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Abstract High performance silica/epoxy nanocomposites
were prepared through mixing epoxy, tetraethyl orthosilicate
(TEOS), γ-aminoproplytriethyoxy siliane(APTES), and
triethyltrtramine (TETA) at 25 °C via sol-gel method on
one-step. The effects of content of TEOS and coupling re-
agents on the mechanical and thermal properties of SiO2/EP
composites were studied. Microcosmic morphology and
properties of the hybrid materials were characterized by
FT-IR, TEM, FESEM, and DSC. Results revealed that
SiO2/EP composites achieve the optimal mechanical and
thermal properties when the composites prepared with mass
ratio of TEOS/APTES/epoxy for 3/2/100 without acetone.
Compared with pristine epoxy, the tensile strength, elonga-
tion at break, impact strength and bend strength increased
67.6 %, 190 %, 82.1 % and 15.7 %, respectively. The further
study was to investigate the content of TEOS and APTES
effecting on mechanical properties and water sorption of
fiber reinforced composites, which used the above com-
pound as matrix resin.

Keywords Epoxy resin . Nano-silica . Sol-gel . Fiber-
reinforced composites

Introduction

Epoxy resins which possess outstanding chemical resistance,
thermal resistance and mechanical properties, is now being
widely used in various applications, mainly in the paint,
electron materials, wrapping materials and adhesives [1–7].
Silica has gained the reputation of one of the most suitable
inorganic filler for epoxy resin, which can be dispersed in the
polymer matrix as nanoparticles, or generated network by

homogeneous mixing of the precursors in simultaneous po-
lymerization [8–10]. Polymer nanocomposites reinforced
with nanoparticles exhibit improved mechanical properties
due to the formation of strong adhesive interfaces between
highly dispersed nanoparticles and the polymer matrix
[11–14]. The strong interface interaction between inorganic
nanoparticle and organic polymer is obtained due to big
interfacial area, and induce a nanocomposties with improved
toughness, strength and heat resistance [15–19]. It is found
that the homogenous dispersion is the crucial factor to pre-
pare the nanocomposites with higher interface action, and
the surface modifiers are often used to improve the disper-
sion of nanoparticles in polymer matrix. Silane coupling
reagent, such as γ-aminopropyltriethoxysilane [H2N(CH2)3
Si(OC2H5)3](APTES) is an essential coupling reagent for
nano-silicas, which can form a layer of single molecule
membrane on the surface of fillers and improve the wettabil-
ity and dispersion of them [20, 21].

The use of the sol-gel process to prepare highly intermingled
inorganic-organic hybrid polymer networks using coupling
agents is of current scientific interest since it offers the possi-
bility of tailoring the properties of the materials by variation of
the relative composition of the inorganic and organic phases
[22–25]. This network structure are formed together to achieve
homogeneous phase morphologies when chemical bonds are
developed between inorganic and organic components.

Various researchers have reported the feasibility of mak-
ing glass fiber reinforced composites (FRC), which results in
superior mechanical properties, high structural efficiency
and cost effectiveness [3]. It is widely accepted that the
mechanical behaviour of glass FRC is highly dependent on
the interphase between fiber and matrix. An appropriately
interphase can significantly improve tensile strength, bend-
ing strength, impact strength, stiffness and toughness of
composites [26–28], as well as the environmental stability.

In this study, silica/epoxy nanocomposites with inorganic-
organic hybrid network are prepared by one-step sol-gel
method. The tetraethylorthosilicate (TEOS) and epoxy resin
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with alkoxy groups are used as silica precursor, and the
triethyltrtramine (TETA) are used as curing agent and catalyst
during sol-gel process. Compared with Nopphawan Phon
thamachai [10], high performance silanized silica/epoxy
nanocomposites were prepared through mixing epoxy, TEOS,
3-aminopropyl trimethoxysilane (APTMS) and ammonia so-
lution at 50 °C. Epoxy resin with alkoxy groups are synthesis
with the reaction between amino groups of APTES and epox-
ide groups of epoxy resin. Chemical bonds between silica and
epoxy resin are induced by the hydrolysis and condensation of
alkoxy groups from TEOS and epoxy resin modified with
APTES, and more homogeneous nanocomposites are pre-
pared. Moreover, the possibility of synthesis of inorganic-
organic hybridmaterials is expected by controlling the process
of sol-gel. The morphology, microstructure, mechanical prop-
erties and thermal properties of the silica/epoxy hybrid mate-
rials are characterized, and the silica/epoxy/glass cloth com-
posites are prepared and their tensile properties are tested.

Experimental

Materials

Epoxy resin (industry grade), diglycidyl ether of bisphenol-A
(DGEBA) with structure shown in Scheme 1, was purchased
from DaLian QiHua Chemicals Co. Ltd.(Liaoning, China); γ-
aminopropyltriethoxy silane (APTES) purchased from Nan-
jing Shuguang Chemicals Group Co. Ltd.(Jiangsu, China) and
tetraethoxysilane (TEOS) was purchased from ChangShu
ZhongJie Chemicals Co. Ltd.; triethylenetetramine (TETA)
was purchased from Tianjin Chemical Products Factory and
used as curing agent(Tianjin, China). Plain weaved glass cloth
(1 mm thick, E glass) was purchased from Shannxi fiberglass
factory general with APTE surface treatment agent.

Preparation of the SiO2/epoxy hybrid materials

Synthesis of silanized epoxy and SiO2/EP hybrid materials

Amixture of epoxy resin and APTES, with the weight ration
of epoxy/APTES 100/2 or 100/5, was stirred vigorously at
80 °C for 2 h to get the silanized epoxy. In a typical synthesis
of SiO2/EP hybrid materials, silanized epoxy (with the
weight ration of epoxy/APTES 100/2), TEOS, distilled wa-
ter, ethanol were mixed and stirred vigorously at room tem-
perature for 30 min to obtain homogenous mixtures, with the

molar ratio of –Si-OC2H5/H2O=1/1 and the molar ratio of
TEOS/ethanol=2/1. The amount of TETA needed to achieve
an overall -NH/epoxide molar ratio of 1/1 was then added to
the mixtures at room temperature and mixed for another
5 min. the resulting mixtures were degassed under vacuum
and poured into a steel mold with release agent in advance.
The curing process was carried out under room temperature
for 24 h followed additional 4 h at 80 °C to obtain the
completely cured inorganic-organic hybrid materials.

Fabrication of SiO2/epoxy/galss cloth composite

The glass cloth was dried in oven under 120 °C for 2 h and
used immediately after taking out to remove water absorbing
during storage. Silanized epoxy (with the weight ration of
epoxy/APTES 100/2), TEOS, distilled water, ethanol was
mixed to get homogenous mixture, and TETAwas added into
the mixture to prepare the matrix for composites. The FRC
was fabricated by fabric hand lay-up process with the weight
ration of matrix/cloth 1/1 and cured under room temperature
for 24 h followed additional 4 h at 80 °C. The resulting
composites were 2 mm thick plats.

Materials characterization

Differential scanning calorimeter (DSC) analyses of the sam-
ples (approximately 5 mg) were carried out at a heating rate of
10 °C/min in the range of −50~250 °C under a nitrogen
atmosphere by USATAMDSC2910. The sample was placed
on a KBr pellet and the FTIR spectrum was obtained using a
Nicolet AVATAR 550 analyzer at room temperature. Scanning
electron microscope (SEM) measurement was performed on

Scheme 1 Structure of E-51 epoxy resin [Mw~392]

Fig. 1 inorganic- organic hybrid network structure
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Hitachi S-2700 to observe the fracture surface of hybridmaterials
after tensile tests, with accelerating voltage of 20KeV. The field
emission scanning electron microscope (FE-SEM) observations
were made using a Hitachi SU700 microscope. The fracture
surface was coated with gold before SEM measurement. Trans-
mission electron microscope (TEM) was conducted in high
resolution mode using a Hitachi H-600 instrument and operated
at 75 kV. The samples were cut using a Leica Ultracut UCT
ultramicrotome and placed on 200 mesh copper grids.

The tensile strength and modulus of SiO2/epoxy were mea-
sured by electron omnipotence experiment machine (SANS-
CMT5105, Shenzhen Xin-SanSi Corporation of China)
according to GB/T 2567-2008. The dog-bone shaped specimens
used in the tensile testing were 50mm×10mm×4mm (L ×W×
D) in the narrow region. The tensile test for FRC was performed
electron omnipotence experiment machine according to GB/T
1477-2005 using a loading rate 10 mm/min at ambient temper-
ature. Samples were 250 mm×20 mm×2 mm. Bend strength
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Scheme 2 Proposed mechanism of formation of SiO2/epoxy hybrid materials. a The reaction between amido and epoxy group b The hydrolyzation
and the condensation of TEOS and epoxy curing. c Curing reaction of epoxy resin and silanized epoxy resin with TETA as curing agent
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was measured by ZMG1(Hebei Material experiment factory of
China) according to GB/T 2567-2008. The dimension of speci-
mens is 100 mm×15 mm×4 mm. The impact strength was
measured by ZBC-4B impact testing machine (Shenzhen Xin-
SanSi Coperation of China) according to GB/T2567-2008. The
samples were 80 mm×10 mm×4 mm. All samples were treated
at 80 °C for 2 h to eliminate the inner stress.

Heat distortion temperature (HDT) was measured by XRW-
300 from Chengde shuiquan testing instrument CO.LTD ac
cording to GB/T 1634-2004, with heat rate 2 °C/min and load
1.81 N/mm2. HDT was determined by temperature when the
distortion of samples is 0.33 mm.

Water sorption of the fiber reinforced epoxy resin compos-
ites was measured by using an electronic balance weights the
specimen 3 times, and working out according to GB/T 1462-
2005.

Results and discussions

The reaction of epoxy/APTES/TEOS/TETA mixture

During the course of reaction, amine functionalised silane
coupling agents have been used as epoxy ring openers. Hyd
rolyzation and condensation of TEOS often concurred to form
the polyhydric salt and an oxide by condensation reaction. In
cured epoxy, the amine groups (TETA) of hardener are reacted
with epoxy and silanized epoxy to form a polymer network.
Since the amines are basic, they also catalyse the condensation
of silanol groups to form chemical bonds and inorganic-organic
hybrid network structure (Fig. 1). Some reactions are shown in
Scheme 2.

Sol-gel process consists of hydrolyzation and condensation
reactions of TEOS and APTES. However, different contents
of catalyst caused different effects on the reaction process and
morphology of the products. In order to verify the ability of
APTES and TETA to react with epoxy, FT-IR measurements

were used to test the sample of epoxy resin (EP), silanized
uncured epoxy (EP-APTES) and cured silica/epoxy compos-
ites (EP-APTES-TETA).

FT-IR spectra of uncured and cured SiO2/EP samples with
different contents of TEOS are shown in Fig. 2. It is found that
the hydroxyl-stretching band of epoxy resin appears a strong
broad peak at 3,600 cm−1~3,100 cm−1, the N-H stretching and
N-H bending peaks at 3,400 gradually broaden with introduc-
tion of amines. Moreover, 1,550 cm−1 indicate the amine
group of APTES, the band appearing at 1,075 cm−1 assigned
to Si-O-Si asymmetric stretchingmodes, which gradually shift
toward the lower frequency because of the cross-linking reac-
tion. Because of the breakage of epoxide groups to form bonds
with amine during the curing process, the absorption peak
appearing at 915 cm−1 almost disappears, implying the almost
complete cured epoxy.

The viscosity curves of SiO2/EP hybrid materials are
presented in Fig. 3. It is found that the viscosity of epoxy and
silanized epoxy decreased greatly with temperature increased.
Due to free volume fraction of the system improves, the move-
ment of the chain segment enhances, leading to the
intermolecular interaction force reduce, and the liquidity raised
substantially.
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Fig. 2 FTIR spectra of uncured epoxy (a), silanized uncured epoxy (b)
and cured SiO2/epoxy (c)

0

1000

2000

3000

4000

5000

6000

7000

8000

20 30 40 50 60 70 80 90
temperature(C)

vi
sc

os
ity

(m
P

a.
S

)

prisitn epoxy

EP/APTES 100/2

EP/APTES 100/5

Fig. 3 Viscosity of epoxy and silanized epoxy with weight ration of
epoxy/APTES 100/2

-1

-0.5

0

0.5

1

1.5

0 50 100 150 200 250
Temperature (C)

H
ea

t f
lo

w

Pristin epoxy

EP/APTES/TEOS 100/2/3

Fig. 4 Cured exothermic reaction curves of pristin epoxy and epoxy/
APTES/TEOS 100/2/3 cured with TETA
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However, at low temperature, the system modified by
APTES has higher viscosity with higher APTES content.
The results are attributed to chain extension arising from
the reaction of amines of APTES and epoxide groups of
epoxy resin. Then the movement among the chain segment
is confined and the liquidity of the system reduced.

The exothermic reaction curves of hybrid materials are
presented in Fig. 4. Due to the curing process was reacted on
one-step, it was shown there is only one exothermic peak
during cured exothermic reaction. Compared with the pris-
tine epoxy (98 °C), introduction of ATPES and TEOS re-
duced the temperature of exothermic peak (93 °C). It is
attributed that the heat release during the so-gel process
accelerated the curing reaction of epoxy resin with TETA.
However, no obvious difference was observed between pris-
tine epoxy and hybrid materials.

Morphology and microstructure of SiO2/epoxy hybrid
materials

The residue of stretching sample after high temperature
treatment in air is shown in Fig. 5a. The organic ingredients

have been completely decomposed and volatilized at high
temperature. The rest white inorganic remains presented as a
loose network structure, and still remain the original shape of
sample. The XRD pattern of this residue shows a broad peak
at 2θ=22°, implying amorphous silica. We can conclude
preliminary that the inorganic component distributes evenly
in epoxy resin to form a hybrid network structure. In fact, the
residual part of sample is the silica with network structure in
the modified resin with crosslink network. The organic and
inorganic hybrid networks are formed simultaneously to
achieve homogenous structure. Compared with the compos-
ite prepared by mixing polymer with nanoparticles directly,
the composites in our work with hybrid network have much
smaller sized and homogenously dispersed inorganic phase.

The TEM images of SiO2/EP hybrid materials are shown
in Fig. 6. It was found that the lower TEOS content in the
composites, the more excellent dispersion of silica in poly-
mer matrix (Fig. 6a–c). Accordingly, the larger content of
TEOS, the larger size of silica was, and more aggregated
silica particles was observed. Figure 6e is the TEM image of
hybrid materials with the mass ratio of epoxy/APTES/TEOS
100/0/3. The larger sized silica phase and clearer edge of
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Fig. 5 Photos and XRD pattern
of SiO2/epoxy hybrid materials
with epoxy/APTES/TEOS 100/
2/3 after calcination at 700 °C for
4 h

Fig. 6 TEM photos of SiO2/EP
materials with different weight
ration of epoxy/APTES/TEOS
100/2/1 (a), 100/2/3 (b) and 100/
2/5 (c), epoxy/APTES/TEOS/
acetone 100/2/3/10 (d) and
epoxy/APTES/TEOS 100/0/3 (e)
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silica particle were observed in comparison to hybrid mate-
rials with the mass ratio of epoxy/APTES/TEOS 100/2/3. It
was suggested that APTES in sol-gel process benefit to
formed chemical bonds and inorganic-organic hybrid net-
work structure, and the interfacial interaction between the
silica phase and matrix enhanced, finally agglomeration of
silica disappeared. This nanometer sized silica particles ho-
mogeneously dispersed in epoxy resin could enhance the
strength and toughness of epoxy resin.

Introduction of acetone induced that the silica phase be-
came smaller gradually, and dispersed more evenly in the
epoxy (Fig. 6e). The transparency of this sample enhanced
obviously implying the possibility of hybrid network with
molecular level dispersion. The dimension of the silica phase
which dispersed homogeneously and isolated by the EP
organic networks, can be effectively maintained under
100 nm. Moreover, nanometer SiO2 not only has a large
specific surface area and high activity, but also has some
uncondensed hydroxyls, which can act with epoxy to im-
prove the interface interaction. Unfortunately, it is difficult to

remove acetone from the system completely, and the me-
chanical and thermal properties are affected by the residual
acetone strongly.

The SEM images and FESEM images of fracture surface of
pristine epoxy and composites prepared with mass ratio of
epoxy/APTES/TEOS100/2/3 are presented inFig. 7. Figure 7-
b showed that the fracture surfaces of hybrid materials
exhibited unobvious inorganic particles, and formed ripple
and squama in comparison to fracture surface of pristine
epoxy (Fig. 7a). The much more micro-cracks and rough
surface implied more energy consuming during the process
of rupture, and lead to improved toughness and strength of
composites. The FESEM image of composites (Fig. 7d)
exhibited inorganic particles with radial caltrop shape dis-
persed homogenously in epoxy in comparison to pristine
epoxy (Fig. 7c). It is attributed that the addition of TEOS
leads to s ilica particles dispersed unevenly and appeared
reunion gradually. However, particles are connected to form
an inorganic network structure. So the composites have hybrid
network structure composed with silica and cross-linked

Fig. 7 SEM and FESEM images
of pristin epoxy (a, c) and SiO2/
epoxy hybrid materials with the
weight ration of epoxy/APTES/
TEOS 100/2/3 (b, d)

Table 1 Mechanical properties of pristine epoxy and SiO2/epoxy hybrid materials cured with TETA

Samples Silica
content (wt%)

Tensile
strength (MPa)

Tensile
modulus (Gpa)

Elongation
at break (%)

Flexural
strength (MPa)

Impact
toughness (kJ·m−2)

epoxy 0 37 1.8 0.82 78 9.50

epoxy/APTES/TEOS 100/2/1 0.83 54 2.1 1.57 80 14.6

epoxy/APTES/TEOS 100/2/2 1.12 58 2.2 1.69 82 15.6

epoxy/APTES/TEOS 100/2/3 1.41 62 2.5 2.03 91 17.3

epoxy/APTES/TEOS 100/2/4 1.70 57 2.7 1.67 84 13.5

epoxy/APTES/TEOS 100/2/5 1.98 55 3.0 1.68 80 12.1
aepoxy/APTES/TEOS 100/2/3 1.41 49 1.9 3.68 79 18.6

a 10wt% acetone was added in the mixture before curing reaction
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epoxy. Cooperated with the hydrogen bonds between hydrox-
yl of epoxy resin and silica particles, the compatibility is
improved effectively. Consequently, the composites with hy-
brid network have better transparency than that prepare by
mixing silica particles and epoxy directly.

Mechanical and thermal properties of the SiO2/epoxy hybrid
materials

The effect of different content of TEOS on the mechanical
properties of SiO2/EP hybrid materials are listed in Table 1.
The tensile strength, elongation at break, impact strength and
bend strength of SiO2/EP hybrid materials increased initially,
but decreased gradually with the excess addition of TEOS, and
the tensile strength, elongation at break, impact strength and
bend strength of SiO2/EP materials achieve the optimum
(62 MPa, 2.03 %, 17.3 kJ·m−2, 90.5 MPa, respectively) with
mass ratio of epoxy/APTES/TEOS 100/2/3. Compared with
pristine epoxy, the tensile strength, elongation at break, impact
strength and bend strength of hybrid materials enhanced
67.6 %, 190 %, 82.1 %, 15.7 %, respectively. The results are
attributed that the nanometer silica particles are dispersed ho-
mogeneously in epoxy resin, and it is easy to produce stress
concentration under external force, which causing crazing in
the surrounding matrix and absorbing more deformation ener-
gy. Moreover, the existence of nanometer rigid particles makes
resin expansion blocked. It prevents the crack extending and
finally stop cracking, which improves the mechanical proper-
ties of hybrid materials. In addition, the interfacial adhesion
between the nanometer SiO2 particles and epoxy resin matrix

could be enhanced through opening the epoxy rings and linked
with the amine groups of APTES. So it has the ability to
improve the strength and toughness.

However, excess addition of TEOS induces aggregation of
silica, which leads to compromised mechanical properties.
The mechanical properties of SiO2/EP hybrid materials pre-
pared with acetone as solvent reduce because that it is difficult
to remove solvent completely. So, the elongation at break
enhanced significantly due to the plasticization of acetone.
Thus, the introduction of acetone is beneficial for so-gel
process, but it is harmful for final thermosetting of the mate-
rial. Therefore, acetone dosage should be minimized in the
preparation process.

The heat deflection temperature (HDT) and glass transition
temperature (Tg) of SiO2/EP hybrid materials with different
contents of TEOS are summarized in Table 2. The HDT and
Tg are improved significantly with the addition of TEOS. It is
suggested that chemical bonds are formed between SiO2 and
epoxy resin, which formed crosslinking sites to inhibit the
movement of EP chain segment. The HDTof composites under
dry state increase, it is possible that the inorganic nanometer
particles formed from TEOS hydrolysis and polycondensation,
dispersed in the EP matrix evenly. In addition, the interaction
between inorganic nanometer particles with large specific sur-
face area and epoxy resin is strong. The polymer chains around
the nanometer particles are difficult to move due to the space
steric hindrance. However, the HDT of composites under wet
state decrease slightly, it indicates that the addition of TEOS
has little effect on the water resisting property of the epoxy.

Mechanical properties and water absorbtion of the SiO2/
epoxy/glass cloth composites

The effects of TEOS and APTES on the mechanical properties
of FRC are presented in Table 3. Comparedwith pristine epoxy,
integrative mechanical properties of FRC have been improved
significantly with introduction of TEOS and APTES. The
water adsorbtion of the FRC reduced with the content of
ATPES increasing. Water can destroy the interaction between
fiber and epoxymatrix and reduce the strength. In our work, the
improvement of mechanical properties of FCR prepared with
SiO2/epoxy hybrid materials is because that the improved
interface between inorganic phase and polymer inhibit the harm
of water.

Table 2 Thermal properties of pristine epoxy and SiO2/epoxy hybrid
materials cured with TETA

Samples Silica content
(wt%)

Tg
(°C)

HDT HDT in
wet statea

Epoxy 0 86. 78 74

epoxy/APTES/TEOS 100/2/1 0.83 87 79 78

epoxy/APTES/TEOS 100/2/2 1.12 90 81 81

epoxy/APTES/TEOS 100/2/3 1.41 92 83 82

epoxy/APTES/TEOS 100/2/4 1.70 97 82 81

epoxy/APTES/TEOS 100/2/5 1.98 102 81 81

a All samples were tested after dipping in 70 °C water for 24 h

Table 3 Mechanical properties
of fiber reinforced composites Formula Tensile

strength/MPa
Tensile
modulus/MPa

Elongation
at break/%

Water
absorbtion/%

epoxy 126.51 7781.49 1.48 4.1

epoxy/APTES/TEOS 100/2/3 137.06 9432.79 1.81 3.8

epoxy/APTES/TEOS 100/2/5 167.65 8210.88 2.33 3.1
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Conclusions

The mechanical and physical properties of the inorganic-
organic hybrid materials can be easily improved by the intro-
duction of a low dosage of inorganic substances by the sol-gel
process. It is indicated that SiO2/epoxy hybrid materials
achieve the optimal mechanical and thermal properties when
the mass ratio of epoxy/APTES/TEOS is 100/2/3. Compared
with the pristine epoxy, the tensile strength, elongation at
break, impact strength and bend strength of SiO2/epoxy ma-
terials increase 67.6 %, 190 %, 82.1 % and 15.7 %, respec-
tively. The SiO2 phase dispersed homogeneously in epoxy
resin. The Tg of the composites enhanced over 30 °C, and the
distortion temperatures are also improved. The SEM, TEM
analysis showed that the dimension of nanometer silica parti-
cles was about 20 nm, and dispersed evenly in the curing
system.

For the fiber reinforced epoxy resin composites, the me-
chanical properties increase with the content of TEOS and
APTES increase. The addition of TEOS reduces the water
adsorbtion of the FRC.
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