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ABSTRACT: In this study, electrospun glass (structurally
amorphous SiO2) nanofibers (EGNFs) with diameters of
� 400 nm were incorporated into epoxy resin for reinforce-
ment and/or toughening purposes; the effects of silanization
treatment (including different functional groups in silane
molecules) and mass fraction of EGNFs on strength, stiff-
ness, and toughness of the resulting nano-epoxy composite
resins were investigated. The experimental results revealed
that EGNFs substantially outperformed conventional glass
fibers (CGFs, with diameters of� 10 lm) in both tension and
impact tests, and led to the same trend of improvements in
strength, stiffness, and toughness at small mass fractions of
0.5 and 1%. The tensile strength, Young’s modulus, work of
fracture, and impact strength of the nano-epoxy composite

resins with EGNFs were improved by up to 40, 201, 67, and
363%, respectively. In general, the silanized EGNFs with
epoxy end groups (G-EGNFs) showed a higher degree of
toughening effect, while the silanized EGNFs with amine
end groups (A-EGNFs) showed a higher degree of reinforce-
ment effect. The study suggested that electrospun glass
nanofibers could be used as reinforcement and/or toughen-
ing agent for making innovative nano-epoxy composite
resins, which would be further used for the development
of high-performance polymer composites. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 124: 444–451, 2012
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INTRODUCTION

Fiber reinforced polymer composites are generally
fabricated through impregnation of fiber fillers (with
high strength and modulus) into polymeric resin
matrices. The integration of filler and matrix phases
results in excellent mechanical properties that cannot
be achieved from either component alone. The high
ratio of strength/modulus to weight makes the fiber
reinforced polymer composites widely used in air-
crafts, automobiles, sports utilities, and satellites.1

The conventional fibers for making composites
include carbon fibers, glass fibers, and polymer
fibers (e.g., Kevlar fibers) with diameters typically in
the range of a few to tens of microns. With
the development of nanomaterials in recent years,
innovative nanofibers have attracted growing inter-
ests in making polymer composites due to their

large specific surface areas that can lead to substan-
tial improvement of interfacial bonding strength
between fillers and matrices. To date, the majority of
the reported research efforts on nanofiber reinforced
polymer composites have been focused on vapor-
grown carbon nanotubes/nanofibers.2–6

The materials-processing technique of electrospin-
ning provides a viable approach for convenient
fabrication of polymer, ceramic, and carbon fibers
(commonly known as ‘‘electrospun nanofibers’’)
with diameters ranging from nanometers to
microns.7–10 Nevertheless, to the best of our knowl-
edge, only limited research endeavors have been
devoted to the development of polymer composites
with electrospun nanofibers.10–14 The main reason
is that in many cases, electrospun polymer and
carbon nanofibers possess the mechanical pro-
perties that are lower than those of their con-
ventional counterparts and vapor-grown carbon
nanotubes/nanofibers; whereas electrospun
ceramic nanofibers have been developed primarily
for electronic and/or catalytic applications.15 It is
noteworthy that electrospun glass (i.e., structurally
amorphous SiO2) nanofibers possess high mechani-
cal strength and modulus, and they can be used for
the fabrication of nanofiber reinforced polymer
composites.16,17
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Recent studies have indicated that continuous SiO2

nanofibers with diameters of � 400 nm can be
prepared through electrospinning a spin dope contain-
ing an alkoxide precursor of SiO2 followed by pyroly-
sis at high temperature.18,19 These electrospun SiO2

nanofibers are morphologically uniform and structur-
ally amorphous, and they can retain their fiber mor-
phology when subjected to vigorous ultrasonication;
therefore, electrospun SiO2 nanofibers are nanoscaled
glass fibers. When these nanofibers were used to par-
tially substitute (up to a mass fraction of 7.5%) the
conventional dental glass filler (i.e., the dental glass
powder with particle sizes ranging from tens of nano-
meters to a few microns), the flexural strength, elastic
modulus, and work of fracture (WOF) of the resulting
dental composites were considerably improved.20

In this study, electrospun glass nanofibers
(EGNFs) with diameters of � 400 nm were incorpo-
rated (at very low mass fractions of 0.5 and 1%) into
epoxy resin for reinforcement and/or toughening
purposes; and the motivation was for making the
innovative nano-epoxy composite resins, which
would be further used for the development of high-
performance polymer composites. Two silane cou-
pling agents with respective end groups of epoxy
and amine including 3-glycidoxyl-trimethoxysilane
(GPTMS) and 3-aminopropyl triethoxysilane
(APTES) were selected for surface treatment of
EGNFs. The surface treatment of EGNFs with
GPTMS or APTES would improve the interfacial
bonding strength between the fibers and the matrix,
and also facilitate the uniform dispersion of EGNFs
in the resin matrix. The effects of incorporation of
EGNFs and the different silanization treatments on
mechanical properties of the resulting nano-epoxy
composite resins were investigated, and the results
were compared to those acquired from the compos-
ite resins made from the conventional glass fibers
(CGFs) with diameters of � 10 lm.

EXPERIMENTAL

Materials

The epoxy resin of SC-15A and the associated hardener
of SC-15B were supplied by the Applied Poleramic
(Benicia, CA). The conventional glass fibers (CGFs)
were purchased from the Fisher Scientific (Pittsburgh,
PA) in the form of glass wool. The silane coupling
agents of 3-glycidoxylpropyl-trimethoxysilane (GPTMS)
and 3-aminopropyl triethoxysilane (APTES) were pur-
chased from B-Aldrich (St. Louis, MO).

Electrospinning

The detailed procedures and conditions for the prep-
aration of EGNFs were reported in literature.18,19

The EGNFs used in this study were prepared using
the spin dope consisting of 13% (mass fraction)
tetraethyl orthosilicate (TEOS) and 13% polyvinyl
pyrrolidone (PVP) in a mixture solvent of DMF/
DMSO (with volume ratio of 2/1) followed by pyrol-
ysis at 800�C.

Silanization

Prior to silanization, the prepared EGNFs were first
dispersed in water with the mass fraction of 5%; the
suspension was then subjected to vigorous ultrasoni-
cation with a 100 W ultrasonic probe, purchased
from the Branson Ultrasonics (Danbury, CT), for
three 5-min time periods. The lengths of EGNFs
after ultrasonication were a few to tens of micro-
meters. The CGFs were cut into short fibers with
lengths of � 1–2 mm. The silanization was con-
ducted by immersing either EGNFs or CGFs into
15% silane solution in ethanol, and the suspension
was then heated to 50�C followed by being stirred
for 1 h at 125 rpm using a Heidolph RZR 50 Heavy
Duty Stirrer. The physically adsorbed silane mole-
cules on fiber surfaces were removed through soni-
cation in ethanol for 10 min followed by being thor-
oughly rinsed with ethanol. The GPTMS-treated
fibers were desiccated under vacuum (� 27.9 KPa)
at room temperature, while the APTES-treated fibers
were desiccated in an oven at 110�C for 15 min.

Fabrication of composites

EGNFs or CGFs (with or without silanization treat-
ment) were first added into the SC-15A epoxy resin
at the mass fractions of 0.5 and 1%; the mixtures
were then mechanically stirred at 125 rpm for 12 h
at 60�C followed by being sonicated for 30 min to
uniformly disperse the glass fibers. Subsequently,
the SC-15B hardener was added into each mixture;
and the mass ratio of the epoxy resin versus the
hardener was set at 100/30. After deaeration, each
mixture was poured into an aluminum mold fol-
lowed by being cured at 60�C for 2 h initially and
postcured at 110�C for 5 h to obtain a composite
panel with the length, width, and thickness being
100, 100, and 3 mm, respectively. Finally, specimens
with the dimensions of 64 �12.7 �3 mm3 were cut
from the composite panels for Izod impact test,
while the dog-bone shaped specimens for tension
test were machined according to ASTM D 1708.

Characterizations and evaluations

A Zeiss Supra 40 VP field-emission scanning
electron microscope (SEM) was employed to
examine the morphologies of fibers as well as the
fracture surfaces of composite resins. Prior to SEM
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examinations, specimens were sputter-coated with
gold to avoid charge accumulations. Fourier trans-
form infrared (FT-IR) spectra of EGNFs before and
after silanization treatments with both GPTMS and
APTES were acquired from the Bruker Tensor-27
FT-IR spectrometer equipped with a liquid nitrogen
cooled mercury-cadmium-telluride (MCT) detector;
the samples were prepared by pressing the fibers
with KBr, and the FT-IR spectra were acquired
by scanning the samples (64 scans) from 600 to
4000 cm�1 with a resolution of 4 cm�1. Measure-
ments of mechanical properties were conducted at
room temperature. The Izod impact test was carried
out using a Tinius Olsen impact tester (Impact 104)
according to ASTM D 256. The standard tension test
was performed according to ASTM D 1708 at a
strain rate of 1 mm/min using a computer-con-
trolled universal mechanical testing machine
(QTESTTM/10, MTS Systems, USA). Five specimens
for each sample were tested and the mean values
and standard deviations were calculated.

RESULTS AND DISCUSSION

Silanization

Both EGNFs and CGFs had the cylindrical shape
with smooth surface; and their diameters were
� 400 nm and � 10 lm, respectively, [Fig. 1(A1,B1)];
therefore, the EGNFs were approximately 25 times
thinner than the CGFs. Two silane coupling agents,
one with epoxy end group (GPTMS) and the other
with amine end group (APTES), were used for sur-
face treatment of both types of glass fibers. No
appreciable difference on the morphology was iden-
tified for both types of glass fibers after silane treat-
ments [Fig. 1(A2,A3,B2,B3)]. The reactions between
the silane molecules and silanol (SiAOH) groups on
the surface of fibers are illustrated in Figure 2, as
evidenced by the following FT-IR results.
The FT-IR spectrum of EGNFs (Fig. 3) prior to sil-

ane treatments exhibited a broad peak centered at
3440 cm�1 that were attributed to SiAOH groups;

Figure 1 SEM images showing the representative morphologies of EGNFs after ultrasonication (A) and CGFs after being
cut from glass wool (B). (1) Untreated fibers, (2) GPTMS-treated fibers, and (3) APTES-treated fibers.
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the two strong peaks centered at 1060 and 1170
cm�1 were attributed to the vibration splitting of
SiAOASi asymmetric stretching. The other two
peaks centered at 960 and 800 cm�1 were assigned
to the SiAOH stretching and SiAOASi bending.21,22

Because the silanization reaction only occurred to
some of SiAOH groups on fiber surface, the epoxy
and amino groups from the silane coupling agents
of GPTMS and APTES were overwhelmed and/or
overlapped with SiAOASi and SiAOH absorptions
in FT-IR spectra. Hence, the variations of SiAOASi
and SiAOH peaks before and after silanization could
be used as evidence for the reaction. The peak cen-
tered at 800 cm�1 was selected as internal refer-
ence peak because it did not change appreciably
before and after the silanization treatments; the
reason was because this peak was related to
SiAOASi bending vibration, which would not vary
substantially since the silanization only occurred
on the fiber surface while the SiO2 in the bulk of
EGNFs did not change. Through comparison of
FT-IR spectra of EGNFs, G-EGNFs, and A-EGNFs,
it was evident that1 the SiAOH absorption
between 3000 and 3750 cm�1, as well as the SiAOH
absorption centered at 960 cm�1, were distinguish-
ably weakened; and2 the SiAOASi asymmetric
vibration centered at 1170 cm�1 was shifted to
higher wavenumbers after the silanization treat-
ment; both indicated that the reactions between
silanol groups on EGNFs and silane coupling
agents of GPTMS and APTES did occurred as
shown in Figure 2. The CGFs used in this study
were a commercial product and gave a complex
FT-IR spectrum, probably due to additives in the
CGFs; nonetheless, it was reasonable to expect that
the silanization reactions occurring to EGNFs
could also occur to CGFs.

Mechanical properties

Impact and tension tests on the epoxy composite res-
ins containing low mass fractions (0.5 and 1%) of
EGNFs or CGFs with or without silanization treat-
ment were performed, and the acquired results are
shown in Figure 4. The control sample was the neat
epoxy resin that was prepared with the same
processing conditions. G-EGNFs and G-CGFs repre-
sent the GPTMS-treated fibers, while A-EGNFs and
A-CGFs represent APTES-treated fibers.

Strength

The incorporation of EGNFs or CGFs into the
epoxy resin improved the tensile strength of the
resulting composite resins, whereas EGNFs outper-
formed CGFs as the reinforcement agent [Fig.
4(A)]. The tensile strength of neat epoxy resin was
41.1 MPa; the incorporation of 0.5% EGNFs or
CGFs resulted in 6.3 or 3.4% increase on tensile
strength of the respective composite resins. With
increasing the mass fraction of EGNFs or CGFs to
1.0%, the composite resins demonstrated 12 or
4.1% increase on tensile strength. G-EGNFs
improved the tensile strength by 25 and 31% at
the mass fractions of 0.5 and 1.0%, respectively;
while G-CGFs resulted in merely 9.2% increase on
tensile strength at the same mass fractions. The
APTES-treated fibers showed the largest improve-
ments on tensile strength: the tensile strengths of
the resulting epoxy composite resins increased to
54.2 and 57.6 MPa (an increase of 32 and 40%)
with incorporation of 0.5 and 1.0% A-EGNFs,
respectively; while the tensile strengths merely
increased by 8.5 and 18.5% with incorporation of
the same mass fractions of A-CGFs.

Figure 2 Schematic diagrams showing the reactions
between silane coupling agents (of GPTMS and APTES)
and silanol (SiAOH) groups on the surface of glass fibers
(of EGNFs and CGFs).

Figure 3 FT-IR spectra of EGNFs, GPTMS-treated EGNFs
(G-EGNFs), and APTES-treated EGNFs (A-EGNFs).
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Stiffness

Young’s modulus was used as the measure of
stiffness for the epoxy composite resins. EGNFs
outperformed CGFs slightly on Young’s modulus
[Fig. 4(B)]. The neat epoxy resin exhibited the
Young’s modulus of 234 MPa, while the Young’s
moduli of epoxy composite resins increased with
the amount of glass fibers. Incorporation of EGNFs
resulted in 23 and 33% increases of modulus for
the composite resins at mass fractions of 0.5 and
1.0%, respectively, while CGFs showed 16 and
31% increases correspondingly. G-EGNFs led to 29
and 40% improvements of modulus for the com-
posite resins at mass fractions of 0.5 and 1.0%; for
comparison, G-CGFs led to 22 and 37% improve-
ments. The epoxy composite resins containing 1%
A-EGNFs had the largest Young’s modulus of
704 MPa, an increase by 201%, while the
Young’s modulus of the composite resin with
0.5% A-EGNFs increased by 91%; for compari-
son, the Young’s moduli of the composite resins
with 0.5 and 1.0% A-CGFs were increased by
86 and 165%, respectively.

Toughness

In general, the epoxy resin has relatively low tough-
ness; the improvement on toughness for epoxy resin
has continuingly been a goal of research efforts.23–25

The toughness of the prepared epoxy composite res-
ins was characterized by measuring the area under
the stress–strain curve (WOF) as well as the Izod
impact strength.
Compared to the composite resins with CGFs, the

composite resins with EGNFs exhibited higher WOF
[Fig. 4(C)]. The WOF value of neat epoxy resin was
6.4 � 103 kJ/m3. Incorporation of EGNFs at the mass
fractions of 0.5 and 1.0% resulted in 11 and 52%
increases of WOF for the respective composite res-
ins. As comparison, CGFs merely showed � 1.5%
increase of WOF at these incorporation levels. The
incorporation of 1% G-EGNFs further increased the
value of WOF to 10.7 � 103 kJ/m3 (an increase
by 67%); whereas the composite resin containing 1%
G-CGFs showed merely 24% increase of WOF. Intri-
guingly, albeit the incorporation of APTES-treated
fibers into the composite resins led to higher WOF
than the incorporation of untreated glass fibers, the

Figure 4 Tensile strength (A), Young’s modulus (B), toughness (C), and impact strength (D) of the neat epoxy resin (con-
trol sample) and the composite resins containing EGNFs or CGFs. G-EGNFs and G-CGFs represent the GPTMS-treated
fibers, while A-EGNFs and A-CGFs represent APTES-treated fibers.
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improvements on WOF were not as much as the
incorporation of GPTMS-treated fibers.

The Izod impact strength of neat epoxy resin
acquired in this study was 34.3 J/m. As shown in
Figure 4(D), the incorporation of EGNFs or CGFs
into epoxy resin improved the impact strength of
the resulting composite resins; and EGNFs outper-
formed CGFs. With incorporation of untreated
EGNFs, the impact strength increased to 54.3 J/m
(an improvement of 58%) at the mass fraction of
EGNFs being 0.5%, while the impact strength
increased to 145 J/m (an improvement of 322%) at
the mass fraction of EGNFs being 1.0%. Correspond-
ingly, the epoxy composite resins showed 58 and
81% increases of impact strength with 0.5 and 1.0%
CGFs, respectively. Incorporation of GPTMS-treated
fibers further improved the impact strength for the
composite resin. The value of impact strength for the
composite resin containing 0.5% G-EGNFs increased
to 108 J/m, and the value further increased to 159 J/
m with the increase of G-EGNFs to 1.0%; this repre-
sented 363% increase when compared with that of
neat epoxy resin. For comparison, the impact
strengths of the composite resins containing 0.5 and
1.0% G-CGFs were increased by 103 and 149%,
respectively. The composite resins containing 0.5%
APTES-treated fibers showed the similar values of
impact strength as those containing the same
amount of untreated fibers. At a higher mass frac-
tion of 1.0%, however, A-EGNFs led to 250%
increase of impact strength, while A-CGFs resulted
in merely 85% increase of impact strength.

Effects on reinforcement and/or toughening

Through incorporation of EGNFs into epoxy resin,
the resulting composite resins achieved simultaneous
improvements on strength and toughness, and
EGNFs outperformed its conventional counterpart of
CGFs in both reinforcement and toughening. This
was attributed to the high specific surface area of
EGNFs. The average diameter of EGNFs was � 1/25
of that of CGFs; hence, the specific surface area of
EGNFs was � 25 times larger than that of CGFs. The
larger specific surface area would result in more fiber-
epoxy interfacial interactions to facilitate the efficient
transfer of stresses. Incorporation of higher amount of
fibers from 0.5 to 1% would also result in more inter-
facial interactions, and in most cases showed more
effective reinforcement and/or toughening.

The surface silanization treatments of fibers
improved the interfacial bonding strength between
the fiber filler and the resin matrix, and led to
higher mechanical properties of the composite res-
ins. Intriguingly, two types of silanized EGNFs
exhibited different effects on strength/stiffness and
toughness. The G-EGNFs showed a higher degree of

toughening effect, while A-EGNFs showed a higher
degree of reinforcement effect. This was probably
attributed to the different interfacial strengths
resulted from the processing methods. During the
preparation of composite resins in this study, the
epoxy functional groups on G-EGNFs did not react
with epoxy molecules in the matrix, and the chemi-
cal bonds between the filler of G-EGNFs fibers and
the matrix of epoxy resin were not formed until
the curing process through linking with hardener
molecules; whereas the amine functional groups on
A-EGNFs would react with epoxy molecules in the
matrix and form chemical bonds prior to curing pro-
cess, resulting in stronger fiber-matrix interfacial
bonding strength than that of G-EGNFs.

Reinforcement effect

According to composite theory, the reinforcement of
glass fibers for epoxy composites is attributed to the
substantially higher strength and modulus of glass
fibers than those of epoxy resin. However, the rein-
forcement potential of glass fibers can only be
achieved if an effective load transfer from the epoxy
matrix to the glass fibers is available. In regard to the
mechanical properties of glass fiber reinforced epoxy
composite resins, the fiber-matrix interfacial bonding
strength is essential; and the strong bonding strength
would result in high strength and modulus.
In general, the silane-treated EGNFs exhibited

higher capability on reinforcement of composite res-
ins than the untreated EGNFs; this is due to the
improvement on fiber-matrix interfacial bonding
strength. The stronger interface between A-EGNFs
and epoxy resin led to more efficient load transfer
from epoxy matrix to fiber filler; therefore, the
higher tensile strength and modulus were observed
in the epoxy composite resins containing A-EGNFs
other than G-EGNFs.

Toughening effect

Fracture surfaces of composite resins can provide
valuable information about fracture mechanisms and
the influence of fiber surface treatment on fracture
behavior. The fracture surfaces of impact test sam-
ples were examined by SEM (Fig. 5). The relatively
smooth surface with oriented fracture lines initiated
from sites of crack growth was observed on the frac-
ture surface of the neat epoxy resin. The lack of plas-
tic deformation and the smooth fracture surface
were in agreement with the typical materials having
low toughness. The epoxy composite resins contain-
ing EGNFs had rough features on their fracture
surfaces, and jagged, short, and multi-plane fracture
lines were observed on the fracture surfaces of the
composite resin with 1.0% EGNFs; this indicated
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that the crack fronts were deflected and kinked dur-
ing growth. Thus, the main function of EGNFs in
epoxy composite resins was probably to deflect the
propagating cracks and force the crack growth to
deviate from the existing fracture plane. Additional
energy was then necessitated to continually drive
crack growths, because the creation of additional
fracture surface area would consume more energy.
Increasing the mass fraction of EGNFs from 0.5 to
1.0% resulted in a higher degree of deflecting effect
because of more EGNFs in the composite resin,
which further improved the toughness. It is note-
worthy that, due to the relatively weak interface
between untreated EGNFs and epoxy, a small
amount of energy was required to debond EGNFs
from the epoxy matrix, leading to moderate
improvement on toughness.

The epoxy composite resins containing silanized
EGNFs had much improved fiber-matrix interface,
and the required debonding energy was much
higher; hence, the toughness of composite resins with
silanized EGNFs was substantially higher than that
of composite resins with untreated EGNFs. Addition-
ally, A-EGNFs formed stronger bonding with the ep-
oxy matrix, and thus interfacial debonding was more
difficult to occur when compared with G-EGNFs.
Consequently, G-EGNFs showed the largest improve-
ment on toughness of the epoxy composite resins.
The strong interfacial interaction between A-EGNFs
and epoxy resin might enable more crack-bridging25

in the fracture process instead of crack-deflecting.

This could be responsible for the fact that the fracture
surface of epoxy composite resin containing A-
EGNFs showed less deflecting lines [Fig. 5(D)].

CONCLUDING REMARKS

In this study, the nano-epoxy composite resins con-
taining EGNFs (with diameters of � 400 nm) were
prepared and evaluated for the first time. The incor-
poration of EGNFs into epoxy resin resulted in
simultaneous improvements on both strength and
toughness for the resulting composite resins; addi-
tionally, EGNFs substantially outperformed CGFs
(with diameters of � 10 lm) in both tension and
impact tests, and led to the similar improvements on
strength, stiffness, and toughness of the composite
resins at small mass fractions of 0.5 and 1%. The
silanization treatment of EGNFs improved the fiber-
matrix interfacial bonding strength, and resulted in
higher mechanical properties of the corresponding
composite resins. The silanized EGNFs with epoxy
end groups (G-EGNFs) showed a higher degree of
toughening effect, while the silanized EGNFs with
amine end groups (A-EGNFs) showed a higher
degree of reinforcement effect. Compared to the neat
epoxy resin, the incorporation of 1% EGNFs
increased the tensile strength by 12%, Young’s mod-
ulus by 33%, WOF by 52%, and impact strength by
322%; the incorporation of 1% G-EGNFs increased
the tensile strength by 31%, Young’s modulus by
40%, WOF by 67%, and impact strength by 363%

Figure 5 SEM images showing the representative fracture surfaces of the neat epoxy resin (A), the composite resins with
1% (mass fraction) EGNFs (B), 1% G-EGNFs (C), and 1% A-EGNFs (D).
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and the incorporation of 1% A-EGNFs increased the
tensile strength by 40%, Young’s modulus by 201%,
WOF by 22%, and impact strength by 250%. This
study suggested that electrospun glass nanofibers
could be used as reinforcement and/or toughening
agent for making innovative nano-epoxy resins,
which could be further used for the development of
high-performance polymer composites.
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