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ABSTRACT
In this work, the surface of nano/micro-E-glass fibril (nGF) was
modified with an amine silane coupling agent before applying as
toughener for epoxy resin. The chemical structure and composition
of silanized glass fibril (s-nGF) were also confirmed and compared
with virgin nano/micro-glass fibrils. The curing reaction of epoxy
samples with various s-nGF contents was performed at room tem-
perature. Many characteristics of composite samples were also
examined such as mechanical properties, fracture energy, thermal
stability, and morphology. The experimental testing indicated that
the s-nGF helps to improve the mechanical, thermal stability as well
as the fracture energy of epoxy resin. The morphology observation
also indicated that the s-nGF prevented the crack growth inside the
epoxy matrix as the main reason of the enhancing fracture energy
of epoxy resin with the presence of s-nGF.
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1. Introduction

The thermosetting epoxy resins with many excellent characteristics of ease of processing,
low shrinkage, high mechanical properties, and chemical resistance have been widely
used in many industrial fields such as matrices for composite preparation, marine,
aerospace, and automotive [1–6]. However, these resins also exhibited their brittle
behavior as a result of high crosslinking density after curing, so that was limited in
high performance area [7–12]. The improvement in the fracture toughness of epoxy resin
has caught the attention of many researchers from around the world. The fracture energy
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of epoxy resin can be enhanced by introducing the synthesized materials [13–23] or
sustainable materials [24–30].

Until now, the traditional glass fiber was widely applied for both thermoplastics
and thermosetting resins [31–37] due to its high mechanical properties, high
chemical resistance, and compatibility with many types of organic matrices.
However, there were very few works using of nano/micro-glass fiber in composite
materials. The improvement of mechanical properties of epoxy resin with the
presence of electro-spun nano-glass fiber and its silanized state was indicated by
Chen et al. [38]. The nano/mirco-glass fiber with the high surface specific area was
expected as the best candidate for improvement of many characteristics of epoxy
resin.

In the present work, the nano/micro-glass fibril was used as toughener for epoxy resin.
The amine silane coupling agent was also introduced into the surface of nano/micro-glass
fiber.We also believed that the amine group in nano/micro-glass fiber can participate in the
oxirane opening reaction along with diethylenetriamine (DETA) hardener.

2. Experimental section

2.1. Materials

The nano/micro-glass fiber (nGF) with trade name FM 1700 was supplied from
Nippon Inorganic Colour Chem (Japan). The epoxy resin based on bisphenol A
with trade name Epon 828 was purchased from Shell Chemical (USA). (3-
Aminopropyl)trimethoxysilane (APS), toluene, HCl (37 wt%), diethylene tetraamine
(DETA), and ethanol were also purchased from Sigma Aldrich (Vietnam). The
morphology of virgin nGF was determined with the help of SEM technique as
shown in Figure 1.

The diameter of nGF was varying in the range from 200 to 800 nm, while the length of
nGF was from 500 to 1500 μm. The average surface area of nGF was about 56 m2/g. The
composition of E-glass fibril (nGF) is also listed in Table 1.

Figure 1. The morphology of nGF by SEM technique.
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2.2. s-nGF preparation

A silane coupling agent with amine group was introduced into nGF surface via our
published paper [39]. About 12 g of nGF was immersed and stirred in 150 mL solution of
HCl 1 M for 1 day. The pretreated nGF was washed with distilled water until neutral and
then dried in a vacuum oven at 50°C for 3 h. The pretreated nGF was then also stirred in a
solution of 10 mL of APS in 150 mL of toluene for 2 days. After completely silanization
processing, the nGF was washed again with a mixed solvent of toluene and ethanol with
ratio of 1/1 before drying in a vacuum oven for 3 h at 50°C to obtain the s-nGF.

2.3. Fabrication of s-nGF/epoxy composite

The amount of nGF and s-nGF in the epoxy resin used in this work was varying in range
from 0 to 0.3 phr according to epoxy weight. The exact weight of nGF and s-nGF was first
blended in the epoxy matrix with help of mechanical stirrer at 1200 rpm for 5 h. Then,
these mixtures were continuously ultrasonicated for another 3 h using VC500-Vibra-Cell
Ultrasonic Liquid Processors (USA). Then, these mixtures were heated in a vacuum oven
at 90°C to remove the bubbles inside. The dispersion of s-nGF in epoxy resin was
observed with the help of scanning electron microscopy (SEM, Jeol JSM 6360, Japan).
These mixtures were then cooled to room temperature before blending with a curing
agent. These mixtures were cured in a steel mold for 1 day at room temperature. After
that, the epoxy samples were continuously stored at room temperature for 1 week before
testing. The detail of processing is shown in Figure 2.

Also the composition detail of assigned samples is presented in Table 2.

2.4. Characterization

The chemical structure was determined with the help of Fourier transform infrared (FTIR)
spectroscopy. Both nGF and s-nGF with 1 wt% according to KBr powder weight were well
blended and ground with KBr before pressing to form of 12 mm disc diameter. The FTIR
spectrum was obtained from the range of 400–4000 cm−1 and a resolution of 1 cm−1.

The chemical composition was examined using energy dispersive X-ray spectroscopy
(EDS) method.

The differential scanning calorimeter (DSC-8000 PerkinElmer, USA) was used to
determine the curing degree of epoxy resin. The mixtures of epoxy resin and DETA
were obtained at room temperature before charging into aluminum pans, sealing, and
heating from 30 to 250°C with a rate of 5°C/min. After that, the total heat of complete

Table 1. The composition of E-
glass fibril used in this work.
Composition Weight (%)

SiO2 52.6
Al2O3 + Fe2O3 14.8
CaO 17.3
MgO 4.6
Na2O + K2O 0.9
B2O3 9.8
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reaction (HT) and the residual heat of polymerization (HR) were calculated. The curing
degree can be calculate from the following equation:

α ¼ HT �HR

HT
X100%

A thermogravimetric analysis (TGA) (Perkin Elmer, USA) was used to determine the
thermal stability of epoxy resin. The samples were heated from 30 to 600°C under air
atmosphere with a heating rate of 10°C/min and the air purge rate of 10 mL/min.

The fracture energy was determined according to ASTM D5045-99 using the follow-
ing equation:

KIC ¼ P

BW
1
2

:f xð Þ

x ¼ a
W

f xð Þ ¼ 6x1=2
1:99� x 1� xð Þ 2:15� 3:93xþ 2:7x2ð Þ½ �

1þ 2xð Þ 1� xð Þ3=2

where P, B,W, and a are the maximum loads seen on the load–displacement diagram, the
specimen thickness, the specimen width, and the initial crack length, respectively.

Figure 2. Multisteps for preparation of cured s-nGF/EP composite samples.

Table 2. The composition of various epoxy samples.
Sample type EP (phr) DETA (phr) nGF (phr) s-nGF (phr)

M0 100 10 – –
M1 100 10 0.1 –
M2 100 10 0.2 –
M3 100 10 0.3 –
M4 100 10 – 0.1
M5 100 10 – 0.2
M6 100 10 – 0.3
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The tensile properties were investigated under ASTM D638-91 at room temperature
with an extension rate of 2 mm/min, while the flexural properties were also determined
according to ASTM D790-86. Both tensile and flexural properties were tested in a
universal testing machine (Instron model 5582-100KN). All the mechanical property
values were obtained by averaging five.

A dynamic mechanical analyzer (DMA8000, USA) was applied to obtain the storage
modulus and tandelta of cured samples. The samples with a dimension of 50 × 8 × 2 mm3

were heated from 30 to 200°C with a heating rate of 5°C/min and a frequency of 1.0 Hz.
The morphologies were observed using a SEM (Jeol JSM 6360, Japan).

3. Results and discussion

The FTIR technique was used to determine the chemical structure of nGF and s-nGF as
shown in Figure 3.

The results in Figure 3 indicate that both nGF and s-nGF have the same peaks at 3362,
1626, 1056, 799, 700, and 432 cm−1 assigned for hydroxyl group, Si–O–Si, Si–O–Al, and
Si–O, respectively. The condensation reaction between silanol groups with hydroxyl
groups in surface of nGF induced the reduction in the intensity of hydroxyl group at
3362, 1626, and 1056 cm−1 as seen in FTIR spectra of s-nGF. In addition, two peaks of
CH2 and NH2 were realized at the peaks of 2890 and 1556 cm−1. These results were also
confirmed in the last published paper [40–44].

The chemical composition from EDS testing of nGF and s-nGF was also compared as
shown in Figure 4.

Both nGF and s-nGF exhibited their main atoms such as Si, Al, O, and Ca. These
results also were in agreement with the main components of nGF as listed in Table 1.
Moreover, the existence of new peaks of C and N in the EDS spectra of s-nGF in
comparison with nGF also confirmed the success of silanization processing. The atom
C and N were assigned as the main component of the silane coupling agent.
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Figure 3. Comparison of the FTIR spectra of the nGF and s-nGF.
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The dispersion of s-nGF in uncured epoxy resin was evaluated via SEM technique as
shown in Figure 5.

Figure 5 indicates that the s-nGF was well dispersed in epoxy resin with no sign of
aggregation. This result confirmed the effectiveness of silanization processing [45]. The
hydrophobic of s-nGF after silanization processing with organic functional groups helps
to disperse the s-nGF in epoxy resin.

The curing processing of epoxy resin has strong effect on final properties of epoxy
samples. The effect of nGF and s-nGF on curing degree of epoxy resin was evaluated via
DSC technique and presented in Figure 6.

The results in Figure 6 indicate that the curing degree increased with increasing of
temperature and then reached the maximum value at around temperature from 160 to 250°
C. The presence of nGF and s-nGF has different effects on the slope of these curves. The
slope of the curedM5 sample with 0.2 phr s-nGF was higher than that of the slope of the M4
sample with 0.1 phr s-nGF and M0 without s-nGF. Moreover, the effect of silanization on
curing degree can be evaluated via the comparison between sample M5 and sample M2 at
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Figure 4. The chemical composition of nGF and s-nGF by EDS technique.
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the same fibril content. The s-nGF with an amine group on its surface acted as a catalyst for
ring-opening reaction of oxirane groups of epoxy resin as a result of a higher curing degree.

The effect of glass fibril content and type on fracture energy is presented in Figure 7.
The fracture energy of epoxy resin increased and reached the highest value at the

sample M5 with 0.2 phr of s-nGF in the epoxy matrix. The M0 sample of neat epoxy

Figure 5. Observation of the dispersion of 0.3 phr s-nGF in epoxy matrix by SEM technique.

Figure 6. Plots of curing degree versus temperature with various loadings of s-nGF and nGF.
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exhibited its lowest value of fracture energy with 0.63 ± 0.04 MPa m1/2. The effect of
silanization on fracture energy can be also observed via comparison between the
sample M5 and M2 at the same content of glass fibril. The KIC value of M5 was also
higher than that of KIC value of M2. The improvement of fracture energy can be
expressed as the crack deflection, crack pinning process, as well as good adhesion
between glass fibrils and epoxy matrix. In addition, the crack propagation can be
stopped as the glass fibrils play vital role as a bridge between two surfaces of crack
[46–49]. Although the fracture energy of M2 was higher than that of M0, however
lower than that of M4 with 0.1 phr s-nGF. It again confirmed the effectiveness of the
silanization processing in improving the fracture energy of epoxy resin. The participa-
tion of s-nGF in the epoxy network can be shown as presented in Figure 8.

The amine groups located in the surface of s-nGF can react with the oxirane groups
and participate in the curing processing of epoxy matrix improve of fracture energy of
epoxy resin [45]. The effectiveness of silane modification on fracture toughness of epoxy
resin can also be seen in the last published papers [50–53].

The effect of glass fibril contents on flexural properties is shown in Figure 9.
In Figure 9, two peaks of flexural strength for M2 and M5 sample at the same glass

fibril content of 0.2 phr are presented. However, the intensity of peak at M5 sample was
also higher than that of the intensity peak of M2 as a result of the silanization effect. The
same trend was also realized for the flexural modulus of the epoxy sample. The flexural
strength and flexural modulus of the M5 sample increased (28.6% from 93.8 to 120.6MPa
and 30.1% from 2.06 to 2.68 GPa, respectively). While these improvement values of M2
were 10% and 2.4%, respectively. The higher values for M5 can be also expressed as the
effectiveness of silanization processing and amine groups. The amine groups in s-nGF
can be participated in curing reaction and make a higher number of the crosslinking
bond.

The diagrams of tensile strength versus tensile strain are presented in Figure 10.
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Figure 7. Effect of toughener loading on fracture energy of epoxy resin.
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The slope of these curves was following the order: M6 > M5 > M4 > M2 > M0. The
slope of these curves was normally in a relationship with the hardness of the composite
sample. The values of tensile strength, tensile modulus, and maximum strain are also
listed in Table 3.

The results in Table 3 indicate that the tensile strength of epoxy resin with the presence
of s-nGF was higher than that of epoxy resin with the presence of nGF at the same content.
However, both types of samples exhibited the highest value at the glass fibril content of
0.2 phr. The tensile strength, tensile modulus, and strain of the M5 sample were improved
(32.67%, 23.07%, and 28.88% in comparison with the M0 sample). The decreasing trend
was also observed when glass fibril content reached 0.3 phr as a result of re-agglomeration
behavior. These results also were indicated in published works [54–56].

The fracture surface of epoxy samples was investigated with the help of SEM technique
as shown in Figure 11.

Figure 8. The way of incorporation of nGF into epoxy chain.
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The M0 sample exhibited its smooth and glassy surface, which was characterized for
brittle thermosetting resin. Both fracture surfaces of M5 and M2 samples were rougher
and tougher. These results mean that more energy required for crack propagation as a

M0 M1 M2 M3 M4 M5 M6
80

100

120

140
Flexural strength (Mpa)
Flexural modulus (Gpa)

Sample type

)aP
M(

htgnertslaruxelF

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Fl
ex

ur
al

 m
od

ul
us

 (G
Pa

)

Figure 9. Effect of additive content on flexural properties of epoxy resin.
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Figure 10. The relationship between tensile strength and tensile strain of various epoxy samples.

Table 3. The tensile strength, tensile modulus, and tensile strain of various epoxy
samples.
Samples Tensile strength (MPa) Tensile modulus (GPa) Max strain (%)

M0 45.6 ± 2.8 0.91 ± 0.06 4.5 ± 0.26
M1 48.6 ± 3.1 0.93 ± 0.05 4.6 ± 0.23
M2 51.8 ± 2.6 0.98 ± 0.06 4.8 ± 0.24
M3 50.1 ± 3.0 0.99 ± 0.05 4.7 ± 0.28
M4 52.5 ± 3.1 0.97 ± 0.06 5.2 ± 0.29
M5 60.5 ± 4.2 1.12 ± 0.08 5.8 ± 0.28
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result of higher fracture energy. Moreover, the fracture surface of M5 was also rougher
than that of the M2 sample. The higher interfacial interaction between s-nGF and epoxy
resin in M5 sample was considered as rougher fracture surface.

The dynamic mechanical properties have strong relationship with the chemical and
physical structure of epoxy composite. The influence of glass fibril content and silaniza-
tion treatment on dynamic mechanical properties of epoxy resin was examined via
dynamic mechanical analysis as shown in Figure 12.

Figure 12 exhibites the effect of temperature on storage modulus and tandelta of epoxy
resin with different content of glass fibril. The storage modulus increased with increasing
of s-nGF content. The effect of silanization on storage modulus was also realized by the
comparison of the M5 and M2 samples at the same content of glass fibril. The storage
modulus of the M5 sample was also higher than that of the M2 sample. This was due to
the improvement of interfacial interaction between s-nGF and epoxy matrix. The strong
interaction between s-nGF and epoxy matrix induced the reduction of mobility of epoxy
matrix surrounding glass fibrils [51]. The tandelta of epoxy resin with various content of
glass fibril is also presented in Figure 12. The same trend as storage modulus was also
realized. The intensity peak of tandelta was increased with increase of s-nGF content. The
temperature at the peak of tandelta was considered as a glass transition temperature (Tg)
of epoxy resin. The Tg value of epoxy resin for M0, M4, M5, and M6 were 97.7, 99.6,
100.3, and 103.9°C, respectively. The improvement of Tg was due to the reduction of
mobility of epoxy chain which was induced by the increase of interfacial interaction
between epoxy matrix and s-nGF.

The effect of glass fibril and silanization processing on thermal stability of epoxy resin
was determined with help of TGA analyzer as shown in Figure 13.

The results in Figure 13 point out that themain degradation of epoxy network expressed
at around 350–500°C [46]. The decomposition temperature (Td, at 5.0 wt% weight loss) of
virgin epoxy resin and epoxy resin with the presence of 0.2 phr nGF and 0.2 phr s-nGFwere
270, 290, and 294°C, respectively. The higher Td value of epoxy resin with the presence of s-
nGF in comparison with nGF confirmed again the effectiveness of silanization. The good
dispersion and covalent bonds between glass fibril and epoxymatrix were considered as the
main reason for enhancing the thermal properties of M5 sample [46]. In addition, the
formation of SiO2 after the decomposition of the silane coupling agent was the cause by
higher char residue of M5 sample in comparison with the M2 sample.

(a) (b) (c)

Figure 11. Evaluation fracture surface of epoxy samples by SEM technique after KIC tests: (a) pristine
epoxy, (b) 0.2 phr nGF/epoxy composite, and (c) 0.2 phr s-nGF/epoxy composite.
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4. Conclusion

In the present work, the silanized nano/micro-glass fibril (s-nGF) was synthesized before
using as reinforcement for epoxy resin. The experimental fracture energy and mechanical
properties of epoxy resin were improved with three kinds of content of s-nGF from 0.1 to
0.3 phr. The presence of s-nGF also induced the improvement of the thermal stability of
epoxy resin. The SEM technique was applied to evaluate the fracture surface and confirm the
enhancement of fracture energy. The rougher surface with multi-growth as flow rivers of
epoxy resin with the presence of s-nGFwas considered as themain reason of improvement of
fracture energy. In addition, the s-nGF also participated in the curing reaction of epoxy
chains via an opening reaction between amine groups and oxirane groups. The glass
transition temperature and storagemodulus of epoxy resin were also improvedwith presence
of s-nGF.
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