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ABSTRACT: We investigated the relationship between
the morphology and viscoelasticity of epoxy/silica hybrid
materials manufactured via two different processes: simul-
taneous formation of epoxy and silica phases and sequen-
tial formation of silica phase in the prepared epoxy phase.
The glass transition phenomena of the hybrid materials
mostly depended on their silica structure. The particular
structure did not affect Tg much, while the silica chain
structure greatly raised Tg of the hybrid samples. The stor-
age modulus E0 depended on the volume fraction of the
silica phase f, rather than the silica structure. In the glassy
state, E0 of the hybrid samples slightly decreased when

compared with the neat epoxy samples. Lack of chemical
reaction between the silica and the epoxy phases could be
attributed to this decrease at which the silica structure
could have worked as a flaw. In the rubbery state, E0
greatly increased with increasing silica content f regardless
of the silica structure, and this behavior well agreed with
that predicted by the Davies model, because the physical
interaction worked very well in the rubbery region. � 2007
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INTRODUCTION

Organic/inorganic hybrid material has been of great
interest in various fields and is expected to exhibit
novel properties as it has both organic and inorganic
phases blended on a molecular level.

The manufacturing processes of organic/inor-
ganic hybrid materials have been investigated in
recent years.1–30 The process principles can mainly
be classified as follows: simultaneous formation of
organic and inorganic phases,4,10,19,21,30 formation of
the inorganic phase in the prepared organic
phase,4,19,21 and cooperation of the organic phase to
the inorganic phase.5,6 In addition, some modifica-
tions or functionalizations of organic polymers are
also effective for controlling morphology and
achieving a good adhesion between organic and
inorganic phases. The first and second processes are
generally effective for improving properties of or-
ganic materials by hybridization, and the third one
is generally used to improve the properties of inor-
ganic materials.

The most common process for incorporation of
inorganic phase into organic phase is a sol–gel reac-
tion by using metal alkoxides such as tetraethoxysi-
lane, which produce inorganic phase through two
reactions of hydrolysis and polycondensation. The
sol–gel process has been applied to many organic
polymers7–30 such as poly(methyl methacrylate),7–11

polyimide,12–14 poly(ehyleneoxide),15 phenolic resin,16

and so on, to produce organic/inorganic hybrid mate-
rials. As for epoxy resin,17–30 several researchers have
worked on hybrid materials prepared via sol/gel pro-
cess as well and reported great improvements in
properties such as high thermal stability and high
glass transition temperature.

Most of the researches on organic/inorganic
hybrid materials were focused on starting materials
and manufacturing processes for a good bonding
between the both organic and inorganic phases and
on morphologies, rather than mechanical proper-
ties.16,23,24,29,30 For further application to engineering
fields, mechanical properties such as viscoelasticity
should be considered in more detail and a useful
model is required to predict mechanical properties
in terms of morphology of hybrid materials.

The purpose of this study is to clarify the relation-
ship between the morphology and viscoelasticity of
epoxy/silica hybrid materials manufactured via two
different processes: simultaneous formation of epoxy
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and silica phase, and formation of silica phase in
prepared epoxy phase.

EXPERIMENTAL PROCEDURES

Specimens

Diglycidyl ether of bisphenol A type epoxy resin
(DGEBA) (DER331, Dow Chemical) and poly(oxy-
propylene)diamine (D2000) (Jeffamine D2000, Hunts-
man) were used as the organic components. For the
sol–gel process to form an inorganic phase, tetrae-
thoxysilane (TEOS) as an alkoxyl silane, p-toluensul-
fonic acid monohydrate (TSA) as a catalyst, diluent
isopropyl alcohol (IP) as a solvent, and water (H2O)
were used. The molar ratio of TSA : TEOS and
H2O:TEOS were 2 : 100 and 3 : 1, respectively. The
mixture ratio and the manufacturing processes of
the hybrid samples in this study basically followed
the references.18,21,31

For neat epoxy resin samples called Epo in this
study, DGEBA and D2000 were blended with a stoi-
chiometrical ratio, mixed thoroughly, degassed for
2 h, and cured at 363 K for 2 h and at 403 K for 2 h
in a furnace.

For organic–inorganic hybrid samples, two differ-
ent hybrid manufacturing processes were examined:
one was a simultaneous hybrid manufacturing pro-
cess and the other one was a sequential hybrid man-
ufacturing process.

In the simultaneous hybrid manufacturing process,
after TEOS was blended with TSA, IP, and water,
this TEOS mixture was hydrolyzed at room tempera-
ture for 1 h. Then, DGEBA and D2000 were simulta-
neously blended in this TEOS solution with various
mixture ratios of D2000 to TEOS, where D2000
worked as a curing agent and also a polymerization
catalyst for TEOS. It was poured into a mould and
kept at room temperature (293 K) over 21 days for
gradual drying and polymerization. After that, the
sample was placed in a furnace at 363 K for 12 h

and at 403 K for 24 h to finish curing of the epoxy
resin and also to complete the polycondensation pro-
cess for hybridization. The samples prepared by this
simultaneous process are called ‘‘Sim A’’ in this
study.

In the sequential hybrid manufacturing process, the
cured epoxy samples which were made by the same
process as Epo were immersed in solutions in various
orders, and the samples are called ‘‘Seq B’’ and ‘‘Seq
C.’’ For preparation of Seq B, the epoxy sample was
first immersed in a solution which consisted of TEOS,
IP, TSA, and water at 333 K for less than 2 h. After it
was taken out of the solution, it was gradually dried
at room temperature for 3 days. For preparation of
‘‘Seq C,’’ the epoxy sample was first immersed in ei-
ther TEOS or water with TSA at 313 K for 4 days, or
IP at 333 K for 3 h and then in TEOS at 313 K for
1 day, followed by other immersions into the mixture
of the others at 323 K for 1 day.

Table I shows the mixture ratio and summary of
the hybrid manufacturing process for each hybrid
sample. All samples of Epo, Sim A, Seq B, and Seq C
were postcured at 363 K for 24 h and 403 K for 24 h.

Experiments

To evaluate the content of inorganic silica phase
formed in the hybrid samples, the specimens were
placed in a furnace (Carbolite, Eurotherm) at 1073 K
for 4 h to pyrolyse the epoxy phase. The weights of
each sample before and after the pyrolysis were
measured.

The hybrid samples were observed with a trans-
mission electron microscope (TEM) (JEM-2000FX-II
and JEM-200CX, JEOL) to investigate microstructures.
The samples for the TEM observation were prepared
by an ultramicrotoming machine (Power Tome XL,
RMC Product) with a cryoknife at 208 K and were
cut into about 80 nm thick. Accelerating voltage
between 100 and 180 kV was used accordingly.

TABLE I
Prepared Samples

Sample
name

TEOS : IP
in volume

TEOS:
D2000
in mass

Order of immersion
(TEOS, IP,
TSA, H2O)

Silica content
in weight

Silica content
/, in volume

Storage modulus
E0, GPa

(at 183 K)

Storage modulus
E0, GPa

(at 403 K)

Epo – – – 0.000 0.000 4.80 0.003
Sim A1 45 : 55 33 : 67 – 0.097 0.059 3.04 0.033
Sim A2 45 : 55 50 : 50 – 0.178 0.108 4.02 0.091
Seq B1 10 : 90 – Altogether 0.154 (0.188) 0.093 (0.114) 3.85 (2.27) 0.146 (0.035)
Seq B2 30 : 70 – Altogether 0.052 (0.067) 0.032 (0.041) 3.64 (2.73) 0.048 (0.035)
Seq B3 50 : 50 – Altogether 0.079 (0.087) 0.048 (0.053) 2.37 (3.13) 0.038 (0.036)
Seq C1 50 : 50 – TEOS ? IP, TSA, H2O 0.182 0.110 6.68 0.106
Seq C2 50 : 50 – TSA, H2O ? IP, TSA 0.077 0.047 3.49 0.083
Seq C3 50 : 50 – IP ? TEOS ? TSA, H2O <0.001 (0.024) <0.001 (0.015) 4.09 (4.29) 0.009 (0.005)

All samples were post-cured at 363 K for 24 h and at 403 K for 24 h. The values in parentheses for silica content and
storage modulus show the ones of the aged samples.
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The microtomed sections were also used for obser-
vation of the atomic force microscope observation
(AFM) (SPM-9500J3, Shimazu). In the AFM observa-
tions, tapping mode was employed to obtain height
images (topography) and phase images.

Raman spectroscopic analysis was performed with
laser micro-Raman spectrometer (NRS-1000, JASCO).
The hybrid samples were examined with a space re-
solution of 2 lm. A green laser with wavelength of
532.3 nm and a power of 100 mW was used, and the
spectral slit was 50 lm wide. The exposure time was
less than 120 s.

A dynamic tensile test (Tritec, Triton Technology)
was carried out to measure dynamic moduli and
glass transition temperature. Test frequency was 1
and 10 Hz, and the temperature range was from 173
K to 473 K with an increasing rate of 4 K/min.

To evaluate aging effects on the silica content and
the viscoelasticity of the hybrid samples, the silica con-
tent measurement and the dynamic tensile test were
performed again 4 months after manufacture. These
samples were called ‘‘aged’’ samples in this study.

RESULTS AND DISCUSSION

Silica content

The silica content in each hybrid sample is summar-
ized in Table I. The silica content in the total volume

of each hybrid sample, /, was calculated by using
the relative density, 1.65 3 103 kg/m.9,32 For Sim A,
/ was high when the ratio of TEOS to D2000 was
high. The produced silica in Sim A2 was 10.8 vol %.
On the other hand, there was no correlation between
the ratios of TEOS:IP and / for Seq B and C. The
reason for this could be that the TEOS solution itself
started to polymerize during the immersion and also
that the hybrid phase firstly was initially formed
near the surface, which usually hindered the diffu-
sion of the TEOS solution into the samples. Seq B1
with a low concentration of TEOS in the solution
had a high / of 9.3 vol %. Seq C1 which was first
immersed in TEOS also had a high / of 11.0 vol %,
although it looked to have silica phase mostly near
the surface. After aging, the silica content / in the
Seq B and C samples slightly increased.

Both the simultaneous and sequential hybrid man-
ufacturing processes were able to create hybrid sam-
ples with approximately 10 vol % of the silica phase.

AFM and TEM observations

Since all samples were visually transparent, the size
of the silica phase produced in all the hybrid sam-
ples was estimated to be smaller than optical wave-
length, about 400 nm.

Figure 1 shows height and phase images of Sim
A2 and Seq B1 obtained by AFM observation. Silica

Figure 1 AFM height and phase images (scanning area is 5 3 5 lm2).
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particles ranging in size from 10 to 100 nm were dis-
persed in Sim A2 and no agglomeration was
observed, while there was no particular feature in
Seq B1 except for smearing marks in the height
image because of the microtoming.

Figure 2(a) shows pictures of Sim A2 obtained by
TEM observation. It was confirmed that the silica
particles between 10 and 100 nm in size were dis-
persed in Sim A2, similar to what was shown in the
AFM images. Although no silica particle was
observed in Seq B or C, fine silica chains and their
agglomeration were sparsely observed in them [Fig.
2(b,c)]. Thus, the fine silica chain structure could be
formed in the Seq B and C samples.

It can be considered that, for Sim A, the sol–gel
reaction proceeded simultaneously during the cross-
linking reaction so that the silica particle and the ep-
oxy phase were separately formed. On the other
hand, the sol–gel reaction proceeded in the preex-
isted fine epoxy network which prevent formation of
silica particles, so that the fine silica chain were
formed in the epoxy phase.

Regarding the same hybrid system as the present
study, Matejka et al.21,31 conducted a fractal analysis
based on their small angle X-ray scattering analysis
and reported that the sample made by a sequential
process had an ‘‘open silica structure’’ which had
grown within an epoxy network with a size of less
than 10 nm whereas a sample made with the simul-
taneous process consisted of ‘‘small compact silica
particles’’ and a ‘‘large loosen silica cluster’’ with a
size of 50–100 nm. The results of the AFM and TEM
observation in our study agreed with theirs.

These AFM and TEM results showed that the
silica particles with sizes between 10 and 100 nm
were uniformly dispersed in the epoxy phase of the
Sim A samples, which had a similar structure to that
of the conventional particulate composite system. In
the Seq B and C samples, fine silica chain structures
on a scale of several hundreds nanometer or smaller
could be formed in the epoxy phase.

Raman spectroscopic analysis

Figure 3 shows the Raman spectra of Epo, Sim A2,
Seq B1 and C1. The spectra between 3300 and
2500 cm21 in Figure 3(a) were normalized by the
peak intensity of the CH asymmetric vibration of
bisphenol A at 2971 cm21, and those between 1700
and 300 cm21 in Figure 3(b) by one of aromatic ring
moiety at 639 cm21. Common spectra such as vibra-
tions of the hydrocarbon groups between 3100 and
2800 cm21, and backbone vibration related to the
bisphenol A between 950 and 800 cm21 and the ep-
oxy ring breathing between 1300 and 1200 cm21

were seen in all samples. There was no particular
peak between 4500 and 3500 cm21 or between

2500 and 2000 cm21. The specific spectra and their
proposed assignments are summarized in Table II.33–46

The Sim A samples had an identical spectrum to
that of Epo, regardless of the hybridization. The
same results of Raman analysis were reported for
particulate composite systems.47 This Raman spectro-

Figure 2 TEM pictures.
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scopic analysis confirmed that the epoxy phase and
the silica phase separately existed in Sim A and
there was no chemical interaction between them.

Compared with Epo and Sim A, several differen-
ces were observed in the spectra of in Seq B and C.

The intensities of all the spectra related to the epoxy
ring, such as the peaks at 915 and 860 cm21, clearly
decreased. The spectra of methyl groups including
double methyl groups in bisphenol also decreased in
intensity. The decreases of these peaks could be

Figure 3 Raman spectra.

TABLE II
Raman Spectra and Proposed Assignments

Raman
shift (cm21)

Proposed assignments for
epoxy resin33–39

Proposed assignments for
others34,40–46

2971 CH asymmetric stretch of BA
2928 CH2 asymmetric stretch
2871 CH3 asymmetric stretch or CH2

1604 CC aromatic ring buckle
1455 CH2 scissors or CC aromatic ring and

CH3 asym
1344 Epoxy ring breathing vibration
1291 CH2 twist or/and CO stretch
1244 Epoxy ring
1228 Aromatic ether stretch
1180 Si��O��Si asymmetric bond

stretch (LO)
1177 Gem-dimethyl deformation of BA
1116 Para-disubstituted phenyl group of BA
1106 (CH in-plane)
1030 Si��O��Si asymmetric bond

stretch (TO)
1008 CC aromatic ring breathing
980 Si��OH symmetric stretch
915 Epoxy ring
860 Epoxy ring
830 Para-disubstituted phenyl group of BA

(CH out-of-plane)
800 Si��O��Si bond stretch (SiO2)
639 Aromatic ring moiety
610 3-fold rings of SiO2

540–460 CCC skeletal
480 4-fold rings of SiO2

430 Si��O��Si bond stretch (SiO2)
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attributed to physical interactions between the silica
and the epoxy resin, not chemical reactions, because
any peak of covalent reactions between organic and
inorganic phases such as Si��O��C or Si��C which
was supposed to be appeared around 900–1200 cm21

was not observed.34,48 Moreover, the spectrum of
C��C��C backbone around 500 cm21 deformed and
also had a peak in higher Raman shift, which prob-
ably demonstrated the influence by amorphous silica
spectra. In addition, the new peak appearing at
1030 cm21 was considered to be the contribution of
Si��O��Si asymmetric stretching, which could be
related with a silica chain structure.34,45,46 The effect
of hybridization in the spectra of hydrogen bonds
which was observed by FT-Infrared spectroscopy in
another studies24,48 is generally difficult to evaluate
with the Raman spectroscopy.

The Raman spectroscopic analysis showed that
Sim A had a structure in which the epoxy phase and
the silica phase were completely separated without
any interactions whereas Seq B and C had amor-
phous silica chains which physically interacted with
the epoxy resin. Covalent bonds were not formed in
either the simultaneous or the sequential hybrid
manufacturing processes of this study.

Viscoelasticity

Figure 4 shows measured dynamic storage moduli,
E0, and mechanical losses, tan d, of Epo, Sim A2, Seq
B1, and Seq C1. In the glassy region below 200 K, E0

of all the samples were several GPa and no clear
effect of the hybridization was observed. In the rub-
bery region above 350 K, E0s of the hybrid samples
were above 1021 GPa, which was much higher than
that of Epo, about 1023 GPa.

Also, the samples all had a large decrease in E0

and a peak in tan d around 240 K, because of the
glass transition of the epoxy phase (GT1). In addi-
tion, another transition in E0 and tan d only for the
Seq B and C at higher temperature [Fig. 4 (GT2)].
This transition was possibly caused by the relaxation
phenomenon of the hybrid phase, where the silica
chains physically interacted with the epoxy resin as
discussed in AFM and TEM Observations and
Raman Spectroscopic Analysis. Seq B and C seemed
to have the same viscoelastic features regardless of
the immersion order.

Considering their appearance described in Silica
Content, these two transition phenomena illustrated
that Seq B and C consisted of surface layers of
hybrid phase and a middle layer of epoxy phase,
whereas Sim A had a homogeneous hybrid struc-
ture. Both epoxy and hybrid phases in Seq B and C
were in the glassy state below the temperature for
GT1. Between GT1 and GT2, the hybrid phase was
glassy so that a high modulus was maintained

whereas the epoxy phase was rubbery. Above the
temperature for GT2, both phases were rubbery.

The measured values of E0 at 183 K in the glassy
region and at 403 K in the rubbery region are shown
in Table II. There was no clear effect of aging on it.

DISCUSSION

For further discussion of the viscoelasticy, Seq B and
C were considered as a layered material consisting of
two surface layers of hybrid phase and one middle
layer of epoxy phase as described earlier. The volume
fraction of the hybrid phase (i.e. relative layer thick-
ness of the hybrid phase) in each sample, n, and the
modulus of the hybrid phase, E0

hyb, were briefly eval-
uated from a parallel model given by eq. (1),

E0 ¼ ð1� xÞ E0
epo þ x E0

hyb (1)

where E0 is the measured storage modulus of each
sample. E0

epo is the storage modulus of the epoxy
phase, which is identical to that of Epo. To derive n
and E0

hyb in the glassy and rubbery state, eq. (1) was

Figure 4 Dynamic storage modulus and mechanical loss
(measurement frequency is 1 Hz). (–), Epo; (�), SimA2;
(*) SeqB1; ( ), SeqC1.
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employed at three different temperatures; at 183 K
where both E0

epo and E0
hyb are of the glassy state, at

about 260 K where E0
epo is of the rubbery state but

E0
hyb is of the glassy state, and at 403 K where both

are of rubbery state. The silica content in the hybrid
phase, f, was evaluated from n by using

z ¼ f=x (2)

f was 0 for Epo and n was 1 for Sim A.
n and f for Seq B and C are summarized in Table

III. The modulus of the hybrid phase E0
hyb and the

silica content in the hybrid phase f are used in the
following discussion, instead of the measured modu-
lus E0 and the silica content in sample /. Seq C1 was
ruled out from this consideration as it had an addi-
tional glassy skin on the surface, which made its
modulus higher than the other samples. Seq C3 as
prepared was also excluded because / was too small
to measure experimentally (Table III).

The relationship between the silica content in the
hybrid phase f and the glass transition temperature,
Tg, is shown in Figure 5, where the peak tempera-
ture of tan d measured at 1 Hz was defined as Tg.
As above-mentioned, GT1 was the relaxation phe-

nomenon of the epoxy resin itself, so that Tg for GT1
was approximately constant (about 240 K), regard-
less of either the hybrid manufacturing process or f.
As for GT2, which was attributed to the relaxation
of the hybrid phase of Seq B and C, Tg for GT2 was
generally higher, at most 100 K higher, than the one
for GT1.

Figure 6 shows the relationship between f and E0

with conventional theoretical predictions for polymer
composites and polymer blends: Voight, Reuss, Ker-
ner, and Davies models (see Appendix). In the
glassy region (183 K) shown in Figure 6(a), the val-

TABLE III
Silica Content and Dynamic Storage Modulus of Hybrid Phase of Seq B and C

Sample
name

Hybrid phase
n, in volume

Silica content in
hybrid phase f, in volume

Storage modulus
E0

hyb, GPa (at 183 K)
Storage modulus

E0
hyb, GPa (at 403 K)

Seq B1 0.313 (0.687) 0.298 (0.167) 1.74 (1.12) 0.461 (0.050)
Seq B2 0.299 (0.490) 0.105 (0.083) 0.925 (0.578) 0.152 (0.068)
Seq B3 0.554 (0.425) 0.087 (0.124) 0.403 (0.877) 0.050 (0.081)
Seq C1 – – – –
Seq C2 0.446 0.105 1.87 0.183
Seq C3 0.275 (0.145) 2(0.102) 2(1.25) 2(0.020)

The values in parentheses show the results of the aged samples.

Figure 5 Glass transition temperature and silica content
in hybrid phase. GT1: ( ), Epo; (�), SimA; (*), SeqB&C;
GT2: (~), SeqB&C.

Figure 6 Dynamic storage modulus and silica content in
hybrid phase with theoretical predictions. Experimental
results: ( ), Epo; (�), SimA; (*), SeqB&C.
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ues of E0
hyb were a little smaller than Epo. A slight

decrease in E0
hyb for high f obviously disagreed with

all of the theoretical models. On the other hand,
E0

hyb in the rubbery region (403 K) increased with f
as shown in Figure 6(b). E0

hyb with f 5 0.3 reached
at maximum 102 times that of Epo, where E0

hyb in
the rubbery state was very close to the one in the
glassy state. The experimental results also agreed
with the Davies model, which gives predictive fits to
the experimental modulus of cocontinuous phases
such as polymer blends, and they were way above
the prediction of the Kerner model, which is often
used to predict modulus of particulate composites.

Many studies17,21,23–25,28,29,31 on organic/inorganic
hybrid materials reported great increases in Tg (even
disappearance of Tg), hardness, adhesiveness, and
strength, and also modulus in the rubbery region.
The results obtained in this study concerning Tg and
E0

hyb in the rubbery region agreed with the results of
those studies. The increase in Tg of the hybrid phase
only for Seq B and C (Fig. 5) indicated that Tg

depended on the hybrid process, i.e. the silica struc-
ture, not the silica content f. The comparison in Fig-
ure 6(b) proved that the Davies model is useful to
predict E0

hyb in the rubbery region in terms of the
silica content f, regardless of the silica structure. This
could be because there was a strong physical interac-
tion between the silica and the epoxy phase, which
depended only on the silica content f. Moreover, the
experimental and theoretical results indicated that
when the silica content f is high, E0

hyb in rubbery
state was close to, possibly rather higher than, that in
the glassy state, which might lead to Tg-less materials
that were reported in several papers.24,28

On the other hand, although several studies on or-
ganic/inorganic materials experimentally demon-
strated no increases or small decreases in modulus
in the glassy region, no clear explanation has been
given before. As for nanoparticulate filled composite
systems, despite that many researchers reported
improvements in the mechanical properties, several
researchers experimentally found that there was no
improvement, rather a slight deterioration, in me-
chanical properties for the case that no strong chemi-
cal bonding was made between inclusions and ma-
trix polymers.49,50 It can be considered that the
decrease in E0

hyb in the glassy state observed in this
study can be attributed to the same reasons since no
chemical reaction between the silica phase and the
epoxy phase was confirmed by the Raman analysis.

CONCLUSION

In this study, epoxy resin/silica hybrid materials
were prepared with two different hybrid manufactur-
ing processes: the simultaneous formation of the ep-

oxy and the silica phases, and the sequential forma-
tion of the silica phase in the prepared epoxy phase.

The observation with AFM, TEM, and Raman
spectroscopic analysis confirmed the difference in
microstructure depending on the hybrid process. In
samples manufactured via a simultaneous process,
the silica particles with sizes between 10 and 100 nm
dispersed without agglomerating in the epoxy phase,
in where the silica particle and the epoxy resin indi-
vidually existed as in a conventional particulate
composite. As for samples prepared by a sequential
process, amorphous silica chain structures with a
scale of a few nanometer or smaller were probably
formed in the epoxy phase, in which the silica chain
physically affected the epoxy resin.

The DMTA results demonstrated that the glass
transition phenomena of the hybrid materials mostly
depend on its silica structure in it. The particular
structure did not affect Tg much, whereas the silica
chain structure greatly raised Tg of the hybrid sam-
ples. The storage modulus E0 depended on the vol-
ume fraction of the silica phase f, rather than the
silica structure. In the glassy state, E0 of the hybrid
samples slightly decreased when compared with the
neat epoxy samples. Lack of chemical reaction
between the silica and the epoxy phases could be
attributed to this decrease for which the silica struc-
ture could have worked as a flaw. In the rubbery
state, E0 greatly increased with increasing the silica
content f regardless of the silica structure, and this
behavior agreed with that of the Davies model,
because the physical interaction worked very well in
the rubbery region.

We would like to extend our gratitude to all the persons
in the Mechanics of Materials research group of the
Department of Mechanical Engineering, Imperial College
London, especially Prof. Kinloch, for their kind help.

APPENDIX: THEORETICAL MODELS

Various models have been proposed to predict mod-
ulus of composite systems. The Voight model51 gives
an upper bound, EU,

Eð¼ EUÞ ¼ ð1� zÞE1 þ zE2 (A1)

where E, E1, and E2 are modulus of composite,
phase 1 (matrix phase) and phase 2 (minor phase). f
is a content of phase 2.

On the other hand, the Reuss model51 is known to
give a lower bound, EL.

Eð¼ ELÞ ¼ ð1� zÞ=E1 þ z=E2 (A2)

Many researchers developed combined models from
the parallel and the series ones.
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Another important model for particulate compos-
ite systems is the Kerner model,52 which allow for
perfect adhesion between matrix and particles,

E ¼ E1ð1� ABzÞ=ðE1 � BFzÞ; (A3)

where

A ¼ ð7� 5 fÞ=ð8� 10fÞ
B ¼ ðE2=E1 � 1Þ=ðE2=E1 � AÞ
U ¼ 1þ fð1� fmaxÞ=fmax:

fmax is maximum packing ratio. It was assumed to
be 0.6 in this study.

Davies model,53 which assumes the blend to be mac-
roscopically homogeneous and isotropic, is the most
applicable to the experimental result of the cocontinu-
ous structure without any details being specified,

E1=5 ¼ ð1� zÞ E1
1=5 þ z2 E2

1=5 (A4)

In this study, the silica content of the hybrid phase f
was considered for these theoretical equations. The
moduli of the epoxy resin (Epo) at 183 K and 403 K
were used as E1 for predictions of the glassy and rub-
bery states, respectively. For E2, the modulus of the
silica (80 GPa) was used.
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