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ABSTRACT: A mechanically flexible mat consisting of structurally amorphous SiO, (glass) nanofibers was first prepared by electrospin-
ning followed by pyrolysis under optimized conditions and procedures. Thereafter, two types of hybrid multi-scale epoxy composites
were fabricated via the technique of vacuum assisted resin transfer molding. For the first type of composites, six layers of conven-
tional glass microfiber (GF) fabrics were infused with the epoxy resin containing shortened electrospun glass nanofibers (S-EGNFs).
For the second type of composites, five layers of electrospun glass nanofiber mats (EGNF-mats) were sandwiched between six layers
of conventional GF fabrics followed by the infusion of neat epoxy resin. For comparison, the (conventional) epoxy composites with
six layers of GF fabrics alone were also fabricated as the control sample. Incorporation of EGNFs (i.e., S-EGNFs and EGNF-mats)
into GF/epoxy composites led to significant improvements in mechanical properties, while the EGNF-mats outperformed S-EGNFs in
the reinforcement of resin-rich interlaminar regions. The composites reinforced with EGNF-mats exhibited the highest mechanical
properties overall; specifically, the impact absorption energy, interlaminar shear strength, flexural strength, flexural modulus, and
work of fracture were (1097.3 = 48.5) J/m, (42.2 = 1.4) MPa, (387.1 =9.9) MPa, (12.9 = 1.3) GPa, and (30.6 = 1.8) kJ/m’, corre-
sponding to increases of 34.6%, 104.8%, 65.4%, 33.0%, and 56.1% compared to the control sample. This study suggests that EGNFs
(particularly flexible EGNF-mats) would be an innovative type of nanoscale reinforcement for the development of high-performance
structural composites. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42731.
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dispersed uniformly in the resin matrices, are significantly
higher.”™> Among various nanoscale reinforcements, graphite
nanofibers, nylon-6 nanofibers, carbon nanofibers, single/multi-
walled carbon nanotubes, exfoliated graphite nano-platelets, lay-
ered silicates, and silica/glass nanoparticles have been extensively

INTRODUCTION

Polymer composites reinforced with high-performance fibers
(e.g., carbon fibers and glass fibers) have been widely used as
structural materials for aerospace structures, ground vehicles,

and sports equipment. The major advantages of polymer com-
posites include high specific strength and toughness, as well as
excellent corrosion resistance and fatigue tolerance." In general,
composite laminates reinforced with fabrics of glass fibers (or
carbon fibers) exhibit excellent in-plane properties; whereas
out-of-plane properties (e.g., interlaminar shear strength and
delamination toughness) are substantially lower, being domi-
nated by the properties of the resin matrices.> In the recent
years, nanoscale reinforcements have attracted growing interests
for the fabrication of composites; and numerous research
endeavors have indicated that the out-of-plane properties of
such composites, in which nanoscale reinforcements are

. : 8,13-23
investigated.

The technique of electrospinning provides a straightforward
approach for the convenient preparation of fibers with diame-
ters typically being hundreds of nanometers (commonly known
as electrospun nanofibers).** Morphologically uniform and
structurally amorphous SiO, (glass) nanofibers can be readily
prepared by electrospinning a spin dope containing tetraethyl
orthosilicate (TEOS) (an alkoxide precursor for making SiO,)
followed by pyrolysis in air®>”® In our recently reported
study,”’ the reinforcement of electrospun glass nanofibers
(EGNFs) in epoxy resin was investigated; and the experimental

Additional Supporting Information may be found in the online version of this article.
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results revealed that the tensile strength, Young’s modulus, work
of fracture, and impact strength of the nano-epoxy composite
resins with 1 wt % EGNFs were improved by 40, 201, 67, and
363%, respectively (compared to the neat epoxy resin). We also
reported that, when the shortened EGNFs were used to partially
replace conventional dental glass filler (i.e., a glass powder with
particle sizes ranging from tens of nanometers to micrometers),
the flexural strength, elastic modulus, and work of fracture of
the resulting dental composites were substantially improved.*®
Nevertheless, the EGNFs (prepared in the form of overlaid
nanofibrous mat) in the above studies were fragile and/or easy
to break, suggesting the amount of structural defects in those
EGNFs might be high. Hence, the mechanical properties (par-
ticularly tensile strength) of those EGNFs were probably low,
which would have a detrimental effect on their reinforcement of
resin matrices in composites.”” >’

In this study, adjustments and optimizations of spin dope prop-
erties and pyrolysis conditions/procedures resulted in EGNFs in
the form of mechanically flexible mats. The improved resilience
of these mats presumably reflects mechanical properties of the
EGNFs that are much higher than those of the EGNFs reported
previously. Subsequently, two types of hybrid multi-scale epoxy
composites were fabricated by the method of vacuum assisted
resin transfer molding (VARTM).'**°~* For the first type of
composites, six layers of conventional glass microfiber (GF) fab-
rics were infused with the nano-epoxy resin containing short-
ened flexible EGNFs. For the second type of composites, five
layers of flexible EGNF mats were sandwiched between six layers
of conventional GF fabrics followed by the infusion of neat
epoxy resin. For comparison, the (conventional) composites
with six layers of GF fabrics alone were also fabricated as the
control sample. Thereafter, the mechanical properties (including
the impact adsorption energy, interlaminar shear strength, and
flexural properties) of the fabricated composites were evaluated,
and their fracture surfaces were examined. Based upon the
results obtained, possible
discussed.

reinforcement mechanisms are

EXPERIMENTAL

Materials

The epoxy resin, SC-15A, and the associated hardener, SC-15B,
were supplied by Applied Poleramic. (Benicia, CA). The plain-
woven fabric of conventional GFs (GFs, S-glass, 6 oz/yd*) was
purchased from Fisher Scientific (Pittsburgh, PA). TEOS (98%),
polyvinyl pyrrolidone (PVP, Mw = 1,300,000), ethanol (EtOH,
99.5%), N,N-dimethyl formamide (DMF, 99%), dimethylsulfox-
ide (DMSO), and concentrated hydrochloric acid (~6M HCI in
H,0) were purchased from Sigma Aldrich.

Preparation of Flexible Electrospun Glass Nanofiber Mats

The flexible glass nanofiber mats were prepared by electrospin-
ning of TEOS and PVP precursor nanofibers followed by pyroly-
sis in air, and the electrospinning parameters/conditions were
determined upon optimization of previously reported research.*”
Prior to electrospinning, 7.24 g TEOS was mixed with 2.90 g
HCI aqueous solution (made of 25 mL H,O and three drops of
concentrated hydrochloric acid) and 1.55 g EtOH followed by
stirring for 12 h; meantime, 4.9 g PVP was dissolved in a solvent
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mixture of 29.18 g DMF and 8.75 g DMSO. Thereafter, the solu-
tions of TEOS and PVP were mixed together followed by stirring
for 1 h. The percentages of PVP and TEOS in the resulting spin
dope were 9.0 and 13.3 wt %, respectively. The spin dope was
then loaded in a 30 mL BD Luer-Lok™ tip plastic syringe having
an 18 gauge 90° blunt-end steel needle. The electrospinning was
performed at 15 kV by using an ES30P high voltage supply
(Gamma High Voltage Research, Inc.), and the feed rate was set
at 1.0 mL/h by using a KDS 200 syringe pump (KD Scientific).
The precursor nanofibers were collected on the electrically
grounded aluminum foil that covered a laboratory-produced
roller with diameter of 25 cm. The distance between the alumi-
num foil and the tip of needle was set at 25 cm. Subsequently,
the electrospun precursor nanofiber mat was carefully separated
from the aluminum foil, sandwiched between two ceramic plates,
and placed in a Lindberg 54453 Heavy Duty Tube Furnace. The
mechanically flexible electrospun glass nanofiber mats (denoted
hereafter as EGNF-mats) were acquired upon pyrolysis of precur-
sor nanofiber mats with the following optimal conditions/proce-
dures: (1) increasing the temperature from 25°C to 180°C at 1°C/
min; (2) holding the temperature at 180°C for 2 h; (3) increasing
the temperature from 180°C to 325°C at 1°C/min; (4) holding
the temperature at 325°C for 2 h; (5) increasing the temperature
from 325°C to 800°C at 1°C/min; (6) holding the temperature at
800°C for 2 h; and (7) switching off the heat to cool the samples
to room temperature. A constant flow of air was maintained
through the furnace during the entire pyrolysis process, and the
resulting EGNF-mats had a thickness of ~6 pm and a mass per
unit area of ~2.5 g/m”. To acquire the mechanically flexible mat,
the pyrolysis profile has been optimized with three key factors as
compared with that reported in previous work:*> (1) since the
boiling point of TEOS is ~169°C, the pyrolysis temperature was
held at 180°C for 2 h to ensure the evaporation of residuals (i.e.,
the desorption of physically adsorbed water, alcohol, and other
solvents), the phase transformation of TEOS from liquid to gas,
and the condensation reaction that convert TEOS molecules into
a mineral-like solid via the formation of Si—O—Si linkages; (2)
in the temperature range from 300 to 400°C, a significant weight
loss would occur in TEOS xerogels caused by the removal of
organics (principally weight loss), polymerization, and shrinkage
(in this temperature region, shrinkage is the structural relaxation
process and proportional to weight loss);> therefore, the pyroly-
sis temperature was held at 325°C for 2 h; and (3) the precursor
nanofibers could be converted into amorphous SiO, nanofibers
between 600 and 1,000°C,” thus the final pyrolysis temperature
was held at 800°C for 2 h consequently.

Preparation of Shortened Electrospun Glass Nanofibers

The prepared EGNF-mats were first cut into small pieces with
both length and width of ~2 mm; subsequently, they were
immersed in EtOH in order to be sonicated for 2 h with a
Branson 2510 ultrasonic cleaner. Finally, the mixture was
mechanically stirred at 800 rpm for 4 days with a Heidolph
RZR 50 Heavy Duty Stirrer. After being dried at 80°C, the
shortened EGNFs (denoted hereafter as S-EGNFs) with lengths
of ~6 um were obtained.
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Figure 1. Schematics illustrating the VARTM process (A), the hybrid
multi-scale composites fabricated from conventional GF fabrics and the

nano-epoxy resin containing S-EGNFs (B), and the hybrid multi-scale
composites fabricated from six layers of conventional GF fabrics and five
layers of EGNF-mats (C).

Fabrication of Hybrid Multi-Scale Epoxy Composites

As shown schematically in Figure 1(A), the VARTM technique
was adopted to fabricate the hybrid multi-scale epoxy compo-
sites; the epoxy resin was infused from the out-of-plane direc-
tion, and a vacuum of 27 mm Hg was applied during the
infusion and the initial curing of epoxy resin. Two types of
hybrid multi-scale epoxy composites were fabricated in this
study. For the first type of composites, as depicted in Figure
1(B), the S-EGNFs were first dispersed into the SC-15A epoxy
resin upon stirring at 600 rpm for 24 h; after that the SC-15B
hardener was added into the nanofiber-containing SC-15A
epoxy (with the mass ratio of 30/100) followed by hand-mixing
for 5 min. Under the vacuum of 27 mm Hg, the prepared
nano-epoxy resin (with 1.0 wt % S-EGNFs) was infused into
the vacuum bag containing six layers of GF fabrics by the
VARTM technique, and the initial curing was carried out at
room temperature for 24 h. For the second type of composites,
as depicted in Figure 1(C), six layers of conventional GF fabrics
and five layers of EGNF-mats (with the length and width of 15
and 10 cm, respectively) were used to fabricate the hybrid
multi-scale composites, and the mass ratio of six GF fabrics ver-
sus five EGNF mats was ~100/1. The mixture of SC-15A epoxy
resin and the SC-15B hardener (with the mass ratio of 100/30)
was then infused into the bag under the vacuum of 27 mm Hg,
after which the system underwent the initial curing at room
temperature for 24 h. Note that the mass ratio of epoxy resin
versus six conventional GF fabrics was ~1/1 in the resulting
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multi-scale composite; therefore, the mass ratio of epoxy resin
versus EGNFs (i.e., S-EGNFs or EGNF-mats) would be ~100/1.
For comparison, the (conventional) composites with six GF fab-
rics alone were also fabricated as the control sample. Finally,
before being characterized and evaluated, the initially cured
composites (i.e., two types of hybrid multi-scale composites and
the control (conventional) composites) were further cured in an
oven at 110°C for 5 h to ensure the formation of epoxy compo-
sites (Supporting Information Figure S1).

Characterization and Evaluation

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 composites. Prior to SEM examina-
tions, specimens were sputter-coated with gold for 30 s to avoid
charge accumulations. The evaluation of mechanical properties
was conducted under ambient conditions at room temperature.
The Izod impact test was carried out by using a Tinius Olsen
impact tester (Impact 104) according to ASTM D256. The three-
point bending test with a span distance of 254 mm was con-
ducted at a strain rate of 0.01 min~ ' on a QTEST™/10 mechani-
cal testing machine according to ASTM D790. The short-beam
shear test was carried out on specimens with span-to-thickness
ratio of 4, and a cross-head speed of 1 mm/min was maintained
according to ASTM D2344. Five specimens of each composite
were evaluated; subsequently, mean values and the associated
standard deviations of the mechanical properties were calculated.

RESULTS AND DISCUSSION

Morphologies of GF Fabrics, EGNF-Mats, and S-EGNFs

The SEM images in Figure 2 were acquired from the conventional
GF fabrics, EGNF-mats, and S-EGNFs, respectively. As shown in
Figure 2(A), the GF fabrics were woven-fabrics made of conven-
tional GF bundles with fiber diameters of ~10 um. The SEM
image in Figure 2(B) shows the representative morphology of
EGNF-mats, which consisted of overlaid EGNFs with diameters of
~200 nm, and the nanofibers were continuous and relatively uni-
form without beads and/or beaded-nanofibers.”* It is evident from
the inset of Figure 2(B) that the EGNF-mat could be bent without
formation of identifiable cracks and/or broken fibers, reflecting the
mechanical flexibility of the prepared EGNF-mats (upon adopting
the optimal pyrolysis profile). The prepared S-EGNFs [Figure
1(C)] had lengths of ~6 pum, diameters of ~200 nm, and thus the
aspect ratios of ~30. It is noteworthy that all of the GF fabrics,
EGNF-mats, and S-EGNFs were structurally amorphous, as evi-
denced by the acquired XRD curves (Supporting Information Fig-
ure S2), and the average fiber diameter of each sample was
obtained through measuring 50 randomly selected fibers using the
Image] software (histograms of fiber diameters for GE, EGNE, and
S-EGNF are shown in Supporting Information Figure S3).

Mechanical Properties

Impact Absorption Energy. The Izod impact test of notched
specimens was conducted to examine fracture behaviors of the
fabricated composites; assessed by measuring the energy absorp-
tion after breaking the specimens at high strain rates. During the
tests, the impact absorption energy results in deformation of the
resin matrices, delamination of the composites, and breakage
and/or pull-out of the fibers.”®> As shown in Figure 3(A), the
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Figure 2. SEM images showing the representative morphologies of conventional GF fabrics (A), EGNF-mats (B), and S-EGNFs (C). Inset in 2A showing

an SEM image of GF fabrics with higher magnifications. Photograph in 2B depicting the mechanical flexibility of EGNF-mats.

values of impact absorption energy were appreciably increased
when 1.0 wt % EGNFs (i.e.,, S-EGNFs or EGNF-mats) were
incorporated into the epoxy composite. The impact absorption
energy of the control sample (i.e., GF/epoxy composites without
EGNFs) was (815.0 £ 105.7) J/m; by comparison, the composites
with EGNF-mats had an impact absorption energy of
(1097.3 £ 48.5) J/m, while the composites with S-EGNFs exhib-
ited the highest impact absorption energy of (1113.7 * 138.5) J/
m, representing an improvement of ~37% compared to the value
of the control sample.

Interlaminar Shear Strength. It is noteworthy that, during the
typical interlaminar short-beam shear and three-point bending
tests of laminated composites, the shear stress is transferred
from ply to ply through the resin matrix. Thus, delamination is
one of the primary failure modes, while other failure modes
(such as resin matrix cracking and fiber pull-out/debonding)
may also contribute.*®*” The evaluation of interlaminar shear
strength for the fabricated composites was carried out by the
short-beam shear test and calculated from the following Eq. (1):

= P
7,=0.75 o (1)

where 7, is the short-beam interlaminar shear strength (MPa),
P,, is the maximum load during the test (N), b and h are the
specimen width and thickness (mm), respectively.
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Figure 4(A) shows the typical load-displacement curves acquired
experimentally in the short-beam tests from the fabricated com-
posites with and without EGNFs (i.e., S-EGNFs and EGNF-
mats). It is evident that the incorporation of EGNFs into the
composites substantially increased the flexural rigidity (stiffness)
and maximum load at failure. As shown in Figure 3(B), the
interlaminar shear strength of the control sample had the lowest
value of (20.6 £ 1.7) MPa; the composites with S-EGNFs had a
value of (40.2=1.9) MPa, while the composites with EGNE-
mats exhibited the highest interlaminar shear strength of
(42.2 = 1.4) MPa, representing an improvement of ~104.8%
compared to the value of the control sample.

Flexural Strength. Figure 4(B) shows the typical load-
displacement curves acquired experimentally in the three-point
bending tests from the composites with and without EGNFs
(i.e., S-EGNFs and EGNF-mats). Similar to the results in Figure
4(A), the composites with EGNFs had much higher stiffness
and maximum load at failure. The flexural properties (i.e.,
strength, modulus, and work of fracture) of the tested compo-
sites are summarized in Table I. The acquired values of flexural
strength and flexural modulus for the control sample were
(234.1 £10.1) MPa and (9.7 = 0.4) GPa, respectively; while the
respective values for the composites with S-EGNFs were
(323.7 £ 15.5) MPa and (11.9 = 0.2) GPa, representing increases

Interlaminar shear strength (MPa)

S-EGNFs EGNF-mats

Figure 3. Impact absorption energy (A) and interlaminar shear strength (B) of three composites acquired from the Izod impact test and short-beam

Control

shear test. The control sample was the (conventional) GF/epoxy composites without EGNFs, and the hybrid multi-scale epoxy composites were incorpo-

rated with S-EGNFs and EGNFs-mats, respectively. Each datum showed the mean value of five measurements and the associated standard deviation.
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Figure 4. Typical load-displacement curves acquired from the short-beam shear test (A) and three-point bending test (B). The three composites included

the control GF/epoxy composites (bottom curve), as well as the hybrid multi-scale GF/epoxy composites with S-EGNFs (middle curve) and EGNF-mats

(top curve).

of 38.3% and 22.7%, respectively. The composites with EGNF-
mats exhibited the highest flexural strength and flexural modu-
lus of (387.1 £9.9) MPa and (12.9 = 1.3) GPa, representing
respective increases of 65.4% and 33.0% as compared to the val-
ues of the control sample.

Based on experimental load-displacement curves acquired from
three-point bending tests, the work of fracture (WOF) of com-
posites can be determined from the following Eq. (2):

wor= 2 2)
bh

where WOF is the work of fracture (kJ/m?), b and h are the
respective width and thickness of the specimen (m), A is the
work done by the applied load to deflect/fracture the specimen
(kJ), corresponding to the area under the load-displacement
curve.

As shown in Table I, the WOF values increased after incorpora-
tion of EGNFs into the composites. The respective values of
hybrid multi-scale composites with S-EGNFs and EGNFs-mats
were (28.1=1.1) and (30.6 *1.8) kJ/m? corresponding to
increases of 43.3% and 56.1% relative to the control sample
value of (19.6 +1.6) kJ/m’. In general, in-plane mechanical
properties of fiber-reinforced polymer composites are domi-
nated by the mechanical properties and volume fraction of rein-
forcement fibers, while the incorporation of EGNFs into the

Table 1. Flexural Properties of Three Composites Acquired from the
Three-Point Bending Test

Flexural properties

Composites  Strength (MPa)  Modulus (GPa)  WOF (kJ/m?)
Control 2341 +10.1 9.7+x04 196+1.6
S-EGNFs 323.7+15.5 11.9+0.2 281+11
EGNF-mats 387.1+9.9 129+1.3 306+1.8

The control sample was the (conventional) GF/epoxy composites without
EGNFs, and the hybrid multi-scale epoxy composites were incorporated
with S-EGNFs and EGNFs-mats, respectively. Each datum showed the
mean value of five measurements and the associated standard deviation.
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composites (particularly in the interlaminar regions) is expected
to be responsible for the observed increase in the flexural prop-
erties of the resulting GFs/EGNFs-epoxy composites. The
EGNFs can strongly bond to the epoxy resin due to their large
surface-to-volume ratio, resulting in improved interfacial bond-
ing strength and, consequently, in higher flexural strength of the
GFs/EGNFs-epoxy composite. Additionally, EGNFs could break
and/or detach from epoxy resin matrix when the load is
applied; this would dissipate the strain energy, impede the fail-
ure of the composite, and contribute to the higher value of
WOF observed.

Fracture Surface and Reinforcement Mechanism

To understand the reinforcement mechanism of EGNFs (i.e.,
S-EGNFs and EGNF-mats) in hybrid multi-scale epoxy compo-
sites, the fracture surfaces of three-point bending specimens
were examined by SEM. The images on the left of Figure 5 were
acquired from the regions containing conventional GF fabrics,
while the images on the right were acquired from the interlami-
nar regions. It is apparent from Figure 5(A) that in the control
sample, the surfaces of conventional GFs were relatively smooth
without residues of resin, and the matrix detached completely
from the GFs due to weak interfacial bonding strength. In com-
parison, as shown in Figure 5(B,C), the conventional GFs in the
hybrid multi-scale composites (with S-EGNFs or EGNF-mats)
had much rougher surfaces, and were surrounded by and/or
adhered to the epoxy resin, indicating that the interfacial bond-
ing strength between the GFs and the epoxy resin were probably
improved by the incorporation of S-EGNFs or EGNF-mats.

The fracture surfaces of failed composites may also provide val-
uable information about fracture mechanisms, as shown in Fig-
ure 5(D,E,F). From these figures, it is first necessary to note
that the fracture surface of the SC-15 resin, with or without
nanofiber reinforcement, reveals numerous, well-dispersed sub-
micron specks. This is a characteristic feature of SC-15°**° and
is believed to represent the phase-separated domains of the rub-
bery toughening component.”® With regard to differences in
fracture morphology arising from the presence of the S-EGNFs
or EGNF-mats, it is that the control

evident sample
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Figure 5. SEM images showing the representative fracture surfaces acquired from three-point bending specimens of the control GF/epoxy composites
without EGNFs (A and D), GF/epoxy composites with 1.0 wt % S-EGNFs (B and E), and GF/epoxy composites with 1.0 wt % EGNFs-mats (C and F).
The images on the left showing the regions containing conventional GF fabrics, while the images on the right showing the interlaminar regions.

[Figure 5(D)] shows a relatively smooth fracture surface with
oriented fracture lines initiated from sites of crack growth. The
lack of plastic deformation and the smooth fracture surface are
in agreement with the materials having low toughness. In com-
parison, as shown in Figure 5(E,F), the hybrid multi-scale com-
posites with S-EGNFs or EGNF-mats had rough features; and
short, jagged, and multi-plane fracture lines can be observed on
the fracture surfaces, especially in Figure 5(F). These observa-
tions may be attributed to the formation of a tougher interface
between the epoxy matrix and EGNFs. Therefore, the main
function of EGNFs in composites is probably to deflect the
propagating cracks and force the crack growth to deviate from a
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given fracture plane. Additionally, the entanglement of EGNFs
might mitigate the propagation of micro-cracks in the resin-
rich interlaminar regions. Thus, if a micro-crack initiates in a
region due to stress concentration, the entangled EGNFs remain
intact across the crack plane and support the applied load, simi-
lar to the hooks and loops in Velcro.*

The fact that the composites with EGNF-mats [Figure 5(F)] had
rougher fracture surfaces than the composites with S-EGNFs
[Figure 5(E)] is consistent with the superiority of some of their
mechanical properties (Figure 3 and Table I) and confirms that
continuous EGNFs (i.e., EGNF-mats) tend to outperform short

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42731
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EGNPFs (i.e., S-EGNFs) in the reinforcement of resin-rich inter-
laminar regions in composites. It is well-known that the uniform
dispersion of nanoscale reinforcements in resin matrix is essential
for improving mechanical properties of the resulting hybrid
multi-scale composites, and since the EGNF-mats were randomly
overlaid/oriented, the nanofiber dispersion of EGNF-mats was
arguably more uniform than that of S-EGNFs in the interlaminar
regions. This may be one reason why the hybrid multi-scale com-
posites with EGNF-mats exhibited the highest values of interlam-
inar shear strength and flexural properties. Another contributing
factor may arise from the difference in load distribution in the
two multi-scale hybrid composites: the continuous fiber network
provided by the EGNF-mats in the interlaminar regions could
more effectively redistribute the load than the discontinuous
S-EGNFs, reducing the regions of stress concentration in the
matrix, suppressing/mitigating matrix cracking, and leading to
higher values of interlaminar shear strength and flexural strength.

CONCLUDING REMARKS

In this study, an overlaid mat consisting of structurally amor-
phous SiO, (glass) nanofibers was prepared by electrospinning
followed by pyrolysis. Upon optimizing spin dope properties
and pyrolysis procedures, the resulting EGNF mat was
mechanically flexible, suggesting that the amount of structural
defects in these EGNFs was low. Subsequently, hybrid multi-
scale epoxy composites were fabricated by combining conven-
tional GF fabrics with EGNFs (either continuous fiber EGNF
mats or short EGNF fibers) and using the VARTM technique
for resin infusion. The study revealed that the incorporation of
EGNFs into GF/epoxy composites led to substantial improve-
ments in out-of-plane mechanical properties and that the
EGNF-mats outperformed short-fiber EGNFs (S-EGNFs). Spe-
cifically, for the EGNF-mats, the impact absorption energy,
interlaminar shear strength, flexural strength, flexural modu-
lus, and WOF were (1097.3 +48.5) J/m, (42.2*+1.4) MPa,
(387.1 £9.9) MPa, (12.9* 1.3) GPa, and (30.6 = 1.8) kJ/m>,
corresponding to increases of 34.6%, 104.8%, 65.4%, 33.0%,
and 56.1% respectively, compared to the control sample of GF/
epoxy composite (without EGNFs). This study suggests that
EGNFs (particularly flexible EGNF-mats) could be an innova-
tive type of nanoscale reinforcement for high-performance
structural composites.
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