plates were subsequently separated
and the HGM-resin formulation was rapidly inserted. The
plates were then brought back to a gap of approximately
1.0 mm and excess sample was trimmed. The experiment
was finally initiated when the desired set temperature was
achieved. The viscoelastic properties of the sample during
cure, including the complex dynamic viscosity (𝜂∗), shear
storage modulus (G’), and shear loss modulus (G”), were
monitored. Experiments were performed over temperatures
ranging from 60∘C to 100∘C in increments of 20∘C and
temperature sweeps from 30∘C to 150∘C at a heating rate of
5∘C/min were performed using a constant frequency of 1 Hz
for all experiments.

2.2. Processing of Syntactic Foams. Epoxy based syntactic
foams were prepared as per the procedure reported in the
literature [10]. The processing steps are as follows: firstly,
precalculated amounts of epoxy and hardener (mix ratio of
100:13 byweight) areweighed andmixed together in a suitable
beaker for about 5 min. Then, the precalculated amount of
microballoon (0–70 vol %) is added while mixing the con-
stituents together by stirring, using a wooden hand spatula
(Supplementary Section S1, Table S1). To prevent breakage
of hollow microballoons, slow stirring was performed for
the uniform dispersion of microspheres. Moreover, due to
the low density of the microballoons in comparison to the
epoxy resin, the former has a tendency to drift towards the
surface of the mold during the curing process. To circumvent
the same, the stirring time was adjusted depending upon
the amount of microballoon added, to achieve an optimal
increase in the viscosity of the mixture. The formulation was
degassed and was transferred into silicone molds and placed
at 65∘C inside an oven for 24 h. Finally, test samples are
machined from the cured panel for mechanical and thermal
characterization. The nomenclature for the sample is SFxx-
yy, where SF refers to syntactic foams, xx denotes the type of
glass microballoon employed for processing, i.e., 15 for K15
and 46 for K46, and yy corresponds to the volume percentage
of glass microballoons.

2.3. Quasi-Static Testing. Mechanical testing was performed
on syntactic foams containing 10-70% (v/v) of hollow glass
microballoons (K15 and K46) using the Universal Testing
Machine (International Equipments). The sample composi-
tions that underwent testing are detailed in the supplemen-
tary section, Table S1. For compression, standard specimens
of 12 mm diameter and 6 mm thickness were compressed
at a crosshead speed of 1.3 mm min−1. Five specimens of
each composition were tested and compressive strength was
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Figure 1: Dependence of increasing shear rate and microballoon loading (𝜙) on viscosity. Inset shows flowability of formulations at 40-60%
(v/v) loadings of glass microballoons.

determined from the load-displacement data obtained from
the tests. The area under the compressive stress-strain curve
till the end of plateau region was quantified to determine the
amount of energy absorbed by the foams [41]:

𝐸𝑎 =
1

2
(𝜎𝑐 × 𝜀𝑐𝑟𝑢𝑠ℎ) + (𝜎𝑐 × 𝜀𝑐𝑟𝑢𝑠ℎ) , (1)

where Ea, 𝜎𝑐, and 𝜀𝑐𝑟𝑢𝑠ℎ refer to the energy absorbed, com-
pressive yield strength, and crushing strain of the foam,
respectively.

Flexural testing of syntactic foam specimens of standard
dimensions (127 mm length × 12.5 mm width × 3.5 mm
thickness) was performed by subjecting them to a defor-
mation rate of 2 mm min−1 and span length of 60 mm
under a three-point bending mode as per ASTM D790. The
tensile properties were determined as per ASTM D638 using
a Universal Testing System (International Equipments) at
ambient temperature. The dog bone shaped specimens used
for tensile testing were 165 mm long, 3 mm thick, and 13 mm
wide along the center of the casting for syntactic foams. The
samples were subjected to a crosshead speed of 10 mmmin−1.

2.4. Density Determination. Syntactic foams are usually three
phase systems consisting of voids, microballoons, and resin.
The presence of voids accounts for a reduction in the
experimental density of the syntactic foams [42]. Theoretical
density of syntactic foam (𝜌𝑡ℎ) was estimated as per the
standard rule of mixtures:

𝜌𝑡ℎ = 𝜌𝐻𝐺𝑀 ∗ Φ𝐻𝐺𝑀 + 𝜌𝑚𝑎𝑡𝑟𝑖𝑥 ∗ Φ𝑚𝑎𝑡𝑟𝑖𝑥. (2)

Experimental density was determined by averaging the mass:
volume ratio of five specimens as per ASTM D1622–98. The

ratio of the difference between theoretical and experimental
densities to the theoretical density was used to quantify the
air void porosity trapped in the matrix during fabrication
according to the following equation:

𝑉𝑜𝑖𝑑 V𝑜𝑙𝑢𝑚𝑒 % =
𝜌𝑡ℎ − 𝜌𝑒𝑥
𝜌𝑡ℎ
× 100. (3)

The thermal degradation behavior was investigated using
Perkin Elmer Diamond STG-DTA under N2 atmosphere in
the temperature range 50-600∘C. A heating rate of 15∘C/min
and sample mass of 5.0 ± 0.5 mg were used for each
experiment. Calorimetric studies were performed on a dif-
ferential scanning calorimeter (DSC) (TA Instruments Q20).
For dynamic DSC scans, samples (10±2 mg) were sealed in
aluminum pans and heated from 0 to 200∘C at 5∘C/min. The
experiments were performed under flowing N2 (50 mL/min)
to minimize oxidative degradation of the sample during
the curing process. Visual inspection of the hollow glass
microballoons was performed using an optical microscope
(Olympus) at 40x magnification.

3. Results and Discussion

The chemorheological behavior of cycloaliphatic epoxy con-
taining different types of hollow glass microballoons is stud-
ied to arrive at the optimal conditions required for processing
of syntactic foam formulations.

3.1. Effect of Microballoon Loading on Viscosity. The effect of
increasingmicroballoon loading (K46) on the viscosity of the
composition in terms of viscosity-shear rate dependence is
presented in Figure 1. Compositions prepared using lighter
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microballoons (K15) also exhibit a similar profile. It can be
seen that the cycloaliphatic epoxy resin exhibits a viscosity
of ∼ 1000 mPa.s at 30∘C ( ̇𝛾=0.1 s−1) and the inclusion of
microballoons leads to a considerable increase in its viscosity,
the extent of which is proportional to the microballoon
loading. The data associated with an increase in viscosity
as a function of microballoon loading and shear rate is
presented in the supplementary section (Figure S1). It is
to be noted that, at microballoon loadings ∼ 60%, the
viscosity of the formulation is too high to permit solventless
processing. For the sake of visualization, photographs of the
representative formulation (𝜙=40-60%) are also included as
an inset in Figure 1. It is clear that, for the present system,
a microballoon loading of 60% v/v is the upper limit of
fluidity and formulations with higher loading are too viscous
to be processed in the absence of a diluent. Our studies
indicate that although a theoretical packing efficiency of 74%
is achievable for hexagonal close packing, it is only practical
to process foam formulations with HGM loadings 40-60%
v/v, where the packing of microballoons is random (upper
limit = 64% v/v).

It is to be noted that, in view of the substantial difference
in the density of HGM and epoxy, the lighter microballoons
tend to drift to the surface of the resin, the time for drifting
depending on the density difference. Digital photographs of
representative formulations containing varyingmicroballoon
(K46) loadings are presented in the supplementary section
(Figure S2). At loadings less than or equal to 30% v/v, sepa-
ration of the components into distinct layers is evident, with
the formation of an upper layer of light, hollowmicroballoons
with epoxy layer at the bottom.

Our study clearly highlights that the curing temperature
of epoxy-HGM formulations should be astutely chosen such
that the rate of network formation is rapid enough to prevent
microballoon agglomeration to the top. The DSC traces
associated with the curing of epoxy at different isothermal
temperatures are presented in Figure 2. The time associated
with the curing process decreases from 200 min to 20 min
as the temperature is raised from 40 to 70∘C. For the present
scenario, a temperature of 65∘C appears to be appropriate.

Rheological studies can generate valuable inputs with
regard to the viscoelastic nature of the material. The rhe-
ological profile associated with the curing of microballoon
filled compositions was studied under an oscillatory mode
using a parallel plate geometry which is routinely used for
studying epoxy based systems [43]. The variation in the
viscosity for both unfilled and glass microballoon filled
compositions (40-60%microballoon loading) is presented in
Figure 3.Three distinct regions are clearly evidenced. Initially,
a slight decrease in viscosity is observed as the temperature
was increased to ∼ 90∘C, which could be attributed to the
overcoming of intermolecular interactions with increasing
temperature. Further increase in temperature (90-120∘C)
leads to a sudden and exponential increase in viscosity: a
feature attributable to the autocatalytic nature of curing. As
the temperature approaches 120∘C, the viscosity levels off
indicating complete curing of the system.
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Figure 2: Calorimetric traces associated with curing of epoxy at
different isothermal temperatures.

The evolution of storage and loss modulus due to curing
of representative formulations (𝜙= 40%) was studied under
isothermal temperatures (60-100∘C) to arrive at the optimal
temperature required for processing, and the results are
presented in Figure 4. The loss modulus is initially higher
than the storagemodulus because the reactants are in a liquid
state. Due to the reaction of the epoxy with amine, both G’
and G” increase swiftly and a gelation region is observed
denoted by crossover of storage and lossmodulus.This region
marks a sudden transition of the viscous liquid to an elastic
solid, where the material can store and dissipate an equal
amount of energy and the time required for this is referred
to as gelation time (tgel).

Interestingly, when the curing was performed at T= 60∘C,
after the initial increase in storage modulus, a slight decrease
(in the form of a kink) was observed in the microballoon
filled formulations (Figure 4(a)), irrespective of the type of
microballoon employed. At lower temperatures, the curing
process requires much longer time periods, which reflects
in terms of longer “tgel.” Spherical microballoons tend to
roll due to shearing action offered by the plates, and the
polymeric network formed is not strong enough to withstand
the shearing force offered by the oscillating plates, thereby
resulting in its disruption. The network subsequently evolves
with time, and the complete curing mandates ∼ 1 h. When
the curing is performed at higher temperatures (isothermal
temperature = 80-100∘C), the rate of emergence of the cross-
linked structure is muchmore rapid; therefore the shear force
offered by the plates is insufficient to result in any disruption
of the network. Although storage and loss modulus are not
design parameters, these data can be used to accurately
predict the elastic modulus of syntactic foams which will be
helpful in engineering applications of such foams [44, 45].

The delay in the curing phenomenon due to inclusion of
microballoons in the resin is also evident from the calori-
metric studies performed on formulations. Representative
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Figure 3: The effect of increasing microballoon loading on complex viscosity: (a) K46-epoxy formulations and (b) K15-epoxy formulations.

nonisothermal DSC traces (heating rate= 10∘C min−1) are
presented in Figure 5. It can be seen that neat epoxy cures
at 89∘C (Tpeak), which is relatively lesser than the Tpeak value
associated with formulations containing microballoons.

Gelation time-temperature dependence was used to
arrive at the activation energy (Ea) associated with the curing
process of epoxy, and the results are presented in Figure 6.
The detailed procedure for the calculation of Ea is presented
in the supplementary section (Section S2). A substantial
delay in curing (as evidenced in terms of longer gelation
time) is clear in formulations containing microballoons, a
phenomenon attributable to the physical hindrance posed by
the microballoons.

The presence of K15 results in a larger delay, which
in turn can be attributed to the difference in the thermal
conductivity of the microballoons (0.05 Wm−1K−1 for K15
and 0.15 Wm−1K−1 for K46), which leads to difference in
the heat flow into the epoxy resin [46]. In addition, the role
of the difference in the dimensions of the constituent fillers
(K15: diameter 43 𝜇m) as compared toK46 (diameter: 40 𝜇m)
cannot be ruled out.

Interestingly, the activation energy was found to be of the
same order in all the formulations, which indicates that the
presence of microballoons does not alter the epoxy-amine
curing mechanism, which is a classical nucleophilic substitu-
tion reaction, reportedly following second-order kinetics [47]
(Scheme 1). Our studies are in line with previous studies on
glass fiber-epoxy compositions, which revealed that the glass
fibers decrease the reaction rate associated with the curing
process, without altering the mechanism [39].

3.2. Voidage in Syntactic Foam. The theoretical and experi-
mental densities associated with syntactic foams (𝜙=10-70%)
are presented in Figure 7. Owing to the higher density of K46

compared to K15 microballoons, cellular samples containing
the former microballoons (𝜌= 460 kg/m3) exhibit relatively
higher densities than samples containing K15 (𝜌= 150 kg/m3),
under similar loadings. The experimental density, however,
was much lower than the theoretical values.The difference in
the densities was used to evaluate the voidage, which too is
included in the figure, the noticeable feature being the higher
voidage content in specimens containing high microballoon
loading (𝜙 = 70%).

3.3. Mechanical Properties. The low density of syntactic foam
is the most favorable feature of cellular materials; hence the
trends in mechanical properties need to be analyzed with
respect to their density, which is best described in terms of
specific mechanical properties. The quasi-static properties
of the syntactic foams containing varying loadings (10-70%
v/v) and different types of microballoons (K15 and K46) are
presented in Figure 8.The difference in the crushing strength
of the constituent microballoons clearly reflects in the
mechanical properties of syntactic foams. The compressive
stress-strain curves of epoxy-microballoon syntactic foams at
different microballoon volume fractions are presented in the
supplementary section (Figure S3). The stress-strain profiles
reveal an initial linear elastic (Hookean) region, followed by
an energy absorbing plateau region. The peak stress value is
the compressive strength of the sample and the plateau region
is visualized by an increase in strain without an appreciable
increase in stress. In this plateau region, the microballoons
are subjected to extensive compressive loads, which results in
their crushing. Beyond this, there is an exponential increase
in stress without any appreciable increase in strain: a region
signaling the onset of densification [8].

Five specimens of each composition were subjected
to mechanical tests. All, quasi-static mechanical properties
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Figure 4: Isothermal gelation profiles of resin and syntactic foam formulations at different temperatures: (a) 60∘C, (b) 80∘C, and (c) 100∘C
(dotted lines G”, solid lines G’).
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irrespective of the testing mode (compressive, tensile, and
flexure) were found to decrease with increasingmicroballoon
loading. Microballoon crushing is the primary mechanism
responsible for the energy absorption of the foams in the
compressive mode [48], which is usually quantified in terms
of the area under the stress-strain curve till the end of
the plateau region. Under flexural and tensile loadings, the
difference between the strengths of two types of a syntactic
foam specimen discernibly reduces. It is to be noted that,
under the flexure and tensile mode, the microballoons are
not the primary load bearing phase and failure depends to
a large extent upon the matrix failure [18, 49]. The highest
energy absorption ability was exhibited by syntactic foam
compositions containing 40% microballoon loading.

What is particularly interesting to note is that the
mechanical properties of the cellular materials drop sig-
nificantly as the microballoon loading is increased to 70%
v/v. It is to be noted that the properties of any reinforced
material are decided by the extent of interfacial adhesion
between the filler and the matrix. A condensation reaction
between the surface hydroxyl groups of silica and oxirane
rings of epoxy resin is responsible for the excellent adhesion
between the glass and epoxy (Scheme S1). The inferior
mechanical properties can be attributed to the fact that, in
the specimens containing highmicroballoon loading (∼70%),
the resin is unable to penetrate into the interstitial regions and
inclusion of a large volume percentage of glass microballoons
which reportedly exhibit poor crushing strength compared
to epoxy. This, in turn, is expected to lead to high voidage,
which has also been observed experimentally (Figure 7). The
decrease in mechanical properties exceeds the lowering in
density; therefore the specific properties are also substantially
reduced.

It appears that it is impossible to obtain a hexagonal
close-packed structure in syntactic foams using common stir-
casting techniques. In common words, packing is defined as
a collection of nonoverlapping solid objects in n-dimensional
space. An important attribute of packing is its density 𝜙,

which is defined as the fraction of space covered by the
particles. Previously, computer algorithms have been used to
study idealized random packing associated with monodis-
perse spheres. A rate-dependent densification algorithm [24]
has indicated that a packing fraction between 0.642 and 0.649
is common. A Monte Carlo scheme yields 𝜙 = 0.68, while a
“drop and roll” algorithm yields amaximal packing efficiency
(𝜙) of 0.60 [25]. Subsequently, a concept of a “Maximally
Random Jammed” (MRJ) state was developed, which can
be viewed as prototypical glasses in that they are maximally
disordered while simultaneously being mechanically rigid.
This is associated with a maximum limit of 𝜙= 0.64 [26]. A
pictorial representation of hexagonal packing and random
packing is presented in the supplementary section (Figure
S4). Our studies indicate that, under the ordinary processing
conditions, the “jammed” state appears to be the upper limit
of packing with a packing efficiency of 64% [50].

3.4.ThermalDegradation. TG-DTG traces of syntactic foams
containing K46 microballoons are presented in Figure 9.
The thermogravimetric traces of neat epoxy and syntactic
foams demonstrated similar profiles barring the progressive
increase in the char content from 15.7% to 53% (at 600∘C)
with increasing microballoons content (10-70% (SF46)). The
thermal properties of foams containing K15 present a similar
trend and are included in the figure (Figure 9(b)).

Processing of epoxy-glass balloon formulations (40-60%
microballoon loading) did not lead to any rupture of glass
microballoons under the experimental conditions employed.
This was determined by performing oxidative degradation
of epoxy syntactic foam specimens in a muffle furnace (at
600∘C), and the leftover char was observed under an optical
microscope. Representative images of the char obtained from
SF46-60 and SF15-60 are presented in Figure 10. It is clear that
all the microballoons retained their physical appearance with
no evidence of glass rupture.

4. Conclusions

In this paper, the rheological behavior associated with the
curing of cycloaliphatic epoxy resin in the presence of hollow
glass microballoons has been studied to establish optimal
conditions for processing. For all practical purposes, com-
positions with microballoon loading < 60% can be conve-
niently processed using common techniques like stir casting.
Formulations with high microballoon loading (≥ 60% v/v)
exhibit too high viscosities to permit solventless processing
of these compositions. This is substantially lower than the
theoretical limit of 74% associated with hexagonal close
packing. Under ordinary processing conditions, a “random
jammed” state appears to be the upper limit of packing, with
a packing efficiency of 64%. The presence of microballoons
does not alter the epoxy-amine mechanism but the rate of
reaction is adversely affected. In view of the density variation
between the epoxy and hollow microballoons, the latter
tend to drift to the surface. Hence, the curing temperature
should be so chosen such that the rate of network formation
exceeds the rate of microballoon drifting. In view of the
same, a processing temperature of 65∘C was found to be
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Figure 7:Theoretical and experimental densities of syntactic foam specimens: (a) SF15 and (b) SF46.The voidage is presented in the secondary
axis.

most appropriate. Mechanical characterization reveals that
the quasi-static properties associated with syntactic foams
are higher in compositions containing microballoons with
higher crushing strength. A concomitant decrease in the
quasi-static properties is observed on increasing loadings of
either type of glass microballoons; however the mechanical

properties decrease precipitously as themicroballoon loading
is increased to 70%. An increase of approximately 72% and
192% is observed in the specific toughness values of SF15-40
and SF46-40 syntactic foams, respectively, compared to neat
epoxy. The microballoons did not undergo any significant
rupture under the conditions employed during processing.
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Figure 8: (a-b) Compressive, (c) flexural, and (d) tensile properties of epoxy syntactic foams containing different microballoons at varying
loadings.
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Figure 9: TG-DTG traces of epoxy syntactic foams: (a) SF46 and (b) SF15 (dotted lines represent DTG).
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(a) (b)

Figure 10: Optical images of the char obtained after oxidative degradation of (a) SF15-60 and (b) SF46-60.
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