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Nanocomposites consisting of an epoxy network matrix and a silica reinforcing phase were
produced from a resin mixture functionalized with alkoxysilane coupling agents. Particulate
nanocomposites were obtained by dispersing silica-organosol particles in the resin, while
bicontinuous phase nanocomposirtes were obtained by the in-situ hydrolysis and condensation
of tetraethoxysilane containing minor amounts of γ -glycidoxyl trimethoxysilane.
Functionalization of the epoxy resin with an amine silane coupling agent was found to be more
effective in aiding the dispersion of silica sol particles in the resin than the corresponding resin
functionalized with a mercaptan silane coupling agent. Similar differences in the efficiency of
coupling agent grafted on to the epoxy resin were observed for bicontinuous phase
nanocomposites. The amine silane functionalization produces denser silica domains, which
results in a higher rubber-plateau modulus and higher resistance to solvent penetration. The
study also showed that the particulate nanocomposites are very ineffective in improving the
solvent resistance of the base resin, even when the resin is grafted with a very efficient amine
silane coupling agent, which promotes interfacial bonding. The different types of morphology
were characterized by transmission electron microscopy and small angle X-ray scattering
analysis. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Materials consisting of nanostructured domains of an inor-
ganic oxide interdispersed within an organic macromolec-
ular compound are generally known as “organic-inorganic
hybrids”. The inorganic component is produced in-situ
by the sol-gel method, starting from solution mixtures of
metalalkoxides and either a polymer, or polymerizable
monomers or network forming oligomers. In view of the
interconnectivity of constituent inorganic oxide domains,
organic-inorganic (O-I) hybrids can also be referred to as
bicontinuous nanocomposites [1].

The formation of continuous inorganic glassy domains
within the organic medium relies on establishing the
appropriate kinetics for the hydrolysis and condensation
reactions of the alkoxide precursor, together with an
adequate level of interactions with the surrounding
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organic medium, and on the setting up of strong
interactions between the precursor components, via
H-bonds or covalent bonds [2–5]. This will ensure that
the bicontinuity of phases, resulting from the chemically
induced spinal decomposition of the inorganic oxide
precursor, is maintained during the entire preparation
procedure [6–8]. It is for this reason that bicontinuous
nanocomposites with a hybrid organic-inorganic consti-
tution are normally produced from tetra-alkoxysilanes,
particularly tetraethoxysilane (TEOS) [9–10].

Nanocomposites containing particulate inorganic ox-
ides, on other hand, are produced under conditions leading
to fast rates of condensation reactions, so that phase sepa-
ration takes place by a nucleation and growth mechanism.
With tetra-alkoxysilanes these conditions are achieved by
carrying out the sol-gel reactions in a basic environment,
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or in the presence of dibutyl tin dilaurate, so that the
nucleation of inorganic oxide particles becomes the rate-
determining step for their formation [11].

For the case of those metal alkoxides which produce
crystalline inorganic oxides, such as titanium and zir-
conium alkoxides, nucleation-and-growth is the prevail-
ing phase separation mechanism and, therefore, only par-
ticulate nanocomposites can be produced by the sol-gel
method for organic–inorganic hybrids [12, 13].

The geometric configurations of nanocomposites
makes it difficult to predict even basic properties, such

as Young’s modulus and coefficient of thermal expan-
sion. For instance, the law of mixtures for predicting the
Young’s modulus along the direction of the fibres for uni-
directional continuous fibre composites, cannot be applied
to bicontinuous phase nanocomposites. The stipulated
isostrain conditions within the two component phases
would be invalidated by the geometric irregularities of the
constituent phases, which set up spurious shear strains at
the interfaces. Similarly any attempt to apply the Halpin
– Tsai theory for predicting the modulus enhancement
factor for discontinuous fibre composites would be facing
insurmountable difficulties in determining the values for
various constants required, such as contiguity factor and
the adjustable constant ζ [14].

The aim of this study is provide experimental veri-
fications of the influence of the geometrical configura-
tions of the inorganic phase within an organic matrix on
the physical properties of nanocomposites. These are as-
sessed by measuring the dynamic mechanical properties,
the thermo-mechanical properties and sorption properties
of bicontinuous phase and particulate nanocomposites,
using purposely functionalized epoxy resins and alkoxysi-
lanes as the silica precursor through sol-gel reactions.

2. Experimental procedures
2.1. Materials
2.1.1. Resin
The resin used was a mixture of two bis-phenol A type
epoxy resins, commercially known as Epikote 828, and
Epikote1009, both obtained from Shell Chemicals. These
have a number average molecular weight of 370 and 5000
atomic mass units respectively, corresponding to an aver-
age degree of polymerization of 0.1 and 16 expressed in
terms of central CH2CHOHCH2 units per molecule. The
general structure is as shown below:

On the basis of results obtained in previous work which
showed that higher molecular weight resins produced a
“better compatibility” of the two phases (i.e. finer do-
mains), the weight ratio of Epikote 828 to Epikote 1009
used in the mixture was 6 : 1 in all cases [15].

2.1.2. Hardener
The hardener used in all cases was 4-4′ methylene bis-
cyclohexaneamine (PACM), obtained from Air Products,
as a 99% purity grade. The chemical structure is.

2.1.3. Coupling agents for functionalization
of epoxy resin

The structure of the silane coupling agents used and the
source are shown below:
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2.1.4. Precursors for the siloxane component
These were respectively tetraethoxy silane, as the main
component (TEOS) and γ -glycidoxyl trimethoxysilane
(GOTMS) as coupling agent. Both were obtained from
ACROSS, purity > 95%.

2.1.5. Catalysts for the alkoxysilane
component

The catalyst was Dibutyl-tin-dilaurate (TIN), obtained
from Aldrich, >95% pure.

2.1.6. Silica Organosol
This was obtained from Clariant as a 30% w/w silica mi-
crodispersion in isopropanol, sold under the trade name
of Highlink OG 502-30. It contains silica primary parti-
cles with diameter in the region of 10–13 nm. The pH
is claimed to be 2.8–4.0 after dilution in water to 10%
solids.

2.1.7. Auxilaries
Solvents used were xylene (Fluka) and butanol (Aldrich).

2.2. Preparation procedures
2.2.1. Functionalization of the epoxy resin

mixture
The epoxy resins were initially dissolved in a mixture
of xylene and butanol (2:1). The composition of the

solution was fixed at 60% solids to obtain a viscosity in the
region of 1–2 Poise. The weight ratio of the epoxy resins
was 85% Epikote 828 and 15% Epikote 1009. The grafting
reaction with the silane coupling agent were carried out at
molar ratio Epoxy : XH = 10 : 1, where X is N for amine
and S for mercaptan silane, respectively. The details of
the reactions have been described elsewhere [16].

2.2.2. Preparation of the silica precursor
solution

Following the well established procedures used in similar
work (12,15,16), TEOS, GOTMS, ethanol, water and TIN
were mixed using the following molar ratios,

Water : TEOS = 3 : 1, Water : Ethanol = 1 : 1, TEOS :
GOTMS = 1: 0.12.

In a previous study it was shown that the use of GOTMS
in the alkoxysilane solution makes a notable contribution
to the “compatibilization” of the silica domains with the
epoxy resin matrix, even when the resin contains alkoxysi-
lane functional groups [16].

The catalyst was added in amounts equal to 0.02% of
the theoretical silica produced, including the equivalent
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amount derived from the silane functional groups in the
resin.

The Epoxy/TEOS weight ratios used were chosen to
produce a nominal silica content of 15% w/w. The the-
oretical SiO2 content was calculated from conversion of
moles to weight quantities, from which it is estimated that
28.8% is derived from TEOS and 25.4% from GOTMS.

Cylindrical glass containers, 2 cm wide, were used in
all case and heating was provided by a hot plate fitted with
a magnetic stirring device. The silica precursor solution
was stirred first for 5 min at room temperature, and then
for 120 min at 90◦C.

2.2.3. Production of epoxy-silica hybrids
After completion of the earlier described reactions, the
components of the precursor solution were mixed with
the epoxy resin in xylene/butanol solution and pre-reacted
under stirring conditions for 15 min at 60◦C and 120 min
at 80◦C.

2.2.4. Production of particulate
nanocomposites

These were obtained by adding with magnetic stirring
an amount of silica organosol to the epoxy resin mixture
in xylene/butanol solution. This was carried out at room
temperature for 5 min.

2.2.5. Specimen preparation and curing
The resin, the hybrid precursor solution and the hard-
ener were mixed for 1 min at room temperature, and
then spread on shallow moulds made from supported sili-
conized paper to produce small plaques about 0.5–1.0 mm
thick. The amount of hardener was used in the following
stoichiometric ratio Epoxy groups : -NH2 groups = 1 :
0.375 (i.e 75% reactive NH2 groups). Less than the sto-
ichiometric amounts of hardener are required to reduce
the extent of homopolymerization reactions, which bring
about a reduction in cross-linking density [17].

The castings from the epoxy-siloxane hybrid mixture
were left to gel and cure at room temperature for two days
and were post-cured for 6 h at 80◦C and then for a further
2 h at 120◦C.

The same formulation details and preparation proce-
dure was used to produce the particulate nanocomposites.

2.2.6. Characterization techniques
2.2.6.1. FTIR Analysis. Transmittance FTIR spectra
were obtained using a Mattson 3000 spectrometer, with a
resolution of 4 and 2 cm−1, in the infrared spectra range
4000–600 cm−1. Measurements were carried out by dis-
persing the powder samples in KBr to monitor the struc-
ture evolution of the siloxane domains and the state of
cure of the epoxy matrix.

2.2.6.2. Transmission electron microscopy (TEM). The
morphological structures of the O-I hybrids were char-
acterized using a TEM-100CX apparatus, manufactured
by JEOL Ltd. Examinations were made on thin slices
microtomed from cast films embedded in epoxy resin.

2.2.6.3. Dynamic mechanical analysis. Dynamic me-
chanical tests were carried out on a DMTA Thermal
Analyser from Polymer Laboratories (UK) model MK III.
The samples were in the form of specimens ∼3 cm long,
∼5 mm wide and ∼1 mm thick. In these tests a sample
clamped at the edges was subjected to a sinusoidal flexural
deformation. A transducer detected the sample response
to the applied load and by appropriate signal conditioning
and data analysis, the instrument’s software was used to
calculate the viscoelastic constants of the material, namely
the storage modulus (E′), and the dissipation factor (tan
δ). The tests were performed in the scanning temperature
mode from room temperature to 200◦C at a constant rate
of 5◦C/min and with an oscillating frequency of 1 Hz.

2.2.6.4. Solvent absorption tests Specimens ∼20 mm
long, ∼10 mm wide and ∼0.5 mm thick of the samples
were immersed in THF (tetrahydrofuran) to determine
the solvent absorption characteristics as a complementary
evaluation of the nature of the networks. The weight of
the samples was measured as a function of time and the
weight increase was recorded on an analytical balance,
after blot drying the specimen.

2.2.6.5. Thermal expansion. Thermo-mechanical tests
were carried out using a DuPont 990 Thermal-Analyser.
Samples were in the form of specimens 5 mm long, 5 mm
wide and about 1 mm thick. During the test the specimens
are heated at a constant rate of 10◦C/min, from room tem-
perature up to 150◦C. A probe detects the linear expansion
of the samples, across any chosen temperature range.

2.2.6.6. Small Angle X-ray Scattering. A point-beam Cu
X-ray source was utilised for small X-ray scattering
(SAXS) measurements in conjunction with a GADDS 2D
detector from Bruker. The scattered beam intensity was
plotted as a function of the variable q, which is defined as
q = 2 (sin θ)/λ, where θ is the scattered angle and λ is the
wave-length of the X rays.

2.2.6.7. Thermogravimetric measurements. Thermo-
gravimetric analysis was employed to estimate the actual
silica content of the hybrid materials produced. Weight
losses were measured with a Mettler TG50 thermo-
balance operating under air-flow. The samples were
heated from room temperature to 750◦C at a constant
rate of 20◦C/min.
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3. Results
3.1. Curing reactions
The FTIR analysis has shown that there were appreciable
quantities of epoxy groups present in both nanocompos-
ite and O-I hybrids even after two days curing at room
temperature. This was evidenced by the presence of ab-
sorption bands at around 1250 and 915 cm−1, attributed
to the bending of the C–H bond, and to the asymmetric
stretching of the C–O–C bond of the epoxy group. After
post-curing for 6 h at 80◦C and 2 h at 120◦C, the spectra
revealed the complete disappearance of these absorption
peaks and, therefore, the systems were deemed to have
reached the required state of cure.

3.2. Formation of silica network
Following the procedure adopted by several workers [18,
19], the possibility of characterizing the silica network
in the two types of systems was examined. According to
these studies, the position of the infrared peak associated
to the Si-O-Si asymmetric stretching of silica varies from
∼1060 to ∼1120 cm−1, depending on the density of the
silica. The lower the density of the silica (such as the
silica of a sol-gel network) the lower is the wave-number
associated with the relevant peak.

For the identification of the Si-O-Si stretching peak in
the silica domains of the epoxy hybrids produced by the
sol-gel, an amount of silica was produced by using the
same silica precursors and curing conditions employed
in the production of the epoxy-silica hybrids. The FTIR
spectrum of these silica products is shown in Fig. 1. This
clearly reveals the presence of a peak at 1077 cm−1 (dif-
fuse silica) with a shoulder at ∼1100 cm−1 (dense silica).
Fig. 2 shows the FTIR spectra for the epoxy-silica hy-
brid (bicontinuous) nanocomposite and the corresponding
filler-loaded (particulate) nanocomposite produced by the
addition of pre-formed silica particles, after subtracting
the base line spectrum of the epoxy resin matrix. These
show a distinct Si-O-Si stretching peak at ∼1108 cm−1

for particulate nanocomposites, confirming the “dense”
nature of the silica used. The spectrum of the epoxy-silica
hybrid (bicontinuous nanocomposite), shows the presence

Figure 1 FTIR spectra of silica produced by the sol-gel method from the
alkoxysilane precursor of epoxy-silica hybrids.

Figure 2 Comparison of FTIR spectra of epoxy-silica particulate nanocom-
posite (dotted curve) with epoxy-silica hybrid (continuous curve), both con-
taining 15% w/w SiO2, after subtracting the reference spectral line of the
pure epoxy resin.

of a broad peak at around 1070 cm−1, which is associated
with the existence of a “diffused” silica network.

3.3. Morphological structure
The TEM examinations have revealed the presence of
nanostructured bicontinuous domains for both function-
alized resin systems. An example is shown in Fig. 3.

The micrographs of fractured surfaces indicate that the
type of coupling agent (mercaptan-type or amine-type),
used for the functionalization of the epoxy resin, exerts
considerable influence on the dispersion of silica particles
in the particulate nanocomposites.

When using a non-functionalized resin the sol nanopar-
ticles form aggregates of secondary particles with diame-
ter about 1–5 µm, as shown in Fig. 4. The level of agglom-
eration diminishes substantially when the epoxy resin is
functionalized with MPTMS (Fig. 5 — left), but the sil-
ica aggregates are still large enough to produce optical
opacity in the cured products. Complete dispersion of the
silica particles was obtained, on the other hand, when the
epoxy resin was functionalized with the amine coupling

Figure 3 TEM micrograph of epoxy-silica hybrid (15% w/w SiO2) pro-
duced from resin grafted with the amine silane coupling agent by the sol-gel
method.
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Figure 4 TEM micrographs of epoxy-silica nanocomposite (15% w/w
SiO2) produced from a mixture of unmodified epoxy resin and silica
organosol.

Figure 5 TEM micrographs of epoxy-silica nanocomposite (15% w/w
SiO2) produced from a mixture of silane grafted epoxy resin and silica
organosol. A (left): Resin functionalized with the mercaptan silane coupling
agent. B (right): Resin functionalized with the amine silane coupling agent.

agent (Fig. 5 - right). For these systems the TEM micro-
graphs reveal a very fine morphology consisting of single
isolated particles dispersed into the matrix.

3.4. Dynamic mechanical properties
The dynamic mechanical spectra in Fig. 6 show that the
particulate nanocomposite produced with the unmodified
epoxy resin displays much higher tan δ values in the rub-
bery plateau than the corresponding pure epoxy resin
system, while the Tg remains almost unchanged within
the range 80–83◦C (tan δ values). The modulus curves
are also very similar, except for a small increase in the
rubber-plateau modulus for the particulate nanocompos-
ite relative to the corresponding functionalized resin.

The dynamic-mechanical properties of the functional-
ized epoxy resin with A1170 (amine-type) and MPTMS
(mercaptan-type) coupling agents, containing 15% w/w
silica nanoparticles, are shown in Figs 7 and 8 and are
compared with the equivalent bicontinuous nanocom-
posites. The tan δ data of both particulate nanocompos-

Figure 6 Dynamic mechanical spectra of unmodified epoxy resin and
corresponding particulate nanocmposite (15% w/w SiO2).

ites, when compared to the corresponding functionalized
epoxy system without the filler, reveal an increase in glass
transition temperature of about 12◦C for the resin func-
tionalized with the mercaptan silane (MPTMS) coupling
agent (Fig. 8), and 20◦C for resin systems functionalized
with the amine silane (A1170) coupling agent (Fig. 7).
However, the elastic modulus curves show a reduction in
the rubber-plateau values for nanocomposites produced
from both types of functionalized resins, which can only
be attributed to a reduction in the cross-linking density of
the epoxy resin. This effect can only occur if a quantity
of amine hardener is adsorbed on the surface of nanopar-
ticles, making it less available for the cross-linking of the
epoxy resin matrix. The much lower reduction in plateau
modulus for systems based on amine silane functional-
ized resin (Fig. 7) is likely to be due to the larger number
of alkoxysilane functional groups present at a given site,
which counteracts the surface adsorption effect.

On the other hand, the bicontinuous nanocomposites
produced with the resin functionalized with the amine
silane coupling agent [coded H-A1170-15% SiO2

(sol-gel)] show a lower and broader tan δ peak and higher
plateau modulus, relative to the reference resin, although
the Tg remains approximately unchanged. The same
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Figure 7 Comparison of dynamic mechanical spectra of amine silane func-
tionalized epoxy resin (Epoxy Resin + A1170) with corresponding epoxy-
silica particulate nanocomposite (Epoxy Resin + A1170 + 15% SiO2 Pre-
formed) and epoxy-silica hybrid (Epoxy Resin + H-A1170 + 15% SiO2),
both containing 15% w/w SiO2.

behaviour was observed with nanocomposites obtained
from the resin functionalized with the mercaptan silane
coupling agent. These results show that the silica formed
in-situ by the sol-gel method (in the production of the O-I
hybrids) creates strong constraints on the molecular mo-
tions within the organic phase. These constraining forces
do not exist when the silica is added to the epoxy matrix
as pre-formed particles, despite displaying a higher Tg.
At the same time the silica reduces the cross-linking
density, which is manifested as a reduction in the plateau
modulus of the rubbery state (see Discussion).

The thermal expansion curves in Fig. 9 show that the
thermal dilational behaviour of the particulate nanocom-
posite [coded Epoxy Resin-A1170+15% SiO2 (pre-
formed)] is very similar to that of the parent silane func-
tionalized epoxy resin [coded Epoxy Resin-A1170]. Both
show a large discontinuity between 80◦C and 120◦C. This
is associated with relaxations within the organic phases
and, therefore, corresponds to the Tg of the epoxy ma-
trix. The thermal expansion curve for the bicontinuous
nanocomposite [coded H-A1170-15% SiO2 (sol-gel)], on
the other hand, is very different. In this case the discon-
tinuity almost disappears and the expansion exhibited by
the epoxy matrix above the Tg is suppressed. This fea-
ture is in accordance with the previous interpretation of

Figure 8 Comparison of dynamic mechanical spectra of mercaptan silane
functionalized epoxy resin (Epoxy Resin + MPPTS) with corresponding
epoxy-silica particulate nanocomposite (Epoxy Resin + MPPTS + 15%
SiO2 Pre-formed) and epoxy-silica hybrid (Epoxy Resin + H-MPPTS +
15% SiO2), both containing 15% w/w SiO2.

constraints to the molecular motions in the organic phase,
due to restrictions imposed by the intermingled inorganic
domains.

3.5. Solvent absorption behaviour
Fig. 10 shows a comparison of the THF absorption be-
haviour of the amine silane functionalized epoxy resin
[coded Epoxy Resin-A1170], the corresponding partic-
ulate nanocomposite [coded Epoxy Resin-A1170-15%
SiO2 (pre-formed)], and bicontinuous phase nanocompos-
ite [coded Epoxy Resin H-A1170-15% SiO2 (sol-gel)].
The data indicate that the higher resistance to swelling is
obtained when the inorganic phase is bicontinuous with
the organic network.

The linear increase in solvent uptake with time in the
initial stage is synonymous with Case II diffusion, while
the linear absorption followed by a sudden jump has been
called Super Case II diffusion [25]. The detailed interpre-
tation of such a peculiar solvent absorption behaviour for
the present systems is discussed elsewhere [27].

Fig. 11 shows a comparison of the THF absorption
behaviour of the epoxy resin functionalized with the
mercaptan silane coupling agent [coded Epoxy Resin-
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Figure 9 Comparison of linear thermal expansion variation with tempera-
ture of amine silane functionalized epoxy resin (Epoxy Resin) with corre-
sponding epoxy-silica particulate nanocomposite (Epoxy Resin + A1170 +
15% SiO2 Pre-formed) and epoxy-silica hybrid (Epoxy Resin + H-A1170
+ 15% SiO2), both containing 15% w/w SiO2.

Figure 10 Comparison of solvent absorption behaviour of amine silane
functionalized epoxy resin (Epoxy Resin + A1170) with corresponding
epoxy-silica particulate nanocomposite (Epoxy Resin + A1170 + 15%
SiO2 Pre-formed) and epoxy-silica hybrid (Epoxy Resin + H-A1170 +
15% SiO2), both containing 15% w/w SiO2.

MPTMS], the corresponding particulate nanocomposite
[coded Epoxy Resin-MPTMS-15% SiO2 (pre-formed)],
and the bicontinuous phase nanocomposite [coded
H-MPTMS-15% SiO2 (sol-gel)]. These graphs show that
only the bicontinuous phase nanocomposite H-MPTMS-
15% SiO2 (sol-gel) is resistant to solvent aggression. The
other two samples, respectively plain functionalized resin
{Epoxy Resin-MPTMS] and corresponding particulate
nanocomposite [Epoxy Resin-MPTMS-15% SiO2 (pre-
formed)], not only displayed a very fast rate of solvent
absorption but also disintegrate within a few hours before
reaching the swelling equlibrium.

It is worth noting that the samples based on the mercap-
tan silane functionalized resin do not exhibit an induction
time in the solvent absorption curve. This can be attributed
to the lower cross-linking density, which also leads to a

Figure 11 Comparison of solvent absorption behaviour of mercaptan silane
functionalized epoxy resin (Epoxy Resin – MPPTS) with corresponding
epoxy-silica particulate nanocomposite (Epoxy Resin + H-MPPTS + 15%
SiO2 Pre-formed) and epoxy-silica hybrid (Epoxy Resin + H-MPPTS +
15% SiO2), both containing 15% w/w SiO2.

“more open” surface structure for the immobilization of
adsorbed solvent molecules.

3.6. Small angle X-Ray scattering.
Fig. 12 shows the X-Ray scattered intensities of the cured
pure epoxy resin and the epoxy resin grafted with the
amine coupling agent A1170. The plots represent in dou-
ble logarithmic scale the scattered intensity versus the
vector q (q = 2 sin θ /λ [Å−1]). The data for both samples
show the presence of a peak at 63 Å, but it is unlikely to
be due to any real structural features. It is more likely to
be associated with some artifact in so far it appears within
in domain spacings that are not normally associated with
light scattering phenomena.

In Fig. 13 are compared the X-Ray scattered inten-
sities for the particulate nanocomposites [coded Epoxy
Resin-A1170-15% SiO2 (pre-formed)] and the bicontin-
uous nanocomposite [coded Epoxy Resin H-A1170-15%

Figure 12 SAXS scattering profiles of pure epoxy resin (Epoxy Resin) and
epoxy resin functionalized with the amine silane coupling agent (Epoxy
Resin – A1170).
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Figure 13 SAXS scattering profiles of epoxy-silica particulate nanocom-
posite (Epoxy Resin – A1170 + 15% SiO2 Pre-formed) and epoxy-silica
hybrid (Epoxy Resin – A1170 + 15% SiO2 Sol-Gel), both based on the
amine silane functionalized epoxy resin and both containing 15% w/w SiO2.

SiO2 (sol-gel)], both produced from the resin mixture
functionalized with the amine coupling agent and con-
taining 15% w/w nominal silica.

4. Discussion
4.1. Dispersion of silica-sol particles
From an inspection of the micrographs in Fig. 4 it
is evident that, for systems produced from the non-
functionalized epoxy resin, the individual nanoparticles
within the agglomerated microparticles are weakly bound
together by electrostatic forces. This is witnessed by a
very large increase in tan δ above the glass transition
temperature (Fig. 6).

When the resin is functionalized with the amine silane
coupling agent (A1170) the positive surface charges on
the surface of the nanoparticles, resulting from the acidic
nature of the organosol used, can attract the grafted amine
groups within epoxy resin, causing the SiO2 nanoparticles
to be thoroughly dispersed within the surrounding epoxy
resin. At the same time the higher localized concentration
of methoxy silane groups may also play a role in providing
stronger interactions with the surface silanol groups of
the silica-sol particles through a dynamic ester-exchange
exchange equilibrium.

These conditions are less favourable when the epoxy
resin is functionalized with the mercaptan silane due to
lower attraction forces between the surface of the par-
ticles and the epoxy resin. This interpretation is based
on considerations of relative proton acceptance charac-
ter of the alkoxysilane grafted groups in the two cases.
The sulphide groups derived from the mercaptan silane
functionalization are weaker proton acceptors than the
equvalent tertiary amine groups derived from the amine
silane functionalization reaction.

For both systems, however, the alkoxysilane function-
ality in the epoxy resin is also expected to play a role in

the dispersion of the nanoparticles, primarily with respect
to the stabilization of the dispersion of the particles after
the disintegration of the agglomerates. This is an entropic
effect arising from the dynamic equilibrium in the ex-
changing of alkoxy groups between those on the surface
of the particles and those grafted in on the epoxide chains.
In this respect the higher concentration of alkoxysilane
groups derived from the amine silane functionalization
is expected to provide a more effective particle disper-
sion environment than the corresponding systems derived
from the mercaptan silane functionalization of the resin,
and will remain at the interface after curing the resin.

The internal plasticization caused by the pendant
alkoxysilane in the epoxide chains, on the other hand,
brings about a reduction in the rubber-plateau modulus.
This is more pronounced for the case of systems pro-
duced from the amine silane functionalized resin, owing
to the large amounts of such groups grafted onto the epoxy
oligomer chains.

At the same time, the basic nature of the amine silane
functionalized epoxy resin brings about an increase in the
glass transition temperature, as a result of a higher cross-
linking density and stronger interfacial bonding (compare
the data in Fig. 7 with those in Fig. 9).

Accordingly the particulate nanocomposites produced
from the amine silane functionalized epoxy resin display
a considerably better resistance to solvent aggression than
the corresponding system based on the mercaptan silane
functionalized resin (compare the data in Fig. 10 with
those in Fig. 11).

The decrease in the values of the rubber-plateau modu-
lus (Figs 7 and 8) of the particulate nanocomposites pro-
duced from both functionalized resins, relative to rubber-
plateau modulus values displayed by the parent epoxy
resin, has to be attributed to the immobilization of the
PACM hardener by the very high surface area of the
nanoparticles. A reduction in the rubber-plateau modu-
lus, on the other hand, is not observed for the case of par-
ticulate nanocomposites produced from the unmodified
epoxy resin, owing to the much lower accessible surface
area of the agglomerated particles.

4.2. Phase continuity and interconnectivity
While the TEM micrographs have provided a good indica-
tion of the morphological state of the different nanocom-
posites produced, the strongest evidence for the existence
of bicontinuity between the organic and inorganic net-
works in epoxy-silica hybrids comes from small angle
X-ray studies. The first observation for the scattered in-
tensity diagrams is the existence of a peak at around 63 Å,
which is evident in all the SAXS spectra obtained in these
systems and is considered to correspond to an artifact in
the measuring system used.

Two other observations on the scattering curves are
relevant: (a) The scattering intensity of the sol-gel epoxy-
silica hybrids (bicontinuous nanocomposites) has a linear
dependence on the q function. (b) The slope of the X-ray
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Figure 14 Composition of the constituent domains of epoxy-silica nanocomposites for systems derived from the resin functionalized with the amine silane
coupling agent.

scattering curves varies between 1.1 and 1.3 for the case
of the epoxy-silica hybrids produced, and is equal to 3.8
for the particulate nanocomposites which were obtained
by the direct incorporation of preformed silica-sol parti-
cles. According to other reports [20–22] the linear change
of the scattered intensity with q is indicative of the fractal
nature of O-I hybrids produced by the sol-gel method.
The slope of the curves, known as the fractal dimension
(FD), is within the range of 1 and 3 when the phases are
bicontinuous, and varies between 3 to 4 for phase sepa-
rated structures. The values obtained for the systems of the
present study lay in the extremes of these ranges, which is
indicative of the presence of well segregated, sharply in-
terfaced, domains for the case of particulate nanocompos-
ites, and highly diffused domains in the case of bicontin-
uous nanocomposites produced by the sol-gel method. In
particular the latter may be envisaged as being constituted
of three domains, comprising an epoxy networks, a hybrid
interphase and a silica network, as depicted in Fig. 14.

The type of alkoxysilane functionalization of the epoxy
resin affects the relative ratio of these three components,
particularly the ratio of silica/interphase domains. This ra-
tio is larger for systems obtained from the resin function-
alized with the amine silane coupling agent (A1170) than
for those derived from the mercaptan silane (MPTMS)
functionalized resin. These differences are reflected in all
the physical properties measured. The lower Tg and lower
rubber-plateau modulus revealed by dynamic mechanical
tests for the systems based on the MPTMS functionalized
resin (Figs 7 and 8) can be clearly attributed to the pres-
ence of a larger proportion of the interphase component. A
similar deduction can be made with respect to the solvent
absorption characteristics.

It is well known that when immersed in a good solvent
an organic network will swell until it reaches equilib-
rium [23–25]. This is determined by the balance between
the osmotic pressure generated by the penetration of the
solvent and the constraining forced encountered by the
stretching of the polymeric network.

In the case of particulate composites, if the particles are
not bonded to the epoxy network they are unable to restrict
the swelling of the polymer network and, therefore, they

will not bring about any appreciable changes in solvent
absorption resistance. If strong chemical bonds are formed
at the interface of the particles and the epoxy network, on
the other hand, some local constraints are produced to
the stretching of the network, which will result is some
improvement in solvent resistance.

Although some complications may arise from possi-
ble differences in local cross-linking density of the epoxy
network near the particle surface, the data on solvent ab-
sorption for the particulate nanocomposites examined in
the present study indicate that stronger interfacial bonds
exist for systems based on the amine silane functional-
ized resin, than for those based on the mercaptan silane
functionalized resin.

When the silica is present in the form of bicontinu-
ous interpenetrating domains and interphases (as in the
case of the in-situ generated silica), which are obviously
covalently bonded to the epoxy matrix, the reduction in
swelling is much more pronounced due to much higher
constraints imposed on the stretching of the neighbouring
organic network

The higher resistance to solvent penetration exhibited
by the systems produced from the amine silane functional-
ized resin can, again, be related to higher silica/interphase
ratio resulting from the high localized concentration of
methoxysilane groups in the resin.

5. Conclusion
1. The dispersion of silica-organosols in an epoxy resin

can be enhanced by the introduction of alkoxysilane
groups in the resin through grafting reactions with suitable
silane coupling agents. Functionalization of the epoxy
resin with an amine silane coupling agent is more effec-
tive for this purpose than an equivalent functionalization
with a mercaptosilane coupling agent.

2. Particulate nanocomposites provide only marginal
improvements in solvent resistance over the parent resin
matrix, even when the silica particles are thoroughly dis-
persed in the epoxy matrix and are chemically bonded to
the matrix.

3. Both epoxy-silica nanocomposites produced by
the sol-gel process from silane functionalized resin and
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mixtures of tetraethoxysilane and minor amounts of
γ -glycidoxyltrimethoxysilane coupling agent exhibit a
bicontinuous phase morphology. This comprises three
components, respectively an epoxy matrix network, a
diffused silica phase and epoxy-silica interphase domains
containing a prevalence of alkoxysilane components
from the coupling agents used in the epoxy resin and
tetraethoxy silane precursors.

4. Nanocomposites with a bicontinuous phase mor-
phology exhibit large improvements in solvent resistance,
the extent of which depends on the type of alkoxysilane
used for the functionalization of the resin. The use of an
amine silane coupling agent for the functionalization of
the epoxy resin is more effective than the corresponding
functionalization with a mercaptan coupling agent, for
the enhancement of solvent resistance. This is attributed
to the formation of denser siloxane domains, consisting
of silica and silica-epoxy interphases.
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