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a b s t r a c t

In this study, hybrid multi-scale composites were developed from glass microfiber fabrics (GFs) and
nano-epoxy resins containing electrospun glass nanofibers (EGNFs). The hypothesis was that, through
dispersing a small amount of EGNFs into epoxy resin, mechanical properties (particularly out-of-plane
mechanical properties) of the resulting hybrid multi-scale composites would be significantly improved.
The composites were fabricated by the technique of vacuum assisted resin transfer molding (VARTM).
The interlaminar shear strength, flexural properties, impact absorption energy, and tensile properties
of the composites were evaluated, and the results were compared to those acquired from GFs/epoxy com-
posite as well as GFs/epoxy composites containing chopped glass microfibers (GMFs); additionally, the
reinforcement and/or toughening mechanisms were investigated. The study revealed that the nano-
epoxy resin with 0.25 wt.% of EGNFs resulted in substantial improvements on mechanical properties of
the resulting hybrid multi-scale composites.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Composites made of high-performance fibers (e.g., carbon and
glass fibers) embedded in compliant polymeric resins have been
used in a wide range of fields such as aerospace engineering and
sports utilities. The major advantages of these composites include
high specific strength and toughness, superior manufacturability,
as well as excellent corrosion resistance and fatigue tolerance [1].
In general, fiber reinforced composite laminates exhibit excellent
in-plane properties; whereas the resin matrices dominate out-of-
plane properties (e.g., interlaminar shear strength and delamination
toughness), which are substantially lower than in-plane properties
[2]. To improve the properties (particularly the out-of-plane prop-
erties) of fiber reinforced composite laminates, nanoscale materials
have been introduced into matrix resins for the development of
hybrid multi-scale composites [3–5]; and numerous research
efforts have indicated that the properties of these composites, in
which nanoscale materials are dispersed as the second phase of
matrices, are significantly higher [6–8]. Several types of nanoscale
materials including graphite nanofibers, carbon nanotubes/nanofi-
bers, exfoliated graphite nano-platelets, activated carbon, organo-
clay, and silica nanoparticles have been studied to reinforce the
ll rights reserved.
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matrix-rich interlaminar regions due to their high mechanical
properties and large surface-to-mass ratios [9–13].

The materials-processing technique of electrospinning provides
a viable approach for convenient preparation of polymeric, cera-
mic, and carbonaceous fibers (commonly known as ‘‘electrospun
nanofibers’’) with diameters in the range from nanometers to
micrometers [14]. Morphologically uniform and structurally amor-
phous silica (SiO2) fibers with diameters of �500 nm (i.e., glass
nanofibers) can be readily prepared by electrospinning a spin dope
consisting of tetraethyl orthosilicate (TEOS, the alkoxide precursor
for making SiO2) and polyvinylpyrrolidone (PVP, the carrying poly-
mer) in N,N-dimethyl formamide (DMF, the solvent) followed by
pyrolysis at 800 �C [15,16]. Our previously reported study revealed
that, when electrospun glass nanofibers (EGNFs) were used to par-
tially replace (up to a mass fraction of 7.5%) the conventional den-
tal glass filler (i.e., the dental glass powder with particle sizes
ranging from tens of nanometers to a few microns), the flexural
strength, elastic modulus, and work of fracture of the resulting
dental composites were considerably improved [17].

Herein, we report our recent studies on the reinforcement and/
or toughening effects of EGNFs on the epoxy composites containing
the conventional glass microfiber fabrics (GFs). Fig. 1 is a schematic
representation of the hybrid multi-scale composites that have been
developed and evaluated in this study. The hypothesis was that,
through dispersing a small amount of EGNFs into epoxy resin,
mechanical properties (particularly out-of-plane mechanical prop-
erties) of the resulting hybrid multi-scale composites would be
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Fig. 1. Schematic representation of hybrid multi-scale composites developed from
glass microfiber fabrics and nano-epoxy resins containing electrospun glass
nanofibers.
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significantly improved. To test the hypothesis, the commonly used
composite-manufacturing technique of vacuum assisted resin
transfer molding (VARTM) was adopted for fabrication of the com-
posites; and the reinforcement and/or toughening effects of EGNFs
on mechanical properties of the hybrid multi-scale composites
were studied. For comparison, the short fibers chopped from a
commercially available glass wool (i.e., glass microfibers, GMFs)
were also incorporated into the epoxy resin for making composites.
Mechanical properties (including interlaminar shear strength, flex-
ural properties, impact adsorption energy, and tensile properties)
of the prepared composites were evaluated, and scanning electron
microscopy (SEM) was employed to examine the micro- and nano-
scaled morphologies as well as the fracture surfaces to study the
failure mechanisms.
Fig. 2. SEM images showing the representative morphologies of (A) S-glass fabrics, (B) a
glass nanofibers.
2. Experimental

2.1. Materials

The epoxy resin of SC-15A and the associated hardener of SC-15B
were purchased from the Applied Poleramic Inc. (Benicia, CA). The
plain-woven fabrics of conventional glass microfibers (S-glass, 6
osy) and the glass wool, with respective morphologies being shown
in Fig. 2A–C, were purchased from the Fisher Scientific (Pittsburgh,
PA). TEOS (with purity of 98%), PVP (Mw = 13,00,000), DMF (with
purity of 99%), and dimethyl sulfoxide (DMSO, with purity of 98%)
were purchased from the Sigma–Aldrich Co. (Milwaukee, WI) and
used without further purification.
2.2. Preparation of electrospun glass nanofibers

The detailed procedures and conditions for the preparation of
EGNFs were described in a previous publication [17]. The EGNFs
for this study (as shown in Fig. 2D) were prepared using a spin-dope
consisting of 13% (mass fraction) TEOS and 13% PVP in a mixture
solvent of DMF/DMSO (mass fraction: 2/1) followed by pyrolysis
at 800 �C.
2.3. Preparation of nano-epoxy resins

EGNFs with four mass fractions (i.e., 0.05, 0.1, 0.25 and 0.5 wt.%)
were dispersed into the SC-15A epoxy resin by stirring at 125 rpm
for 12 h using a Heidolph RZR 50 Heavy Duty Stirrer followed by
being sonicated (using a 100 W digital ultrasonic probe, purchased
from the Branson Ultrasonics Corp.) for 30 min to achieve the uni-
form dispersion of the nanofibers in the resin [18]. Subsequently,
the SC-15B hardener was added with the mass ratio of the hard-
ener versus the epoxy resin being set at 30/100, and the mixtures
were then hand-mixed for 5 min. After deaeration for 20 min un-
der vacuum (�27 mm Hg), the prepared nano-epoxy resins were
used for the fabrication of hybrid multi-scale composites using
the VARTM technique. For comparison, chopped GMFs were also
dispersed in the epoxy resin using the same procedure to prepare
the micro-epoxy resins.
microfiber bundle in the fabrics, (C) chopped glass microfibers, and (D) electrospun



Fig. 3. The schematic of vacuum assisted resin transfer molding (VARTM).
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Fig. 4. Mechanical properties of the composites acquired from the short-beam shear test
flexural strength, (C) flexural work of fracture, and (D) impact absorption energy, as we
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2.4. Fabrication of hybrid multi-scale composites

The (micro- and) nano-epoxy resins were infused into a vacuum
bag containing six plies of woven glass fabrics (GFs) using the
VARTM technique, as schematically shown in Fig. 3. It is notewor-
thy that, with even a small amount of glass fibers (including both
EGNFs and chopped GMFs) incorporated into the epoxy resin, a
considerable increase of viscosity would be observed; to improve
the fluidity, the colloidal suspension was kept at 50 �C, and the vac-
uum of 27 mm Hg was applied during the initial curing at room
temperature for 24 h. The obtained composites were further cured
in an oven at 110 �C for 5 h prior to the following characterization
and evaluation. For comparison, the conventional composite made
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of six layers of GFs and epoxy resin (without EGNFs and/or
chopped GMFs) was also fabricated and evaluated.
2.5. Characterization and evaluation

A Zeiss Supra 40 VP field-emission scanning electron micro-
scope (SEM) was employed to examine morphologies of the fibers
as well as fracture surfaces of the composites. Prior to SEM exam-
inations, the specimens were sputter-coated with gold to avoid
charge accumulations.

Mechanical properties of the fabricated composites were tested
at room temperature. The impact specimens (64 mm in length,
12.7 mm in width, and 1.6 mm in thickness), the flexural specimens
(50.8 mm in length, 12.7 mm in width, and 1.6 mm in thickness),
and the short-beam specimens (8 mm in length, 4 mm in width,
and 1.6 mm in thickness) were cut from the prepared composite
panels by water-jet. The impact tests were performed on a Tinius
Olsen impact tester (Impact 104) according to the ASTM D256.
The specimens for flexural and short-beam tests were prepared
and evaluated in accordance with ASTM D790 and ASTM D2344,
respectively. The three-point flexural test with the span distance
of 25.4 mm was conducted to fracture the specimens at the strain
rate of 0.01 mm/mm/min on a QTESTTM/10 mechanical testing
machine purchased from the MTS Systems Co. (Eden Prairie, MN).
The short-beam test was carried out at the span-to-thickness ratio
of 4 and the cross-head speed of 1 mm/min until the specimens
failed. Five specimens of each composite were evaluated, and the
mean values and the associated standard deviations of the mechan-
ical properties were calculated.
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Fig. 5. Typical experimental load–displacement curves recorded from the three-point
containing varied amounts of GMFs or EGNFs.
3. Results and discussion

3.1. Interlaminar shear strength

The short-beam shear test was carried out to measure the inter-
laminar shear strength of the fabricated composites. Interlaminar
shear strength is to describe the composite’s resistance against
the failure under shear stress; herein, the interlaminar shear
strength is calculated according to an approximate formula:
ss ¼ 0:75
Pm

b� h
ð1Þ
where ss is the (short-beam) interlaminar shear strength in MPa, Pm

is the maximum load (recorded in the test) in N, b is the specimen
width in mm, and h is the specimen thickness in mm.

As shown in Fig. 4A, the values of interlaminar shear strength
were increased with the increase of GMFs or EGNFs amounts up
to 0.25 wt.%. The value for the control sample (i.e., the epoxy com-
posite with GFs only) was (17.3 ± 1.1) MPa; for the GFs/epoxy com-
posites containing 2.5 wt.% GMFs or EGNFs, the respective values
were (22.4 ± 0.4) MPa and (23.4 ± 1.2) MPa. Thus, the interlaminar
shear strength was improved by 29.5% and 35.3%, respectively.
Nonetheless, when the epoxy resins contained 0.5 wt.% GMFs or
EGNFs, the interlaminar shear strength decreased; this was proba-
bly due to the agglomeration of GMFs or EGNFs at the higher con-
centration. It is known that the agglomerates would act as
mechanical weak points (structural defects) in the composites.
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3.2. Flexural properties

Fig. 5A and B shows the typical load–displacement curves ac-
quired experimentally for the composites with and without GMFs
or EGNFs. It was evident that the incorporation of GMFs or EGNFs
substantially increased the flexural rigidity (stiffness) and failure
load, which would reach the maximum values when the amount
of GMFs or EGNFs was 0.25 wt.%. The flexural strength and work of
fracture (WOF) of GFs/epoxy composites containing varied mass
fractions of GMFs or EGNFs were measured, and the results are
shown in Fig. 4B and C. The values of flexural strength and WOF were
substantially increased by the incorporation of small mass fractions
(up to 0.25 wt.%) of GMFs or EGNFs into the GFs/epoxy composites; if
the incorporation amount was too high (e.g., 0.5 wt.%), the values
would decrease. The flexural strength and WOF for the control sam-
ple of GFs/epoxy composite were (448.4 ± 45.1) MPa and (4.0 ±0.3)
kJ/m2, respectively. For the GFs/epoxy composite with 0.25 wt.%
GMFs, the flexural strength and WOF were increased to (711.5 ±
17.6) MPa and (6.0 ± 0.1) kJ/m2. Thus, the flexural strength was im-
proved by 58.7%, and the work of fracture was improved by 50%
respectively. For the GFs/epoxy composite with 0.25 wt.% EGNFs,
the measured values of flexural strength and WOF were (835.0 ±
20.5) MPa and (7.6 ± 0.5) kJ/m2, representing the improvements of
86.2% and 90% compared to the values acquired from the control
sample respectively. Further increase of the incorporation amount
of GMFs or EGNFs did not result in higher mechanical properties.
For the GFs/epoxy composite with 0.5 wt.% GMFs, the respective val-
ues of flexural strength and WOF were (451.2 ± 34.5) MPa and
(3.4 ± 0.3) kJ/m2; while for the GFs/epoxy composite with 0.5 wt.%
EGNFs, the values were (511.2 ± 50.6) MPa and (4.9 ± 0.3) kJ/m2,
respectively. These results indicated that both micro- and nano-
epoxy resins could substantially improve flexural properties of the
resulting composites when the incorporation amount of GMFs or
EGNFs was low (e.g., 0.25 wt.%), whereas EGNFs (and the resulting
nano-epoxy resins) outperformed GMFs (and the resulting micro-
epoxy resins). This is primarily due to the following two reasons
including (1) the mechanical strength of ceramic fibers (such as glass
fibers) is inversely proportional to the square root of diameter,
assuming that the fibers (with different diameters) possess the same
density and distribution of structural defects [1], thus the EGNFs
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Fig. 6. SEM images showing the representative three-point bending fracture surfaces:
0.25 wt.% GMFs, (C) the GFs/epoxy composite with 0.25 wt.% EGNFs, and (D) the GFs/ep
might be stronger than GMFs; and (2) the smaller the fiber diameters
are, the larger the total surface areas will be; this would result in the
improvement on interfacial bonding strength. It is noteworthy that
GMFs or EGNFs have to be distributed uniformly in the epoxy resin
to achieve the reinforcement effect; as described before, if GMFs or
EGNFs exists as agglomerates, which would act as mechanical weak
points (structural defects), the mechanical properties of the corre-
sponding composites would be low.

3.3. Three-point bending fracture surface and the reinforcement
mechanism

It is well-known that the shear stress is typically transferred from
layer to layer through resin matrix during the interlaminar shear
failure and three-point flexural failure of the laminated composites.
Thus, the main failure mechanism is related to interfacial bonding
between the resin and the fibers; while the deformation/fracture
of resin matrix may also contribute to the failure [2]. To understand
the reinforcement mechanism of EGNFs, the fracture surfaces of
three-point bending specimens were examined by SEM. Representa-
tive fracture surfaces of the GFs/epoxy composites with 0.25 wt.%
GMFs or EGNFs as well as the control sample are shown in Fig. 6.
For the control sample, the matrix completely detached from the
surface of GFs due to weak adhesion, and the failure surfaces of fibers
were smooth without the remnants of resin (Fig. 6A). In comparison,
the specimens with GMFs or EGNFs could be distinguished from sig-
nificantly different interfacial microstructure and the deformation
of matrix, as shown in Fig. 6B–D. These SEM micrographs showed
that the fibers of GMFs or EGNFs were surrounded by and adhered
to the resin, indicating that the interfacial bonding between the glass
fabrics and the epoxy matrix could be improved by the micro- or
nano-epoxy resins. These results suggested that the presence of
GMFs or EGNFs could deflect the micro-cracks, and thus the resis-
tance to crack growth was increased. Additionally, GMFs and EGNFs
could also be broken and/or detached from the epoxy resin when the
load was applied; this would dissipate the strain energy, preventing
the failure of the composites and leading to the higher value of work
of fracture. Nonetheless, as shown in Fig. 6D, the EGNFs appeared to
form agglomerates in the GFs/epoxy composite with 0.5 wt.%
EGNFs; this was probably the reason that such a composite had
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(A) the GFs/epoxy composite (control sample), (B) the GFs/epoxy composite with
oxy composite with 0.5 wt.% EGNFs.
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lower mechanical strength. For the same mass fraction of GMFs or
EGNFs (as described before, the mechanical strength of EGNFs might
be considerably higher than that of GMFs) in the epoxy resin, the
smaller the fiber diameters are, the larger the total surface areas will
be; this would result in the improvement on interfacial bonding
strength, leading to higher mechanical properties (including
strength, modulus, and work of fracture) of the composites.
3.4. Impact property

The Izod impact test of notched specimens was conducted to
examine fracture behaviors of the fabricated composites through
measuring the energy absorption to break the specimens at high
strain rates. Upon impact, the total energy can be divided into
two components including (1) the elastic energy stored in speci-
men in the form of mechanical vibrations, part of which is reflected
back to the impactor, and (2) the dissipated energy associated with
plastic deformation of resin, generation of cracks in matrix, as well
as detachment of fibers from resin matrix in the interfacial regions
[19].

As shown in Fig. 4D, the values of impact absorption energy
were increased when the incorporation amount of GMFs or EGNFs
was up to 0.25 wt.%; the values were then decreased when the
incorporation amount was further increased. The impact absorp-
tion energy of the control sample of GFs/epoxy composite was
(791.9 ± 35.0) J/m. For the composites containing 0.25 wt.% GMFs
or EGNFs, the respective impact absorption energies were in-
creased to (1023.7 ± 61.2) J/m and (1072.0 ± 61.0) J/m; thus, the
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Fig. 7. SEM images showing the representative impact fracture surfaces: (A) the GFs/ep
and (C) the GFs/epoxy composite with 0.25 wt.% EGNFs. The images on the left (A1, B1, an
(A2, B2, and C2) showing the interlaminar regions.
impact absorption energies were improved by 29.3% and 35.4%,
respectively, and it appeared that EGNFs slightly outperformed
GMFs by 5.0%. Nonetheless, the impact absorption energies of the
composites with 0.5 wt.% GMFs or EGNFs were decreased to
(803.8 ± 53.2) J/m and (759.9 ± 18.0) J/m, respectively; and this
was also attributed to the formation of agglomerates of GMFs or
EGNFs.
3.5. Impact facture surfaces and the toughening mechanism

In general, the impact absorption energy may result in delami-
nation of composites, breakage and/or pull-out of fibers, and defor-
mation of resin matrices. Upon impact, if the energy is lower than
the critical value, no impact failure will occur, while the energy
will only lead to (elastic) deformation of resin matrix. As the inci-
dent impact energy increases, delamination starts to occur and/or
propagate until the maximum delaminated area is reached. When
the impact energy is further increased, (localized) failures such as
breakage and/or pull-out of fibers as well as complete delamina-
tion will occur.

The SEM images in Fig. 7 show the representative impact frac-
ture surfaces of (A) GFs/epoxy composite, (B) GFs/epoxy composite
with 0.25 wt.% GMFs, and (C) GFs/epoxy composite with 0.25 wt.%
EGNFs; the images on the left (A1, B1, and C1) show the regions
within composite laminas, while the images on the right (A2, B2,
and C2) show the interlaminar regions. As shown in Fig. 7 (A1),
the interface between (neat) epoxy resin and glass fabrics had
the lowest impact resistance, as evidenced by smooth fiber
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oxy composite (control sample), (B) the GFs/epoxy composite with 0.25 wt.% GMFs,
d C1) showing the regions within composite laminas, while the images on the right
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surfaces upon debonding failure. As shown in Fig. 7 (A2), the frac-
ture surface in the interlaminar regions was smooth with oriented
fracture lines due to extension of crazings initiated from the loca-
tions of stress concentration. In contrast, Fig. 7 (B1) and (C1) exhib-
ited dimpled/scalloped fracture features; this could explain the
formation of tougher interface between epoxy matrix and glass
fabrics due to the presence of GMFs or EGNFs. Meantime, the frac-
ture surfaces of the matrix regions, as shown in Fig. 7 (B1) and (C1),
were rougher without clearly identifiable fracture lines; and the
fracture surface of the composite with EGNFs was rougher than
that of the composite with GMFs. These results suggested that
the (micro- and) nano-epoxy resins could increase the matrix
deformation and crack length considerably during the impact frac-
ture, making the delamination more difficult to occur (i.e., more
energy would be required for impact fracture). When the cracks fi-
nally broke away from the fibers, kinked facture surfaces were cre-
ated, suggesting more strain-energy dissipation during cracking,
which led to the increase of impact strength/resistance.
3.6. Tensile properties

The typical load–displacement curves of tensile tests for the
composites with and without GMFs or EGNFs are shown in
Fig. 5C and D. Similar to the ones shown in Fig. 5A and B, the hybrid
multi-scale composite with 0.25 wt.% EGNFs had the highest stiff-
ness and failure load. Based upon all of the load–displacement
curves acquired experimentally, the tensile strength and WOF of
GFs/epoxy composites containing varied amounts of GMFs or
EGNFs were acquired, as shown in Fig. 4E and F. Each datum in
the plots provided the mean value of five measurements with
the error bar representing one standard deviation.

As shown in Fig. 4E and F, the values of tensile strength and WOF
were significantly increased when the (micro- and) nano-epoxy res-
ins were employed. The tensile strength and WOF for the conven-
tional GFs/epoxy composite were (187.8 ± 15.4) MPa and (9.8 ±
0.6) kJ/m2, respectively. For the composite with 0.25 wt.% of GMFs,
the tensile strength and WOF were (294.3 ± 5.0) MPa and (14.1 ±
0.5) kJ/m2, respectively; thus, the tensile strength was improved
by 36.2%, and the WOF was increased by 43.9%. For the composite
with 0.25 wt.% EGNFs, the respective tensile strength and WOF were
(318.1 ± 19.2) MPa and (16.3 ± 0.9) kJ/m2; thus, the tensile strength
and WOF were improved by 69.4% and 66.3%, respectively,
compared to the control sample of GFs/epoxy composite. It was also
evident that EGNFs (and the resulting nano-epoxy resins) outper-
formed GMFs (and the resulting micro-epoxy resins). As explained
previously, this might be attributed to the following two reasons
including (1) ENGFs might possess higher mechanical strength than
GMFs, since the mechanical strength of glass fibers would be inver-
sely proportional to the square root of diameter; and (2) the smaller
the fiber diameters are, the larger the total surface areas will be; and
this would result in the improvement on interfacial bonding
strength. Similar to other tests, the mechanical properties of com-
posites with 0.5 wt.% GMFs or EGNFs were lower than those of com-
posites with 0.25 wt.% GMFs or EGNFs due to the formation of
agglomerates.
4. Concluding remarks

In this study, hybrid multi-scale composites were developed
from glass microfiber fabrics (GFs) and nano-epoxy resins contain-
ing electrospun glass nanofibers (EGNFs); for comparison, chopped
glass microfibers (GMFs) were also studied for the preparation of
micro-epoxy resins. The hypothesis was that, through dispersing
a small amount of EGNFs into epoxy resin, mechanical properties
(particularly out-of-plane mechanical properties) of the resulting
hybrid multi-scale composites would be significantly improved.
The composites were fabricated by the technique of vacuum as-
sisted resin transfer molding (VARTM). The interlaminar shear
strength, flexural properties, impact absorption energy, and tensile
properties of the hybrid multi-scale composites were tested, and
the results were compared to those of conventional GFs/epoxy
composite as well as the GFs/epoxy composites with GMFs. The
study revealed that the epoxy resins containing EGNFs or GMFs
would result in substantial improvements on mechanical proper-
ties of the resulting composites, while EGNFs outperformed GMFs
on the improvements. This was due to higher mechanical strength
of EGNFs as well as stronger interface between EGNFs and epoxy
resin. The study also indicated that, the optimal amount of EGNFs
or GMFs in the corresponding nano- or micro-epoxy resins was
�0.25 wt.%; when the amount of EGNFs or GMFs was higher, the
agglomerates would be formed. These agglomerates would act as
mechanical weak points and/or structural defects, leading to lower
mechanical properties. The study suggested that EGNFs had the
potential to be utilized as innovative reinforcement and/or tough-
ening agent for the development of nano-epoxy resins, which
would further be used for the fabrication of high-performance
epoxy composites with fabrics of conventional glass microfibers.
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