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ABSTRACT: The viscoelasticity of epoxy resin/silica
hybrid materials manufactured by the sol-gel process with
an acid anhydride curing agent was investigated in terms
of morphology. Transmission microscopy observations
demonstrated that all the prepared hybrid samples had a
two-phased structure consisting of an epoxy phase and a
silica phase. The formed silica had either nanosized par-
ticles or coarse domains, depending on the catalyst for the
sol-gel process. Raman spectroscopy analysis showed that
the formed silica had features typical of sol-gel derived
silica glass and that the ring-opening reactions of the ep-
oxy groups developed in the hybrid samples and in the

neat epoxy samples. In dynamic mechanical thermal analy-
sis, there were two transition temperatures due to epoxy
chain mobility and epoxy network relaxation, through which
the moduli changed by nearly 3 orders of magnitude. The
hybridization disturbed epoxy network formation but also
reinforced the epoxy network with the formed silica, which
was characterized by the activation energy of the network
relaxation; therefore, the modulus of the rubbery state was
correlated to the activation energy. © 2008 Wiley Periodicals,
Inc. ] Appl Polym Sci 108: 24212427, 2008
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INTRODUCTION

Organic/inorganic hybrid materials have been of
great interest in various fields and are expected to
have novel properties because they have both organic
and inorganic phases blended in a nanometer order
and/or on a molecular level. The most common pro-
cess for incorporating an inorganic phase into an or-
ganic phase is a sol-gel process using metal alkox-
ides, such as tetraethoxysilane (TEOS), that produces
an inorganic phase through two reactions: hydrolysis
and polycondensation. The sol-gel process has been
used with many organic polymers'™* to produce or-
ganic/inorganic hybrid materials.

Several researchers have worked on hybrid materi-
als that are based on epoxy resins''* and prepared
by the sol-gel process. These researchers have
reported significant improvements in material prop-
erties such as high thermal stability and high glass-
transition temperatures. We reported an improve-
ment in the dynamic modulus and a prediction
model for the modulus of epoxy resin/silica hybrid
materials in our previous study.”’

Generally, amine or acid anhydride curing agents
are used for a neat epoxy system; however, most
research on hybrid materials with an epoxy resin
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base has been done with amine curing agents,
whereas little research has been reported on materi-
als that include acid anhydride curing agents. Mas-
cia and Tang* investigated organic/inorganic
hybrid materials, using an epoxy resin functional-
ized with an organotrialkoxysilane consisting of
methyl nadic anhydride. As for the glass-transition
temperature, they concluded that hybridization inter-
fered with the crosslinking reaction because of the
curing agent, resulting in a reduction in the glass-
transition temperature of the epoxy resin. Fujiwara
et al.” investigated various epoxy hybrid systems
including hexahydrophthalic anhydride. They also
reported a decrease in the glass-transition tempera-
ture as well as a loss of the glass-transition tempera-
ture caused by hybridization. In addition, no
research from a mechanical point of view has been
done on the viscoelasticity of hybrid materials that
include an acid anhydride.

In this study, the effect of hybridization on the
morphology and viscoelasticity of epoxy resin/silica
materials prepared via the sol-gel process with an
acid phthalic anhydride curing agent was investi-
gated, with a particular focus on the effect of the for-
mation of the epoxy phase and the silica phase on
the dynamic modulus. Epoxy resin/silica hybrid
samples were prepared with and without a catalyst
for the sol-gel process to examine the effects of the
acid anhydride curing agent as a catalyst. The mor-
phology of the organic and inorganic phases of the
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TABLE I
Mixture Ratio (w/w) for Sample Preparation

Sample DGEBA  MeTHPA  HD-Acc43  TEOS  H,O  HCl  IPA
Epoxy 100 80 0.5 0 0 0 0
HybA Al 100 80 0.5 784 203 0 15

A2 100 80 0.5 15.7 406 0 15
A3 100 80 0.5 313 812 0 15
HybB Bl 100 80 0.5 784 203 012 15
B2 100 80 0.5 15.7 406 012 15
B3 100 80 0.5 31.3 812 012 15
HybC  C2 100 80 0.5 15.7 406 14 200

prepared hybrid samples was observed with trans-
mission electron microscopy (TEM) and micro-
Raman spectroscopy. Viscoelastic properties were
examined by dynamic mechanical thermal analysis
and are discussed on the basis of the results of the
morphology observations.

EXPERIMENTAL
Sample preparation

Diglycidyl ether of bisphenol A (DGEBA) epoxy
resin (DER331, Dow Chemical), 3,4-methyl-1,2,3,6-
tetrahydrophthalic anhydride (MeTHPA; HN-2200R,
Hitachi Chemical, Tokyo, Japan) as a curing agent,
and 2,4,6-tris (dimethylaminomethyl) phenol as an
accelerator (Daitocurar HD-Acc43, Daito Sangyo,
Osaka, Japan) were used as organic components.
The weight ratio of the resin, curing agent, and ac-
celerator was 100 : 80 : 0.5.

To form an inorganic phase in the organic matrix
during the sol-gel process, TEOS (KBE-04, Shin-Etsu
Chemical, Tokyo, Japan) as an alkoxyl silane, hydro-
chloride (HCI) as a catalyst, isopropyl alcohol (IPA)
as a solvent, and water (H,O) were used in various
mixture ratios. The molar ratio of H,O to TEOS was
3 : 1, and HCIl was added to adjust the pH of the
entire mixture to 2-3. The weight ratio of IPA to
DGEBA was either 0.15 or 2.0. The mixture ratios of
the samples are summarized in Table I

For the neat epoxy sample, which is called Epoxy
hereafter, the organic raw materials were mixed, agi-
tated, cast, and degassed in wvacuo and then were
cured under fixed curing conditions: at 353 K for 3 h
and then at 413 K for 15 h in a thermostatic oven
(WFO-450PD, Tokyo Rikakikai, Tokyo, Japan).

To manufacture the epoxy resin/silica hybrid sam-
ple called HybA hereafter, TEOS was hydrolyzed at
room temperature for 1 h after being blended with
IPA and H,O. Then, the organic raw materials were
blended in this TEOS mixture with various ratios of
DGEBA to TEOS until the mixture became transpar-
ent. After that, the mixture was cast and cured in
the thermostatic oven with the same curing process
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used to form Epoxy, and this was followed by an
additional curing process at 413 K for 24 h to com-
plete the curing of the epoxy resin and also polycon-
densation for the sol-gel reaction.

The hybrid sample called HybB was made with
HCI as a catalyst in the hydrolysis process to deter-
mine if MeTHPA could function as a catalyst in the
sol-gel process in comparison with HybA. The pro-
cess after the hydrolysis of HybB was the same as
that of HybA. The other hybrid sample, called
HybC, was made with a large amount of IPA to
obtain thoroughly homogeneous samples with a
well-dispersed inorganic phase. The mixture was
kept at room temperature for a few days, and this
was followed by the same curing processes used to
make HybA and HybB.

Experiments

To evaluate the content of the silica phase formed in
the hybrid samples, the specimens were placed in a
furnace (Muffle Furnace MC FP31, Yamato Scientific,
Tokyo, Japan) at 1073 K for 6 h to pyrolyze 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 (JEM-200CX, JEOL,
Tokyo, Japan) to investigate their morphology. The
samples observed with TEM were prepared with an
ultramicrotoming machine (Ultracut-N, Reichert, NY)
and cut to a thickness of about 60 nm with a diamond
knife. An accelerating voltage of 80 kV was used.

Raman spectroscopy analysis was performed with
a laser micro-Raman spectrometer (NRS-1000, Jasco,
Tokyo, Japan). A green laser with a wavelength of
532.3 nm and a power of 100 mW was used, and the
spectral slit was 50 pm wide. The space resolution
was 2 pm, and the exposure time was less than 120 s.
The epoxy phase and also the inorganic phase of the
hybrid samples obtained by the dissolution of the
epoxy phase with sulfuric acid were investigated.

A dynamic mechanical thermal analysis (Tritec
2000, Triton Technology, Lincolnshire, UK) was per-
formed to measure the dynamic modulus, mechanical
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TABLE II
Appearance and Silica Content
Silica
content
Sample Appearance b, wt % Remarks
Epoxy Transparent 0
Al Transparent 1.0
A2 (sparsely 2.4
HybA translucent)
A3 — Voids
Bl Opaque 0.8
HybB B2 3.0
B3 — Voids
HybC C2 Transparent 3.2 Wrinkles and

cracks

loss, and glass-transition temperature. The bending
mode (or single-cantilever clamping mode) and
shear mode were used. The test frequencies of 1,
3.16, and 10 Hz were used, and the temperature
range was 290-450 K with an increasing rate of 2 K/
min for the bending mode and 4 K/min for the
shear mode.

RESULTS AND DISCUSSION
Content and size of the formed silica

Table II summarizes the appearance of the samples
and the silica content. Epoxy was yellowish and
transparent. The HybA samples were also yellowish
and transparent and sparsely translucent. The HybB
samples were yellowish and homogeneously opaque.
HybC was transparent like Epoxy; it is possible that
nanosized and/or smaller silica phases formed,
although it was wrinkled and cracked because of the
shrinkage during the drying and curing processes.

For all the hybrid samples, the silica content was
about 3 wt % as the ratio of TEOS to DGEBA
increased to 15.7 wt %. The HybA and HybB sam-
ples with a high TEOS content of 31.3 wt % con-
tained many voids because of the evaporation of
IPA and ethanol, a byproduct of the sol-gel reaction
during the curing process. There were no apparent
differences between the silica contents of HybA and
HybB, regardless of the catalyst used.

Figure 1(a) shows TEM pictures of HybA2 and
HybB2. All the hybrid samples were found to be
two-phased in structure: the epoxy phase and the
silica phase. In HybA, small silica particles that were
smaller than 100 nm and their agglomerations were
dispersed in the clear epoxy phase. On the other
hand, in HybB, larger silica domains, several micro-
meters in size, were present, which made the HybB
samples opaque, as previously described. Further-
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more, these coarse domains were easily damaged by
the microtoming because of their brittleness, whereas
the nanosize silica particles were tough.

It was thus demonstrated that the acid anhydride
curing agent (MeTHPA) worked as well as the curing
agent as a catalyst for the sol-gel reaction. The sample
with MeTHPA as the catalyst, in which nanosized
silica particles had formed, was generally transparent,
whereas the sample with HCl as a catalyst, in which
large, brittle silica domains of several micrometers had
formed, was opaque. Furthermore, a large amount of
IPA as a solvent with HCl made the sample transpar-
ent but also made it difficult to manufacture hybrid
samples without any shrinkage. Thus, the amounts of
the catalyst and solvent greatly affected the size of the
formed silica, whereas the silica content depended
simply on the TEOS content. The HybA3, HybB3, and
HybC2 samples are excluded from the following dis-
cussion because of their voids and cracks.

(a) HybA2 (x5000)

(b) HybB2 (*5000) (damaged by microtoming)

Figure 1 TEM pictures (at a magnification of 5000X).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Raman spectra: (a) epoxy phase and (b) silica
phase.

Raman spectroscopy analysis

Figures 2(a) shows the Raman spectra of the epoxy
phase in Epoxy, HybA2, and HybB2. The spectra
between 250 and 2000 cm ™' were normalized by the
peak intensity of the aromatic ring moiety at 639
cm~'. Common spectra such as vibrations of the
hydrocarbon groups between 2800 and 3100 cm ™'
(not shown here), backbone vibrations related to
bisphenol A between 800 and 910 cm ™', and epoxy
ring breathing between 1200 and 1300 cm ™' were
seen for all the samples. There was no particular
peak between 2000 and 2500 cm ™' or between 3500
and 4500 cm ' %

The spectra of all samples were identical, regard-
less of the hybridization. The peaks relating to the
epoxy groups of the hybrid samples were as small as
those of Epoxy, and this demonstrated that the ring-
opening reaction proceeded in the hybrid samples as
much as in Epoxy. No peaks regarding byproducts or
covalent bands between organic and inorganic phases
were observed in the hybrid samples.

Figure 2(b) shows the Raman spectrum of the
formed silica phase in HybA2. The spectrum shows
typical features of silica glass formed with the sol-
gel method at a relatively low temperature, such as
a very strong peak of four-membered rings at 485
cm ! and Si—OH groups at 970 cm ™ '; this differed
from that of fused amorphous silica.”**” The features
were common in the silica formed in all the hybrid
samples. This spectrum also implies that the formed
silica possibly had nanosized (or smaller) porous
structures like those of the sol-gel silica glass formed
at a low temperature, which could make the large
silica domains in HybB brittle.**’

Journal of Applied Polymer Science DOI 10.1002/app
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The Raman spectroscopy analysis showed that the
ring-opening reaction of the epoxy groups developed in
all the hybrid samples as well as Epoxy. The formed
silica particles in all the hybrid samples had typical
features of sol-gel-derived silica glass, which contained
a lot of four-membered rings and Si—OH groups. There
were no covalent bonds between these phases.

Dynamic mechanical thermal analysis

Figure 3 shows the dynamic storage modulus and
mechanical loss measured at 1 Hz with the bending
mode. Epoxy showed the typical viscoelastic behav-
ior: a glassy region, a rubbery region, and a glass
transition around 410 K. All the hybrid samples also
showed viscoelastic behaviors; however, the two
transitions took place at far lower temperatures
between 340 and 380 K, at which the moduli plum-
meted. The moduli above 390 K were too low to be
measured with the bending mode.

Figure 4 shows the dynamic shear modulus (G)
and mechanical loss measured at 1 Hz. The two tran-
sitions were clearly visible in all hybrid samples; one
was at about 340 K, and the other one was between
370 and 400 K. Through these two transitions, the
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Figure 3 Dynamic mechanical thermal analysis results
measured with the bending mode: (a) dynamic storage
modulus (E’) and (b) mechanical loss (tan 3).



EPOXY RESIN/SILICA HYBRID MATERIALS

o=
o

(a)
©
A,
10tk .
n
E
E]
=]
g
S 107+ i
5]
[
=
A
2
E — Epoxy
100 L —O—HybAl -
E -0~ HybA2
—&— HybB1
- HybB2
10° 1 1 1 1
L5 T T T T
(b)
— Epoxy
L —O—HybAl
o Oy -~ HybA2
g i —&— HybBl
2 1.0 . -~ [1lybB2 7
%
=
=
g
g
3
5
505K -
>
0 i |
300 350 400 450

Temperature, K

Figure 4 Dynamic mechanical thermal analysis results
measured with the shear mode: (a) dynamic shear modu-
lus (G') and (b) mechanical loss (tan d).

moduli dropped by nearly 3 orders of magnitude and
showed the rubbery state around 410 K.

Figure 5(a) shows the relationship between the
silica content and the transition temperature, which
was defined as the peak temperature of the mechani-
cal loss measured at 1 Hz. The two overlapping
peaks in Figure 4 were separately evaluated by Lor-
entzian curve fitting. The transition at a lower tem-
perature for all hybrid samples took place at 360 K,
which was close to the melting temperature of phe-
noxy resin,®?! a thermoplastic resin chemically simi-
lar to epoxy resin, so the transition at the lower tem-
perature can be attributed to the mobility of epoxy
chain structures. The other transition occurred at dif-
ferent temperatures depending on the sample types.
This transition can result from the relaxation of
epoxy network structures, so the transition at the
higher temperature is considered to be related to the
network density.>**® The epoxy network became
rougher when the silica content increased, and HybB
had rougher network structures than HybA.

Figure 5(b) shows the relationship between the
silica content and G’ of the glassy state at 323 K and
the rubbery state at 408 K. G’ of the rubbery state of
Epoxy was determined with the dynamic storage
modulus in Figure 3(a) because it was not obtained
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with the shear mode. In the glassy state, G’ was con-
stant at approximately 0.3 GPa, being independent
of the silica content. On the other hand, G’ in the
rubbery state varied. A high G’ value was seen for
HybA2, close to that of Epoxy, whereas G' of HybB2
was small, even though they had almost the same
silica content of about 3 wt %.

To investigate the epoxy network contributing to
G’ of the rubbery state, the activation energy of the
network relaxation (AH) was determined from the
dependence of the transition temperatures on the
frequency (f), AH/R = d(In f)/d(1/T,) (where R is
the gas constant and T, is the glass-transition tem-
perature), which is represented by the slope in Fig-
ure 6(a).>* The slopes (i.e., AH) of HybA2 and Bl
were larger than those of HybAl and B2. Figure 6(b)
shows a good correlation between AH and G: G
increased with increasing AH, regardless of the silica
content. The increase of G’ along with AH could be
related to the rigidity of the network. Further discus-
sion is found in the following subsection.
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Figure 5 Silica content (¢) and viscoelastic properties: (a)

transition temperatures and (b) shear modulus (G') of the
rubbery state.
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Figure 6 Activation energy of network relaxation (AH):
(a) dependence of the transition temperature on the fre-
quency (f) and (b) AH and shear modulus (G') of the rub-
bery state.

Discussion of the viscoelasticity in terms
of the morphology

In all the HybA and HybB samples, epoxy chain
structures formed, and the epoxy network structure
became rougher with the increase in the silica con-
tent. This probably occurred because the formation
of the silica, especially the large domains in HybB,
hindered epoxy network formation during the simul-
taneous sol-gel and curing reactions.

G' of the rubbery state of HybB decreased with
the silica content when the activation energy of the
network relaxation decreased. This may be simply
because the network became rougher and more flexi-
ble with the silica content. On the other hand, in
HybA, the modulus of the rubbery state increased,
even though it had a rougher network. These
increases could show that the network became
rougher but was reinforced by the nanosized par-
ticles at the same time, which were characterized by
the activation energy, whereas the coarse silica

Journal of Applied Polymer Science DOI 10.1002/app
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domains in HybB had no reinforcing effect. As for
the glassy state, the moduli were independent of the
hybridization because they were less sensitive to the
network structure and the silica content in this study
was too small to affect the moduli.

The hybrid samples, such as HybAl and HybB2,
having modulus changes of 3 orders of magnitude
through the transitions, showed interesting visco-
elastic behavior: high moduli at room temperature
and very flexible behavior, like that of polymer gels,
at a higher temperature. Compared with thermoplas-
tic resins such as phenoxy resin, the hybrid samples
in this study could deform at high temperatures
without melting, and great transparency was possi-
ble. In addition, because silica formation in HybA
lowered the transition temperature but reinforced
the network, it can be suggested that greater silica
content would show a unique property such as a
low glass-transition temperature along with a high
modulus in the rubbery state.

CONCLUSIONS

The morphology and viscoelasticity of epoxy resin/
silica hybrid materials manufactured by the sol-gel
process with an acid anhydride curing agent were
investigated in this study. Samples with and without
HCI as an acid catalyst for the sol-gel reaction with
different amounts of TEOS were prepared.

All hybrid samples prepared had a two-phased
structure: an epoxy phase and a silica phase. The
size of the formed silica depended on the HCI cata-
lyst: there were nanosized particles observed in the
samples without the catalyst, whereas those with the
catalyst had large, brittle silica domains of several
micrometers. The content of the silica increased with
the amount of TEOS. This silica formation proved
that the acid anhydride curing agent also worked as
a catalyst.

The Raman spectroscopy analysis showed that the
formed silica had typical features of sol-gel derived
silica glass. As for the epoxy phase, the ring-opening
reactions of the epoxy groups developed in the
hybrid samples and in the neat epoxy samples.
There were no covalent bonds between these phases.

In the dynamic mechanical thermal analysis, two
transition temperatures were obtained: the transition
at a lower temperature was attributed to the mobil-
ity of the epoxy chain, and the other one was caused
by relaxation of the epoxy network. During these
two transitions, the moduli changed by nearly 3
orders of magnitude. The moduli of the glassy state
were almost constant, despite the hybridization,
whereas the moduli of the rubbery state varied. For
the hybrid samples with the HCI catalyst, the modu-
lus of the rubbery state decreased with the silica
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content because of the rough network structure,
whereas the moduli and also the activation energy
for the network relaxation of the samples without
the catalyst increased with the increase of the silica
content because the network was reinforced by the
nanosized particles.

The hybridization disturbed the epoxy network for-
mation, resulting in a decrease in the network den-
sity, but it also reinforced the epoxy network with the
formed silica, which was characterized by the activa-
tion energy of the network relaxation; therefore, the
moduli of the rubbery state depended on the rein-
forcement by the formed silica and also depended on
the network density.

We could use the hybrid material in this study as
a complementary material for conventional thermo-
setting and thermoplastic resins by taking advan-
tages of its considerable change in modulus around
the glass-transition temperature along with its trans-
parency and deformability at high temperatures. In
addition, the individual controllability of the glass-
transition temperature and the modulus of the rub-
bery state could be used to design products.
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