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ABSTRACT: An organic aminopropyl-functionalized nanosilica sol
was synthesized in the presence of ethyl silicate, y-(aminopropyl)-
triethoxysilane (KHSS50), and N,N-dimethylformamide (DMF) via a
sol—gel technique and then used to prepare epoxy nanocomposites.
Structure and morphology analyses of the obtained aminopropyl-
functionalized nanosilicas were observed by dynamic light scattering
(DLS), transmission electron microscopy (TEM), and high-
resolution TEM (HRTEM). TEM and DLS showed that modified
nanosilicas with an average diameter of 30 nm dispersed
homogeneously in DMF. The effects of the aminopropyl-function-
alized nanosilica particles on the flexural modulus, impact strength,
glass transition temperature (T,), and bulk resistivity (p,) of the
epoxy nanocomposites were investigated. The toughening mecha-
nisms and microstructures were determined in terms of the impact
fracture surface morphology using scanning electron microscopy.
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1. INTRODUCTION

Nanoparticles are widely used in nanotechnology, biological
medicine, and materials science."”” The incorporation of
nanoparticles into various polymers is beneficial to improving
the physical properties, thermal stability, and mechanical
strength.>* Epoxy resins (EPs) are extensively used as adhesives,
coatings, matrixes of composites, casting applications, and
electronic encapsulating compounds. However, the commonly
used EPs are brittle because of their inherently high cross-linking
structures. Therefore, several methods have been adopted to
overcome their brittleness. EP filled with nanoparticles to
overcome their brittleness and to prepare high-performance
nanocomposites are getting more and more researchers’
attention.*”"" Nanoparticles have some unique properties such
as high specific surface area compared to microparticles, which
can promote the transfer of external stress from polymer matrixes
to nanoparticles and improve the modulus and strengths of the
polymers to a higher level than microfillers. Moreover, the
necessary loading content of nanoparticles in a polymer matrix is
normally much lower compared to microfillers, and nano-
composites exhibit significantly improved properties.'***
Nanosilica particles are interesting for their apphcatlons in the
field of electronic components and nanomedicine."**~"” Silica is
the most widely used filler to modify epoxy to improve the
thermal stability and decrease the internal stress. However,
nanosilica particles are more susceptible to aggregation than

surface and a weaker reactivity to the silane coupling agents result
from an increase in the amount of isolated silanol groups.'®
Nanoparticles disperse with difficulty in the polymer matrix,
which limits their application. This trend is especially obvious
with the high content of nanoparticles.

Recently, nanosilica particle sols in an aqueous or ethanol
medium were mainly used to prepare silica—epoxy nano-
composites instead of a direct-filling dispersion of nanoparticles.
However, the solubility of neat epoxy in the aqueous or ethanol
medium is very poor, and some small-molecule residuals may be
in the nanosilica sol, which leads to an irreversible decrease in the
insulation resistance and dielectric performance of the EP
nanocomposites. The properties and behavior of nanocompo-
sites strongly depend on the nanoparticle compatibility and
dispersion between the nanoparticles and polymer matrix. To
meet the fast development of the electronic information industry,
better performances of adhesives, substrates, and electronic
packaging materials are required such as low viscosity, low
dielectric loss, high mechanical properties, high electric
insulation, and high thermal properties. Therefore, the develop-
ment of high uniformly dispersed and high-performance silica—
epoxy nanocomposites has become an inevitable trend and a
large challenge.

Therefore, using nanosilica sol in an organic medium to
prepare nanocomposites is a novel application field for nanosilica
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particles that brings forth very strict requirements of dispersity,
stability, and high purity. Our designed objective was to achieve
aminopropyl-functionalized nanosilica particles in organic media
with a low water content that can be used in the field of electronic
components and can evidently improve the physical and
dispersion properties of nanosilica particles in the polymer
matrix. In this research, we describe a new way to synthesize a
novel organic nanosilica sol in an organic solvent and then use it
to prepare silica—epoxy nanocomposites with different nanosilica
contents through a special sol—gel process. The aminopropyl-
functionalized nanosilica particles can disperse homogeneously
in an organic solvent (DMF) or epoxy matrix, and the solubility
of neat epoxy in the organic solvent is better than that in water
and ethanol. So far, this is a new and simple approach to
preparing high-content, stable, monodispersed nanosilica
particles in an organic medium. The organic nanosilica sol was
characterized in detail. The impact strength, flexural modulus,
thermal resistance, thermal stability, and electrical insulating
properties of the epoxy nanocomposites were investigated and
discussed.

2. EXPERIMENTAL SECTION

2.1. Chemical Materials. Ethyl silicate, N,N-dimethylformamide
(DMF), ammonia solution, and triethanolamine (Sinopharm Chemical
Reagent Co. Ltd.,, China, analytical grade), y-(aminopropyl)-
triethoxysilane (APTES; Shanghai Yachua Chemical Co., China), and
epoxy resin (EP, and diglycidyl ether of bisphenol A, epoxy equivalent
weight = 185—210 g equiv') (provided by Yueyang Chemical Co.,
China) were used. The curing agent was methylhexahydrophthalic
anhydride (MeHHPA; Yangzhou Guangrun Chemical Co., Ltd., China)
and was used without further purification. Triethanolamine was used as
the curing accelerator.

2.2. Preparation of Nanosilica—DMF Sols. An appropriate
amount of an ammonia solution and APTES were dissolved in a certain
amount of DMF in a 250 mL three-necked flask. Ammonia solutions
were used as catalysts for hydrolysis. The solution was composed of
ethyl silicate and DMF in a molar ratio of 1:5 and next slowly dropped
into the 250 mL three-necked flask at ambient temperature with stirring
for 48 h. After that, the mixture was aged for 7—15 days. DMF—
nanosilica sols with different solid contents (S, 9, 11, 13, 15 wt % relative
to DMF) were prepared. DMF—nanosilica sol was kept at 4 °C until use.
Figure 1 shows detailed structures and real pictures of nanosilica—DMF
sols.

2.3. Preparation of Nanosilica—EP Sols. EP was added to the
obtained nanosilica—DMF sol with mechanical stirring for 10—12 h.
Then DMF was completely removed from the mixture by distillation in a
vacuum at 70 °C. The sol of nanosilica—EP (nanosilica solid content, 0—
30 wt % relative to the epoxy) was kept at 4 °C until use, and the results
are given in Figure 2a.

2.4. Curing Procedure. A stoichiometric amount of curing agent
and an appropriate amount of curing accelerator were added into the
nanosilica—EP sol and then mechanically stirred for 30 min. The
obtained mixtures were repeatedly degassed in a vacuum at 80 °C for
approximately 10 min until there were no trapped bubbles. Finally, the
mixture was poured into an aluminum mold. The curing procedure was
carried out: 1 hat 100 °C + Shat 120 °C + 10 hat 150 °C + 2 h at 160
°C. A series real pictures of nanocomposites with different nanosilica
contents (nanosilica content, 0—20 wt % relative to the epoxy
nanocomposites) and the possible interactions occurring in the
nanocomposite are displayed in Figure 2b—d. Details of the key
properties obtained in this investigation are listed in Table 1.

2.5. Materials Characterization. The morphology and dispersion
quality of the nanoparticles were investigated by a JEOL 200CX
transmission electron microscope at an acceleration voltage of 200 kV.
High-resolution transmission electron microscopy (HRTEM) was
applied to observe the core—shell structure of the nanosilica—DMF
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Figure 1. (a) Schematic diagram of the nanosilica homogeneously
dispersed mechanism. (b) Organic nanosilica sols. (c and d) Observed
light scattering due to the presence of nanosilica particles in the
nanosilica—DMF sols upon showing a red laser beam through the
samples.

sols using a transmission electron microscope equipped with an energy-
dispersive X-ray (EDX) spectrometer.

The particle sizes of nanosilica particles was determined through
dynamic light scattering measurement with a Zetasizer 3000HS.

Fourier transform infrared (FTIR) spectroscopy of the nanosilica—
EP nanocomposites were performed on a Nicolet Avatar370 FTIR
instrument (Thermo Nicolet, USA) in the range from 400 to 4000 cm™"
using KBr pellets.

According to China National Standard GB1843-1996, an impact
tester was used to determine the no-notch impact strengths of the
nanocomposites. The flexural modulus was measured on an Instron
electron omnipotence tester according to ASTM D790-2010. The
average value for each nanocomposite was recorded at least three times
through repeated measurements.

The fracture surfaces after the impact strength test were sputtered
with gold and examined using scanning electron microscopy (SEM;
JSM-6700F, Japan) at an accelerating voltage of 15.0 kV.

The possible unreacted hardener fraction was tested by selective
extraction according to China National Standard GB/T 2576-2005.
These samples were processed into powder and placed in acetone for 12
h at approximately 80 °C to extract the residual uncured component.
The process was conducted three times, and then the powders were
placed in a vacuum-drying oven at 110 °C (—0.1 MPa), drying to
constant weight.

Dynamic mechanical thermal analysis (DMTA) of samples with the
dimension 35 X 10 X 2 mm® was carried out on a dynamic mechanical
analyzer (DMA Q800, TA Instruments Inc, USA) from room
temperature to 260 °C at a heating rate of 5 °C min™". The frequency
used was 1.00 Hz.

The volume resistivity (p,) and surface resistivity (p,) of the samples
were measured using a high resistance meter (4339B; Agilent, USA) and
a resistivity cell (16008B; Agilent, USA) according to ASTM D257-
2007. At least three scans of every sample were taken in order to get
better accuracy. The surface (1) and volume (2) resistivity can be
calculated by the following equations:

dx.doi.org/10.1021/am402845d | ACS Appl. Mater. Interfaces 2013, 5, 8897—8906
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Figure 2. (a and b) Representation of the route from nanosilica—EP sols to nanosilica—EP nanocomposites. (c) Epoxy chain—nanosilica—epoxy chain.
(d) Core—shell structures formed by interaction of APTES with the nanosilica.

Table 1. Compositions of the Nanosilica Sol and Key Properties of the Nanosilica—EP Nanocomposites with Different Nanosilica

Contents
nanosilica
content in
nanosilica Nnanocompo-
content (wt %) sites
sample =~ DMF EP vol % curing degree  T,(DMTA) impact strength flexural modulus surface resistivity bulk resistivity
code sols sols ((pp) wt % %) (°C) (k] m™2) (MPa) (x107Q) (x10%Q-m)
So 0 0 0 0 92.73 121.6 15.50 3138.38 0.24 0.71
S, S S 1.60 3 98.19 93.9 17.53 3293.24 0.015 0.63
S, 9 10 3.17 6 99.83 110.8 29.55 3255.39 0.15 125
S3 11 15 5.33 9 97.08 105.2 40.11 3355.24 0.689 2.24
S, 13 20 7.33 12 96.65 113.5 31.62 3338.09 2.67 1.56
Ss 15 30 11.93 20 9543 89.0 22.20 3888.09 13.5 1.44
_ z(D, + D) R which improves the nanoparticle dispersion. As shown in Figure
A= D,-D, ° (1) 1b, organic nanoparticle sols are homogeneous and become
more opaque with increasing solid content. As displayed in
7;( D, + B(D, - D,) )2 N Figure 1c,d, the organic nanosilica sols show the Dindar
p = N2 ) A phenomenon. A red laser beam was shone through the solutions,
Y 4t 10 @) and the observed light scattering emerges because of the

where D; and D, are the diameters of the main (mm) and ring (mm)
electrodes, respectively, B is the effective area coefficient (1 for ASTM
D257-2007), t is the thickness of test material (mm), R; is the surface
resistance, and R, is the volume resistance.

ANETZSCH thermal gravimetric analyzer (TG 209 F3) was used to
observe the thermal degradation behavior of the nanosilica—EP
nanocomposite (approximatelyl0 mg) in a nitrogen atmosphere from
25 to 700 °C at a heating rate of 10 °C min™" in all cases. The initial
thermal decomposition temperature (T, °C) was 10 wt % of weight
loss of each sample.

3. RESULTS AND DISCUSSION

3.1. Morphology of Nanosilica—DMF and Nanosilica—
EP Sols. Figure la gives the schematic diagram of the
aminopropyl-functionalized nanosilica homogeneous dispersion
mechanism. The silica nanoparticles are coated with APTES,

presence of nanosilica particles in the nanosilica—DMF sols.

TEM micrographs of the nanosilica—DMF sols with 9, 13, and
15 wt % nanosilica particle content are shown in Figure 3. These
images show well-dispersed silica nanoparticles in DMF. The
average diameter size of nanosilicas at 9 wt % is about 30 nm, as
shown in Figure 3d. No obvious particle agglomerations are
observed. In Figure 3e,f, aggregation phenomena were avoided
because the nanosilica particles are surface-functionalized by
APTES (just like organic coatings), which will improve the
compatibility of the nanosilica particles in the organic medium.
Through the high-angle annular dark-field (HAADF) mode of
HRTEM, the high-brightness white dots are nanosilica particles,
which were coated with APTES and constituted a core—shell
structure. Note that surface modification plays an important role
for monodisperse nanosilica particles.
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Figure 3. TEM micrographs of the nanosilica—DMEF sols: (a) 9 wt %; (b) 13wt %; (c) 15 wt %. (d) Particle size distribution of the nanosilica—DMEF sol
at 9 wt % content. (¢) HRTEM image of the 13 wt % nanosilica—DMF sol. (f) HAADF mode.
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Figure 4. TEM micrographs of the nanosilica—EP sols: (a)10 wt %; (b) 20 wt %; (c) 30 wt %. (d) EDX spectrum of the 20 wt % nanosilica—EP sol.
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TEM micrographs of the nanosilica—EP sols containing 10, 20,
and 30 wt % nanosilica particles are given in Figure 4. The dark
dot parts are the nanosilica particles and the gray part is the EP

matrix, which is confirmed by using EDX measurement in Figure
4d. The particle number increased with an increase in the
nanosilica content. Uniformly dispersed nanosilica particles

8900 dx.doi.org/10.1021/am402845d | ACS Appl. Mater. Interfaces 2013, 5, 8897—8906



ACS Applied Materials & Interfaces

Research Article

without aggregation phenomena are observed in the EP matrix.
This is attributed to the aminopropyl functionalization, which
changes the surface of the nanosilica particles from hydrophilicity
to hydrophobicity and can give a better compatibility between
the nanosilica particles and EP matrix."”

3.2. Formation of the Nanosilica—EP Nanocomposites.
As shown in Figure 2, the nanosilica—EP nanocomposites are
transparent up to 9 wt %, and this suggested that no macroscopic
phase separations emerged at least on the scale of visible light.
Besides the curing reaction between MeHHPA and EP, the
cross-linking reaction between EP and aminopropyl-function-
alized nanosilica particles could additionally be involved in the
case. The possible structure and networks are given in Figure
2¢,d.

FTIR spectra of pure EP and nanosilica—EP nanocomposites
are shown in Figure S, indicating which bonds formed or
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Figure S. (a) FTIR spectra of nanosilica—EP hybrid materials with
different contents of nanosilica: 0 (pure EP), 3, 6,9, 12, and 20 wt %. (b)
Enlarged formation displaying the C—N peak that emerged because of
chemical interaction between the amino and epoxy groups. (c)
Schematic representation of the possible reaction mechanism.

disappeared during the special sol—gel and curing procedure and
elucidating whether nanosilica—EP nanocomposites are a
covalently bound network or simply a physical mixture. The
characteristic peak at 483 cm™" and the broad-band absorption of
nanosilica—EP nanocomposites appearing at 1000—1100 cm™*
correspond to the bending vibrations and asymmetrical
stretching”®”' in Si—O—Si bonds, respectively. The asym-
metrical stretching and bending vibrations are more and more

8901

obvious with the addition of nanosilica particles. The stretching
vibration absorption peak of the epoxy group emerged at 915
cm™'; the epoxy group peak became weak and even disappeared
with an increase in the nanosilica content, which indicates that
the Si—O—Si network structure promotes the curing process of
the EP system. Upon comparison of the FTIR spectra of neat
epoxy and nanosilica—EP nanocomposites in Figure Sb, we find
that all of the nanosilica—EP nanocomposites show a character-
istic peak at around 1680 cm™, which elucidates that new C—N
bonds are formed in the nanosilica—EP nanocomposites through
cross-linking between APTES on the surface of nanosilica and
EP. The possible reaction mechanism is shown in Figure Sc.

3.3. Mechanical Properties. It is known that the weak
bonding between the fillers and polymer matrix will result in a
decline in the flexural modulus of a microparticle-filled
composite with increasing filler content.”**> The flexural
modulus of the microparticulate composite can be improved
compared to that of the polymer matrix when the bonding
between the fillers and polymer matrix is strong enough.** Figure
6a gives flexural modulus results of nanosilica—EP nano-
composites. It can be observed that the flexural modulus
increases with increasing nanosilica content, indicating that
strong bonding between the nanosilica particles and epoxy
networks occurs and the nanosilica—EP networks can withstand
external stress. From the curve, at 20 wt % nanosilica content, the
flexural modulus of nanosilica—EP nanocomposites is 3888.1
MPa, and this is 24% higher compared to pure EP.

The impact strength of the nanosilica—EP nanocomposites
containing different nanosilica contents is displayed in Figure 6b.
The impact strength is remarkably improved with an in crease in
the nanosilica content, and the highest value is 40.11 k] m™* at 9
wt % nanosilica content, which is 159% higher than that (15.50 kJ
m™2) of pure EP. The main reason is that uniformly nanosilica
particles have a large amount of surface-active centers, and they
can tightly combine with the epoxy matrix by a grafting reaction.
When subjected to an external force, the nanoparticles do not
easily break away from the epoxy matrix and transfer the external
force very well. Then the local yield deformation occurs in the
surrounding matrix and dissipation of the impact energy
increases,® resulting in a toughening of the nanosilica—EP
nanocomposites. However, when the nanosilica content is
excessive, nanoparticle aggregation and the microcracks of the
nanocomposites are very big and almost develop into a stress
cracking, leading to a decrease in the impact strength.

In recent years, the correlations between the improvements in
the mechanical properties of the nanocomposites and the
interparticle distance attracted the wide attention of researchers.
Wu?® proposed the critical interparticle distance model in order
to interpret the toughening and strengthening mechanisms in the
rubber-modified brittle polymer materials. This model in view of
the hypotheses of ideal dispersion and cubic structure and the
model function used was the following:

1/3

id -1

56,

z
; @)
where 7 is the interparticle distance, d is the particle diameter, and
@, is the volume filler content. The volume filler content (¢,) is
calculated according to the following equation, and the results are
listed in Table 1:
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Figure 6. (a) Flexural modulus and (b) impact strength of nanosilica—EP nanocompostites.
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Figure 8. Low-magnification SEM micrographs of nanosilica—EP nanocomposites from impact tests with different nanosilica contents: (a) neat epoxy;

(b) 3 wt %; (c) 6 wt %; (d) 9 wt %; (e) 12 wt %; (f) 20 wt %.

We

=T

T/Vf + (1 - T/Vf)p_m ( 4)
where Wr is the filler content by weight and p; and p,, are the
densities of the filler and polymer matrix, respectively. Young’s
modulus and the impact strength of the nanosilica—EP
nanocomposites versus 7/d are shown in Figure 7. It can be
discovered that Young’s modulus improves more remarkably
with a further decrease of the ratio (z/d) and the impact strength
increases with a reduction of the ratio over 1.2. It is assumed that
this phenomenon is because the nanosilica particles are close
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enough to fabricate a three-dimensional EP network around
them, as discussed by others.”” However, as shown in Figure 7b,
it can be found that improvement of the impact strength
becomes very small when the nanosilica particle content is up to
12 wt % and the ratio of 7/d is below 1.0. Therefore, the new
toughening mechanism that particle flocculation at high content
reduces the toughening efficiency of polymer blends proposed by
Qi et al.*® should be taken into account.

3.4. Morphology of Fractographs. SEM of the impact
fracture surface partly shows some fracture mechanisms of the
nanosilica—EP nanocomposites. With the addition of silica

dx.doi.org/10.1021/am402845d | ACS Appl. Mater. Interfaces 2013, 5, 8897—8906
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Figure 9. Higher magnified SEM images of the neat EP and nanosilica—EP nanocomposites from impact tests with different contents of nanosilica: (a)
neat epoxy; (b) 3 wt %; (c) 6 wt %; (d) 9 wt %; (e) 12 wt %; (f) 20 wt %.
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Figure 10. Schematic drawing showing the core—shell structure of a functionalized nanosilica particle coated with EP layers.

nanoparticles, a much rougher and irregular fracture surface
emerges, as seen in Figure 8b—f.

Many dimples, numerous crazings with river shape, and
drawing filar phenomena appear in the impact fracture surface of
the nanosilica—EP nanocomposites, which may be attributed to
the blocking eftects and crack pinning of nanosilica particles in
the epoxy network matrix.””*° In addition, many of river-shaped
lines are sinuous, which means the crack fronts are often
deflected and stopped because of interactions between the
particles and crack, which are probably beneficial to the fracture
toughness by releasin§ the external stress around the crack
fronts.”” Kinloch et al.” also observed a similar trend, in whose
work a possible toughening mechanism is crack bowing. The
formation of these phenomena is due to rigid nanosilica fillers,
which induced the matrix around the nanosilica producing
significant plastic deformation under tension, indicating that
much fracture energy is likely dissipated. In contrast, as illustrated
in Figure 8a, the unfilled epoxy exhibits a large smooth area with
clear fracture boundaries, which means the crack propagation
resistance is small and there is almost no plastic deformation,
indicating a typical brittle fracture.

This can be clearly observed in high-magnification SEM
images in Figure 9. The neat epoxy surface is flat; however,
spherical nanosilica particles can clearly be observed in the
nanosilica—EP nanocomposites. In addition, the spheres can

8903

homogeneously disperse in the epoxy matrix with no obvious
agglomerations, which agree with the TEM images of nanosilica
in Figures 3 and 4. As shown in Figure 9, the diameter of the
spherical particles is in the scope of approximately 100—200 nm
(some particles are even larger), and this is obviously greater than
the diameter of monodispersed nanosilica particles in TEM in
Figure 4. This is due to the fact that the nanosilica particles were
surface-functionalized by a silane coupling agent, which can react
with both the EP matrix and inorganic particles and bring about
strong chemical interactions between them. Figure 10 is a
simulated diagram about the existing form of nanosilica particles
in the EP matrix; the aminopropyl-functionalized nanosilica
particles were coated with EP layers just like a core—shell
structure. Furthermore, the debonding process may occur
somewhere within the matrix under huge external stress,
resulting in the unique morphology of impact fractured surfaces,
as seen in Figure 9d—f, and finally leading to an energy-
dissipating toughening mechanism. With an increase in the
nanosilica particle content, the interparticle distance decreases,
this debonding phenomenon increases, and more impact energy
is absorbed, which finally significantly improves the performance
of the nanosilica—EP nanocomposites at around 9—12 wt %
nanosilica content. These core—shell structures can greatly
influence the fracture behavior at a critical interparticle distance,
which corresponds to the particle content. Moreover, when the

dx.doi.org/10.1021/am402845d | ACS Appl. Mater. Interfaces 2013, 5, 8897—8906
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nanosilica particle content is further increased, particle
aggregation increases, the phase microstructure changes, and
the matrix ligament increases,”® which finally leads to a decline in
the performance of the nanosilica—EP nanocomposites. On the
basis of the analysis above, the toughness is determined by the
particle content, particle dispersion, and changes of the matrix
and phase morphology.

3.5. Surface Resistivity and Bulk Resistivity. The surface
resistivity (p,) and bulk resistivity (p,) are used to estimate the
electrical insulating properties of the nanosilica—EP nano-
composites, and the detailed results are listed in Table 1 and
Figure 11. The surface resistivity and bulk resistivity show
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Figure 11. Bulk resistivity and surface resistivity of the nanosilica—EP
nanocomposites.

increasing trends with the addition of fillers. The surface
resistivity increases with increasing filler content. The bulk
resistivity increases sharply over the 3 wt % nanosilica content
and attains an optimal value at 9 wt %. This is can be explained by
the facts that the higher content nanosilicas result in a tighter
three-dimensional network structure and homogeneous nano-
silica particles limit migration of the conductive ion. At the same
time, nanosilica particles having high surface energy and a large
specific surface area can easily adsorb more impurities such as
water. Further, the impurities can generate the conductive ion,
resulting in a decline in p,. With an increase in the nanosilica
particle content over the optimal value, aggregation occurs and
the effective nanosilica particles serving as cross-linking points
decrease, and these aggregated nanoparticles act as impurities,
resulting in a decline in p,. From the analysis above, it can be
concluded that the nanosilica particles can substantially improve
the electrical insulating properties of the epoxy matrix, although

there is a slight decline in p, when the nanosilica content is higher
than 9 wt %.

3.6. DMTA. Figure 12a shows the DMTA curves of the
nanosilica—EP nanocomposites. The storage modulus improves
dramatically with an increase in the nanosilica content at lower
temperatures. This is probably because the network structure of
Si—O—Si limits movement of the EP molecular chain. With a rise
in temperature, the nanosilica—EP nanocomposites go into the
rubbery state very early, resulting in a slightly lower storage
modulus compared to that of pure EP. So, the plasticizing effect
of colloidal nanosilica cannot be ignored.

Figure 12b shows the T, values of nanosilica—EP nano-
composites derived from the peak position corresponding
temperature of the loss factor curves. T, of the nanocomposites
decreases in comparison with pure EP; this similar phenomenon
is also observed by other researchers.””*! Some researchers have
proposed a plasticizing effect of functionalized nanosilicas to
explain this phenomenon according to studies by Zhang et al.,””
Huang and Lee,>” and Tarrio-Saavedra et al.** The plasticizing
effect of functionalized nanosilicas may result from the effect of
absorbed moisture or residual small organic molecules®* or the
small gap between the nanosilica interface and resin.>* In order to
investigate whether there is uncured EP and its effects on the
glass transition temperature, the possible fraction of unreacted
hardener or EP was measured by selective extraction tests. The
curing degrees of samples were listed in Table 1. From Table 1,
we find that the nanocomposites show higher curing degrees
than pure EP and the values are higher than 95%, so we can say
that the nanosilica—EP nanocomposites have been cured
completely. That means that shifting of the glass transition
temperature to lower temperatures cannot be attributed to
uncured EP. T, values of the nanosilica—EP nanocomposites
increase with an increase in the content of the nanosilica particles
up to 12 wt %; this was attributed to the facts that the
incorporation of uniformly dispersed nanosilica restricts polymer
chain movement and increasing effective cross-linking densities
result from the amine group of nanosilica reacting with epoxy at
certain contents. When the filler content was further increased to
20 wt %, the T, values of the nanocomposites decrease, indicating
some discontinuity of the polymer matrix and macroscopic phase
separations, which would not be sufficient to surround all of the
particles and agglomerates.®® This is also attributed to particle
aggregation, which decreases the effective nanoparticles as
physical cross-linking sites and cross-linking densities and thus
finally decreases the T, values of the nanocomposites.
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Figure 12. DMA results for nanosilica—EP nanocomposites with various contents of nanosilica: (a) storage modulus curves; (b) loss factor (tan )

curves.
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3.7. Thermogravimetric Analysis (TGA). TGA can not
only give important structural information but also investigates
the stability of materials. Figure 13 gives the TGA thermogram
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Figure 13. TGA curves of pure EP and nanosilica—EP nanocomposites
in a nitrogen atmosphere.

curve for pure EP and nanosilica—EP nanocomposites. The
initial thermal decomposition temperatures [Tipr (°C)], the
temperatures of the maximum decomposition rate [T, (°C)],
and the final char yields at 700 °C are also summarized in Table 2.

Table 2. Thermal Stability Properties of Nanosilica—EP
Nanocomposites Calculated from TGA Curves

sample theoretical content Tpr T ax char yield (%) at
code (wt %) (°C) (°C) 700 °C
So 0 360.7 402 3.6
S, 6 3633 406 87
S, 12 3645 408 12.8
S, 20 3543 410 16.1

As shown in Figure 13 and Table 2, it is obviously seen that
each TGA curve has only one degradation stage. At 12 wt %
nanosilica content, the Ty value (364.5 °C) of the nanosilica—
EP nanocomposite is higher than that (360.7 °C) of pure EP. In
addition, nanosilica—EP nanocomposites have higher maximum
decomposition temperatures than those of pure EP, and these
T o values increase with increasing nanosilica content. The T,
value at 20 wt % nanosilica content is 8 °C higher than that of
pure EP. It can be observed that, from the results of TGA, the
thermal stability of these nanosilica—EP nanocomposites is
slightly improved. The behavior is attributed to the existence of
cross-linking Si—O=Si in the nanosilica—EP nanocomposites
and the strong chemical interaction between the EP matrix and
functionalized nanosilica particles, which inhibit the molecular
mobility of polymer chains.* In addition, TGA can be used to
provide the actual inorganic particle content in the organic—
inorganic materials.>” Because most of the organic polymer had
decomposed before 700 °C in a nitrogen atmosphere (however,
inorganic moieties can usually withstand 1000 °C), the char yield
should be the actual content of the inorganic part.**** Table 2
shows the char yield of the nanosilica—EP nanocomposites over
700 °C; the results approximately correspond to the theoretical
inorganic nanosilica particle loadings.

4. CONCLUSIONS

The organic nanosilica and EP nanosilica sols with homoge-
neously dispersed nanosilica particles are successfully synthe-
sized by a special sol—gel technique and then used to prepare
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epoxy nanocomposites. TEM and HRTEM analyses indicate that
nanosilica particles can disperse homogeneously in DMF or pure
EP. The effects of aminopropyl-functionalized nanosilica
particles were remarkable. The impact strength, flexural
modulus, bulk resistivity, and surface resistivity of the nano-
silica—EP nanocomposites improve with nanosilica particle
addition, and this method can achieve highly populated
nanosilica particles in an organic medium. The addition of
nanosilica increases the impact strength and flexural modulus of
nanosilica—EP nanocomposites about 2.59 and 1.24 times at 9
and 20 wt % nanosilica particle content, respectively. SEM
observation of the fracture surface showed numerous crazings
with river shape, drawing filar phenomena, and a lot of dimples
and nanosilica particle coating with the epoxy matrix, which were
obviously credited for increases in the toughness of nanosilica—
EP nanocomposites. SEM at high magnification indicates that
the silica nanoparticles disperse homogeneously in the epoxy
matrix. TGA indicates that nanosilica—EP nanocomposites
exhibit improvement in Tipy, T and char yield at 700 °C
compared to the neat epoxy. The nanosilica—EP nano-
composites at high nanosilica content display significant
improvements in the electrical insulation properties and can
find applications in the electronic industry, construction
industry, etc.
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