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For the first time, electrospun carbon nanofibers (ECNFs, with diameters and lengths of �200 nm and
�15 lm, respectively) were explored for the preparation of nano-epoxy resins; and the prepared resins
were further investigated for the fabrication of hybrid multi-scale composites with woven fabrics of con-
ventional carbon fibers via the technique of vacuum assisted resin transfer molding (VARTM). For com-
parison, vapor growth carbon nanofibers (VGCNFs) and graphite carbon nanofibers (GCNFs) were also
studied for making nano-epoxy resins and hybrid multi-scale composites. Unlike VGCNFs and GCNFs that
are prepared by bottom-up methods, ECNFs are produced through a top-down approach; hence, ECNFs
are more cost-effective than VGCNFs and GCNFs. The results indicated that the incorporation of a small
mass fraction (e.g., 0.1% and 0.3%) of ECNFs into epoxy resin would result in substantial improvements on
impact absorption energy, inter-laminar shear strength, and flexural properties for both nano-epoxy res-
ins and hybrid multi-scale composites. In general, the reinforcement effect of ECNFs was similar to that of
VGCNFs, while it was higher than that of GCNFs.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanofibers (CNFs) have been extensively investigated as
nanoscale reinforcement agents for the fabrication of polymer
nanocomposites due to superior strength, high stiffness, and excel-
lent electrical/thermal properties [1]. However, to uniformly dis-
perse/distribute CNFs into polymer resins remains as a
technological challenge, since CNFs tend to form agglomerates that
would act as structural defects in the resulting nanocomposites
and thus limit the improvement of mechanical properties. The sur-
face functionalization of CNFs is crucial to resolve/mitigate the
problem, because the surface wettability/reactivity of CNFs, as well
as the interfacial bonding strength between CNFs and polymer res-
ins, could be considerably improved via the introduction of func-
tional groups on the surface of nanofibers [2]. Among various
approaches for the surface functionalization of CNFs, an appealing
one is through covalent bonding of linker molecules to the nanofi-
ber surface. In the recent years, there have been numerous studies
on the development of polymer nanocomposites reinforced with
different types of CNFs (e.g., vapor-grown CNFs and graphite CNFs);
and significant improvements on mechanical properties have been
reported through successful surface functionalization of those
CNFs [3–9].

An important application of nanoscale reinforcement agents is
to prepare nano-resins for further fabrication of hybrid multi-scale
composites. It is known that the out-of-plane properties of fiber
reinforced polymer composites (FRPs) are dominated by resin
matrices, and they are substantially lower than the in-plane prop-
erties. Numerous investigations have indicated that the properties
(particularly out-of-plane properties) of hybrid multi-scale FRPs, in
which nanoscale reinforcement agents are dispersed as the second
phase of matrices, can be improved substantially [10–13]. Various
types of nanoscale materials including graphite nanofibers, carbon
nanotubes/nanofibers (CNTs/CNFs), organoclays, and silica nano-
particles have been studied to prepare nano-resins for the rein-
forcement of matrix-rich inter-laminar regions [14–20]. The
techniques of resin transfer molding (RTM) and vacuum assisted
resin transfer molding (VARTM) are commonly adopted for the fab-
rication of hybrid multi-scale FRPs [21–24]. It is noteworthy that
Wichmann et al. [13] prepared three types of multi-scale FRPs con-
taining fumed silica, carbon black, and CNTs, respectively, by the
RTM technique; their results indicated that the nanometer-sized
reinforcement would not be filtered by the conventional fibers,
while the resulting hybrid multi-scale FRPs exhibited substantially
improved mechanical properties. However, only limited research
endeavors have been devoted to the development of two-phase
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nano-resins and three-phase hybrid multi-scale FRPs with electro-
spun nanofibers [25–28].

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 [29]. In general, electrospun carbon nanofibers
(ECNFs) can be prepared via thermal treatments (i.e., stabilization
in air followed by carbonization in inert environment) of their pre-
cursors such as electrospun polyacrylonitrile (PAN) nanofibers. Un-
like CNTs/CNFs and graphite nanofibers that are prepared by
bottom-up methods, ECNFs are produced through a top-down ap-
proach, resulting in cost-effective nanofibers that are also easy for
being processed into applications. Recently, we have reported that
ECNFs (in the form of overlaid mat) could be sandwiched or sur-
face-attached onto woven fabrics of conventional carbon fibers
(CFs) for the fabrication of hybrid multi-scale composites; and
these composites demonstrated considerably higher inter-laminar
shear strength and flexural properties than the control samples
(i.e., the traditional laminated composites made of CF fabrics with-
out ECNFs) [30,31].

In this study, shortened ECNFs surface-functionalized with hex-
anediamine (ECNFs-HDA) were incorporated (at low mass fractions
of 0.1%, 0.3%, and 0.5%) into an epoxy resin for reinforcement and/or
toughening purposes; and the innovative nano-epoxy resins were
further used for the fabrication of carbon fibers reinforced polymer
composites (CFRP). Fig. 1 is a schematic representation showing the
CNFs-containing epoxy resins as the matrix materials for the fabri-
cation of CFRP laminates via the VARTM technique. The effects of
ECNFs-HDA incorporation on the mechanical properties of two-
phase nano-epoxy resins and three-phase CFRP composites were
investigated, and the results were compared to those acquired from
the nano-epoxy resins and CFRP composites made from the vapor-
growth carbon nanofibers (VGCNFs) surface-functionalized with
HDA (VGCNFs-HDA) and the graphite carbon nanofibers (GCNFs)
surface-functionalized with HDA (GCNFs-HDA).
2. Experimental

2.1. Materials

The epoxy resin of SC-15A and the associated hardener of SC-
15B were supplied by the Applied Poleramic Inc. (Benicia, CA).
The PAN used in this study were the Special Acrylic Fibers (SAF
Fig. 1. A schematic showing the fabrication of hybrid multi-scale CFRP composites usi
technique.
3K fibers) provided by the Courtaulds, Ltd. (Essex, UK). The SAF
3K fibers were made of a PAN copolymer with 92.8 wt.% of acrylo-
nitrile, 1.2 wt.% of itaconic acid, and 6.0 wt.% of methyl acrylate,
and they were in the form of bundle with 3000 individual fibers.
The chemicals of acetone, nitric acid, hexanediamine (HDA), and
N,N-dimethylformamide (DMF) were purchased from the Sigma–
Aldrich Co. (St. Louis, MO). GCNFs (Sigma–Aldrich Co., MO) and
VGCNFs (Pyrograf III PR-24, the Applied Science Inc., OH) were
studied as the comparison nano-reinforcement agents to fabricate
nano-epoxy resins and hybrid multi-scale composites. The woven
fabrics of T300� CFs were produced by the Toray Industries, Inc.
(Tokyo, Japan).

The SEM images of A, B, and C in Fig. 2 were acquired from the
as-received T300� CFs, VGCNFs, and GCNFs, respectively. The
T300� CFs had diameters of �7 lm, while the VGCNFs and GCNFs
had diameters of�170 and 80 nm, respectively. The average length
of VGCNFs was �10 lm, while the average length of GCNFs was
�50 lm; hence, the average aspect ratio (i.e., the average ratio of
length to diameter) of VGCNFs and GCNFs were 59 and 625,
respectively. As shown in Fig. 2C, the GCNFs appeared more
agglomerated than the VGCNFs probably due to smaller diameters
(and the concomitant larger specific surface areas) and higher as-
pect ratios [32,33].

2.2. Preparation of electrospun carbon nanofibers (ECNFs)

The ECNFs were prepared via electrospinning of PAN copolymer
nanofibers followed by thermal treatments of stabilization and car-
bonization. The preparation procedures/conditions and the detailed
characterizations/evaluations were reported in our previous publi-
cation [30]. In this study, the prepared ECNFs (in the form of over-
laid mat with the thickness of �15 lm) were first cut into small
pieces with length and width of 1–2 mm; these small pieces were
then immersed in distilled water for being sonicated by using a
Branson (Model 2510) sonifier for 2 h. Thereafter, the mixture
was mechanically stirred by using a Heidolph RZR 50 Heavy Duty
Stirrer for 48 h to obtain the shortened ECNFs with diameters and
lengths of �200 nm and �15 lm, respectively. The prepared short
ECNFs with the aspect ratios of �75 are shown in Fig. 2D.

2.3. Surface-functionalization of CNFs with HDA

VGCNFs, GCNFs, and (the prepared short fibers of) ECNFs were
first heated in 3 M nitric acid at 115 �C for 4 h and then washed
ng nano-epoxy resins containing HDA surface-functionalized CNFs via the VARTM



Fig. 2. SEM images showing the representative morphologies of (A) T300� CF fabrics (with the inset showing a microfiber bundle in the fabric), (B) VGCNFs, and (C) GCNFs, as
well as (D) ECNFs after being shortened.
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with distilled water until the filtrate reached a pH value of 5.5–6.5;
subsequently, they were dried at 80 �C for 12 h. The oxidized
VGCNFs, GCNFs, and ECNFs were then reacted with excess amount
of HDA at 100 �C in nitrogen for 80 h. After being rinsed with ace-
tone for several times, the HDA surface-functionalized CNFs (i.e.,
ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA) were dried at 80 �C
for 12 h.

2.4. Development of nano-epoxy resins

Nano-epoxy resins were developed by the method of solvent
casting. Each type of HDA surface-functionalized CNFs was first
mixed with acetone (mass ratio of CNFs/acetone: 1/5) in a glass
bottle; the mixture was then ultra-sonicated for 30 min. Subse-
quently, the SC-15A epoxy resin was added into the mixture at
80 �C, and the mixture was then mechanically stirred at 400 rpm
for 24 h until the solvent was removed completely and a uniform
mixture was obtained. Thereafter, the SC-15B hardener was added
into the mixture; and the mass ratio of the epoxy resin versus the
hardener was set at 100/30. After being degassed, the mixture was
poured into an aluminum mold (treated with Frekote� 700-NC
mold release agent, and pre-heated at 70 �C) followed by being
cured initially at 60 �C for 2 h and then at 110 �C for 5 h to obtain
three types of nano-epoxy panels with length, width, and thickness
being 100, 100, and 6 mm, respectively. Finally, specimens with
the dimensions of 64 � 12.7 � 6 mm3 were cut from the panels
for Izod impact test according to ASTM D256, specimens with the
dimensions of 100 � 12.7 � 6 mm3 were cut for three-points bend-
ing test according to ASTM D790, and the dog-bone shaped speci-
mens for tensile test were prepared according to ASTM D638.

2.5. Fabrication of hybrid multi-scale CFRP composites

Each of the three nano-epoxy resins was first infused into a vac-
uum bag containing six plies of woven CF fabrics using the VARTM
technique, as schematically shown in Fig. 1. It is noteworthy that,
even with a small amount of nanofibers (including ECNFs-HDA,
VGCNFs-HDA, and GCNFs-HDA) incorporated into 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 mmHg 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 before being characterized and evalu-
ated. For comparison, the conventional laminated composite made
from six plies of woven CF fabrics and neat epoxy resin (without
any CNFs) was also fabricated and evaluated. Finally, specimens
with the dimensions of 64 � 12.7 � 1.6 mm3 were cut from the
composite panels for Izod impact test according to ASTM D256;
specimens with the dimensions of 50.8 � 12.7 � 1.6 mm3 were
cut for three-points bending test according to ASTM D790, and
specimens with the dimensions of 8 � 4 � 1.6 mm3 were cut for
short beam test according to ASTM D2344.

2.6. Characterization and evaluation

A Zeiss Supra 40 VP field-emission scanning electron micro-
scope (SEM) was employed to examine the morphologies of fibers
as well as the fracture surfaces of composites. Prior to SEM exam-
inations of fracture surfaces, specimens were sputter-coated with
gold to avoid charge accumulations. Fourier transform infrared
(FT-IR) spectra of as-prepared ECNFs, oxidized ECNFs, and ECNFs-
HDA were acquired from a Bruker Tensor-27 FT-IR spectrometer
equipped with a liquid nitrogen cooled mercury-cadmium-tellu-
ride (MCT) detector; the samples were prepared by grinding and
then pressing the fibers with KBr, and the FT-IR spectra were ac-
quired by scanning the samples (64 scans) from 600 to
4000 cm�1 with a resolution of 4 cm�1.

Measurements of mechanical properties were conducted at
room temperature. The Izod impact test was carried out using a Ti-
nius Olsen impact tester (Impact 104) according to ASTM D256.
The standard tension test was performed according to ASTM
D638 at a strain rate of 1 mm/min using a computer-controlled
universal mechanical testing machine (QTEST™/10, MTS Systems,
USA). The three-point bending tests with the span distance of
60 mm for the specimens of nano-epoxy resins and with the span
distance of 25.4 mm for the specimens of laminated composites
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were conducted according to ASTM D790, and the specimens were
fractured at the strain rate of 0.01 mm/mm/min. According to
ASTM D2344, the short-beam test was carried out at the span-to-
thickness ratio of 4 and the cross-head speed of 1 mm/min. Three
specimens of each sample were evaluated, and mean values and
the associated standard deviations of mechanical properties were
calculated.
Fig. 5. FT-IR spectra of ECNFs, oxidized ECNFs (H-ECNFs), and ECNFs-HDA.
3. Results and discussion

3.1. Surface functionalization

As schematically shown in Fig. 3, nitric acid and HDA were used
for oxidation and functionalization on the surfaces of the three
types of CNFs, respectively. The representative SEM images of the
obtained ECNFs-HDA, VGCNFs-HDA, GCNFs-HDA are shown in
Fig. 4A–C. Compared to the CNFs in Fig. 1B–D, no appreciable dif-
ference on morphology was identified for ECNFs and VGCNFs be-
fore and after surface oxidation and functionalization. However,
more agglomerates were observed in Fig. 4C; this was probably be-
cause GCNFs had more edge carbon atoms (and/or surface reactive
sites) than ECNFs and VGCNFs. Hence, more HDA molecules could
be bonded to the fiber surface, resulting in linking more GCNFs and
forming more agglomerates.

FT-IR spectra of the as-prepared, oxidized, and surface-func-
tionalized ECNFs are shown in Fig. 5. The band centered at
1580 cm-1 in the spectrum of as-prepared ECNFs is assigned to
the stretching and bending mode of C@C [34]. FT-IR spectra of
the oxidized ECNFs (H-ECNFs) and ECNFs-HDA have the same band
around 1580 cm�1, suggesting that the structures of nanofibers are
not distinguishably affected by the treatments with nitric acid and
HDA; and this is consistent with SEM observations. A new band in
the spectrum of H-ECNFs appears around 1620 cm�1, which is
attributed to carboxyl (–COOH) groups on fiber surface [34]. Upon
surface functionalization of H-ECNFs with HDA, amide groups
emerge as evidenced by a relatively broad band around
1655 cm�1. The spectrum of ECNFs-HDA also has bands around
2936 and 2843 cm�1, which are due to the stretching modes of
CAH in the alkyl component [35]. Additionally, the FT-IR spectrum
of ECNFs has a broad band centered at 3440 cm�1 that is attributed
to –OH groups on the surface of nanofibers. Meantime, the car-
boxyl and amino groups (generated from the treatments of nitric
acid and HDA) can also result in bands around such a wavenumber.
Hence, variations of the band centered at 3440 cm�1 can be used as
an indication for oxidation and functionalization on the surface of
ECNFs. Through comparison of FT-IR spectra acquired from ECNFs,
H-ECNFs, and ECNFs-HDA, it is evident that the absorption/band
Fig. 3. A schematic showing the surface ox

Fig. 4. SEM images showing the representative morphologies of HDA surface-fu
between 3000 and 3750 cm�1 for ECNFs-HDA is strengthened, sug-
gesting that the oxidation and amidation reactions have occurred
as shown in Fig. 3. The similar oxidation and amidation reactions
can also occur to VGCNFs and GCNFs.
3.2. Mechanical properties

3.2.1. Mechanical properties of nano-epoxy resins
The impact, three-point bending, and tensile tests on the nano-

epoxy resins containing low mass fractions (i.e., 0.1%, 0.3%, and
0.5%) of ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA were per-
formed, and the acquired results are shown in Fig. 6. The control
sample was the neat epoxy resin without any nano-reinforcement
agent.
3.2.2. Impact and tensile properties
As shown in Fig. 6A–B, the incorporation of ECNFs-HDA,

VGCNFs-HDA, or GCNFs-HDA into epoxy resin improved the im-
pact absorption energy and tensile strength of the resulting
nano-epoxy resins. The impact absorption energy and tensile
strength of neat epoxy resin (mean ± standard deviation, n = 3)
was (3.00 ± 0.51) KJ/m2 and (44.4 ± 0.7) MPa. For the nano-epoxy
resins with 0.5% of ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA,
the respective values of impact absorption energy were
(3.52 ± 0.52), (3.44 ± 0.94), and (3.60 ± 0.51) KJ/m2; hence, the
improvements were 17.3%, 14.7%, and 20.0%, respectively. For
idation and functionalization of CNFs.

nctionalized CNFs: (A) ECNFs-HDA, (B) VGCNFs-HDA, and (C) GCNFs-HDA.
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tensile strength, the respective improvements were 22.5%, 18.7%,
and 27.5%.
3.2.3. Flexural properties
The flexural strength (Fs), elastic modulus (Ey), and work of

fracture (WOF) of nano-epoxy resins reinforced with ECNFs-HDA,
VGCNFs-HDA, and GCNFs-HDA were studied, and the values were
calculated based upon the following equations:
Fs ¼ 3FL=2bh2
Ey ¼ L3F1=4fbh3
WOF ¼ A=bh

where F is the applied load (N) at the highest point of load–dis-
placement curve, L is the span distance (60.0 mm), b is the width
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of specimen, and h is the thickness of specimen, F1 is the load (N) at
a convenient point in straight-line portion of the trace, f is the dis-
placement (mm) of the test specimen at load F1. A (J) is the work
done by the applied load to deflect and fracture the specimen, cor-
responding to the area under the load–displacement curve. WOF is
the work of fracture in KJ/m2.

As shown in Fig. 6C–D, the neat epoxy resin exhibited the Fs and
Ey values of (374.8 ± 7.9) MPa and (16.4 ± 0.1) GPa, while the Fs
and Ey values of nano-epoxy resins increased slightly with
increasing the amount of all three types of CNFs. Incorporation of
ECNFs-HDA resulted in 10.0% and 14.6% increase of Fs and Ey for
the nano-epoxy resin at the mass fraction of 0.5%, while VGCNFs-
HDA showed 13.3% and 11.0% increases and GCNFs-HDA showed
11.7% and 12.8% increases. Hence, there were no appreciable differ-
ences on the Fs and Ey of the nano-epoxy resins reinforced with
ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA. The WOF of the
nano-epoxy resins reinforced with ECNFs-HDA, VGCNFs-HDA,
and GCNFs-HDA is shown in Fig. 6E. The nano-epoxy resin with
ECNFs-HDA showed the highest WOF value. The WOF value of
the neat resin was (34.1 ± 3.8) KJ/m2. For the nano-epoxy resins
with 0.5% ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA, the values
of WOF were increased to (49.0 ± 2.9), (47.0 ± 7.4), and
(38.1 ± 8.3) KJ/m2, respectively. Thus, ECNFs-HDA led to 43.7%
improvement; for comparison, VGCNFs-HDA and GCNFs-HDA led
to 40.8% and 11.7% improvements, respectively. The WOF improve-
ment resulted from GCNFs-HDA was lower than that from ECNFs-
HDA or VGCNFs-HDA, because GCNFs-HDA had smaller diameters
and larger aspect ratios; hence, they could form more agglomer-
ates that would be mechanical weak points (i.e., structural defects).
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Fig. 7. Impact absorption energy (A), inter-laminar shear strength (B), and flexural
strength (C) of the CFRP composites made from the neat epoxy resin (control
sample) and the nano-epoxy resins containing varied mass fractions (i.e., 0.1%, 0.3%
and 0.5%) of ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA.
3.2.4. Mechanical properties of hybrid multi-scale CFRP composites
made from nano-epoxy resins with surface-functionalized CNFs

Impact absorption energy, inter-laminar shear strength, and
flexural strength of hybrid multi-scale CFRP composites made from
nano-epoxy resins with surface-functionalized CNFs (i.e., ECNFs-
HDA, VGCNFs-HDA, and GCNFs-HDA) were investigated, and the
acquired data are shown in Fig. 7A–C. The control sample was
the conventional CFRP composite made from the neat epoxy resin.
With the increase of ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA
amounts up to 0.3%, the impact absorption energy, inter-laminar
shear strength, and flexural strength also increased. For the control
sample, the values of impact absorption energy, inter-laminar
shear strength, and flexural strength were (35.0 ± 10.5) KJ/m2,
(32.2 ± 1.8) MPa, and (479.6 ± 33.2) MPa, respectively. For the
CFRP/nano-epoxy composites containing 0.3% ECNFs-HDA,
VGCNFs-HDA, and GCNFs-HDA, the respective values of impact
absorption energy were (62.7 ± 13.1), (57.7 ± 12.0), and
(57.6 ± 7.5) KJ/m2, which were improved by 79.1%, 64.9%, and
64.6%, respectively; the respective values of inter-laminar shear
strength were (45.8 ± 7.1), (38.3 ± 3.5), and (37.4 ± 1.3) MPa, which
were improved by 42.2%, 18.9%, and 16.1%, respectively; the
respective values of flexural strength were (545.0 ± 9.5),
(567.3 ± 21.8), and (552.6 ± 44.8) MPa, which were improved by
13.6%, 18.3%, and 15.2%, respectively. However, when the amounts
of ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA in nano-epoxy res-
ins were increased to 0.5%, the impact absorption energy, inter-
laminar shear strength, and flexural strength decreased, and the
values were even lower than those of the control sample; this
was likely due to the following two reasons: (1) the formation of
nanofiber agglomerates during the infusion process when the
amount of nanofibers in nano-epoxy resins was high; and the
agglomerates would act as mechanical weak points (i.e., structural
defects) in composites, leading to the decrease of mechanical prop-
erties; (2) the filtering of ECNFs-HDA, VGCNFs-HDA, and GCNFs-
HDA by the CF fabric when the amount of nanofibers was above
0.3%, resulting in inhomogeneous dispersion of nanofibers in hy-
brid multi-scale CFRP composites [36].
3.3. Reinforcement mechanisms

3.3.1. Nano-epoxy resins
CNFs have high strength, modulus/stiffness, and excellent elec-

trical and thermal property; however, their application for rein-
forcement is also upon the interfacial properties between the
fibers and matrices. This is because the interfacial bonding
strength primarily determines the failure mode of composites.
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When the interfacial bonding strength is high, matrix failure will
be the main mode; when the interfacial bonding strength is low,
the fiber-matrix interface will be the weakest part when a load is
applied [37–40]. Numerous research endeavors have been devoted
to the improvement of interfacial properties of carbon fibers, and
many surface treatment techniques have been studied. The surface
treatment methods such as oxidation and etching can considerably
improve the interfacial bonding adhesion [40]. According to the
composite theory, the reinforcement of CNFs for nano-epoxy resins
is attributed to the higher strength and modulus of CNFs than
those of epoxy resin. The higher mass fraction of CNFs, the higher
strength and modulus of the resulting composite resins are ex-
pected to obtain. However, the reinforcement effect of CNFs can
only be achieved if an effective load transfer from resin matrix to
fibers is available. For mechanical properties of the nano-epoxy
resins reinforced with CNFs, the nanofiber-matrix interfacial bond-
ing strength is important; the high bonding strength would result
in high strength and modulus of nano-epoxy resins. In this study,
the oxidation and functionalization on the surfaces of CNFs im-
proved the interfacial bonding strength between fibers and matrix,
and led to increases of mechanical properties of the nano-epoxy
resins reinforced with low mass fractions (0.1%, 0.3%, & 0.5%) of
ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA. The ECNFs-HDA
exhibited the strongest reinforcement effect while VGCNFs-HDA
had the weakest reinforcement effect.

Regarding physical properties, GCNFs have the smallest diame-
ters (and the concomitant largest specific surface area) and highest
aspect ratio; hence, electrostatic and/or van der Waals forces
among GCNFs are the strongest among the three types of CNFs.
In consequence, GCNFs are easier to form agglomerates, hindering
them to be uniformly dispersed in resin matrices and limiting the
improvement on mechanical properties of the nano-epoxy resins.
On the other hand, since higher specific surface area would also
lead to more reactive carbon atoms, it is speculated that GCNFs
could form more bonds with surface-functionalization agent of
HDA than VGCNFs and ECNFs. Fracture surfaces of the nano-epoxy
resins can provide valuable information on fracture mechanism
and interfacial bonding strength. The fracture surfaces of impact
Fig. 8. SEM images showing the typical fracture surfaces of neat epoxy resin (A), the na
test specimens were examined by SEM (Fig. 8). The relatively
smooth surface with oriented fracture lines initiated from sites of
crack growth was observed on the fracture surface of the neat
epoxy resin (Fig. 8A). The nano-epoxy resins containing 0.5%
ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA (Fig. 8B–D) had rough
features on their fracture surfaces, and jagged, short, and multi-
plane fracture lines were observed; this indicated that the crack
fronts were deflected and kinked during growth. Therefore, the
main function of CNFs in nano-epoxy resins was to deflect the
propagating cracks and force the crack growth to deviate from
the existing fracture plane. Additional energy was then necessi-
tated to continuously drive the growth of cracks, since the creation
of additional fracture surface area would consume energy. Increas-
ing the mass fraction of CNFs from 0.1% to 0.3% and then to 0.5%
resulted in higher degree of deflecting effect, which further im-
proved the mechanical properties.

The SEM images of fracture surfaces of nano-epoxy resins
impregnated with ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA also
showed that the CNFs were dispersed in epoxy resin uniformly and
exhibited an improved interphase with epoxy matrix; furthermore,
it could be found that ECNFs-HDA had the highest interfacial bond-
ing strength with epoxy matrix, while VGCNFs had the lowest
interfacial bonding strength with epoxy (Fig. 8B–D). Note that dur-
ing the epoxy-curing process, some partial agglomerates were
formed on fracture surface of the nano-epoxy resin containing
0.5% VGCNFs-HDA due to weak interfacial bonding strength. The
micromechanics-based model for low mass fractions of reinforce-
ments developed by Shi and coworkers [41] indicated that the par-
tial agglomeration of nano-reinforcement agents in polymer
matrix would decrease mechanical properties of the composite
considerably, and such a model could explain that the incorpora-
tion of VGCNFs-HDA exhibited lower mechanical properties than
the incorporation of ECNFs-HDA or GCNFs-HDA. Additionally, the
fiber pull-out and/or de-bonding could be identified in the SEM
images; this also had negative effect on the improvement of
mechanical properties for the nano-epoxy resins.

The following Eq. (1) based on the modified rule of mixture was
adopted to calculate the tensile strength and elastic modulus for
no-epoxy resins with 0.5% ECNFs-HDA (B), VGCNFs-HDA (C), and GCNFs-HDA (D).
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the nano-epoxy resins containing randomly/uniformly dispersed
CNFs [42].

Yc ¼ Y f 1� ac=afð Þuþ Ymð1�uÞ ð1Þ

where Yc, Ym, and Yf are the strength or modulus of nano-epoxy re-
sin, epoxy matrix, and fibers, respectively; and u is the volume frac-
tion of fibers. The parameters of ac and af are the critical aspect ratio
and aspect ratio of CNFs, respectively. The critical aspect ratio is re-
lated to the ratio of modulus/strength of filler to matrix and the
composite dimensions as shown in Eq. (2), which obtained from
the study of Vlasveld and coworkers [42].

ac ¼ Lc=D ¼ ð1þ mmÞ lnð2R=DÞ½ �1=2ðY f=YmÞ1=2 ¼ KðY f=YmÞ1=2 ð2Þ

where mm is the poisson’s ratio, R is the thickness of composite, D is
the filler diameter/thickness, and K is a constant with value be-
tween 2 and 3 [43].

It was presumed that the aspect ratio, which could be calculated
by length over diameter, would be the only difference for three
types of CNFs. The following values were used for calculation: elas-
tic modulus of CNFs (Ef) = 600 GPa, tensile strength of CNFs
(Ff) = 8.7 GPa; elastic modulus of epoxy (Em) = 16.4 GPa, tensile
strength of epoxy (Fm) = 44.4 MPa. As shown in Fig. 9, the elastic
modulus obtained by using the modified rule of mixture and the
experimental data were in close agreement; furthermore, the ten-
sile strength acquired from the modified rule of mixture was con-
sistent with the experimental data for the nano-epoxy resins with
0.1% ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA. With increasing
the mass fraction of three types of CNFs to 0.5%, the experimental
results deviated from the theoretical values due to the non-unifor-
mity in length of CNFs, non-uniform dispersion of CNFs, weak
interfacial bonding strength between the filler and matrix, and fil-
ler agglomeration [44]. Additionally, the aspect ratio appeared to
have significant effect on tensile strength when the mass fraction
of filler was 0.5%; and the higher aspect ratio of CNFs was, the high-
er tensile strength would be. However, the aspect ratio did not
show appreciable effect on elastic modulus.

3.3.2. Hybrid multi-scale CFRP composites made from the prepared
nano-epoxy resins

The shear stress is typically transferred from layer to layer
through resin matrix region during the inter-laminar shear failure
and three-point flexural failure of the laminated composites.
Hence, the main failure mechanism is related to the interfacial
bonding strength; while the deformation/fracture of resin matrix
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Fig. 9. Elastic modulus and tensile strength of nano-epoxy resins containing varied mass
from experiment (exp) were compared to those obtained from the modified rule of mix
may also contribute to the failure [45]. For impact properties, the
impact absorption energy results in deformation of resin matrix,
delamination of CFRP composites, and breakage and/or pull-out
of fibers, which are also related to the interphase between fibers
and resins. Therefore, to improve the mechanical properties of
CFRP laminated composites, the interfacial bonding strength be-
tween matrix and filler and the properties of matrix have to be in-
creased. In this study, the surfaces of three types of CNFs were
functionalized by the linker molecule of HDA; this could also lead
to the formation of chemical bonds between CNFs and epoxy resin.
Therefore, the incorporation of HDA surface-functionalized CNFs
into the epoxy resin could improve the property of composite resin
matrix. In addition, the interfacial bonding strength would be en-
hanced due to the utilization of nano-epoxy resins. This is because
the diameters of CNFs are 1–2 orders of magnitude smaller (i.e., the
specific surface areas of CNFs are 1–2 orders of magnitude larger)
than those of conventional carbon fibers.

To further understand the reinforcement mechanism of HDA
surface-functionalized CNFs (including ECNFs, VGCNFs, and
GCNFs) in hybrid multi-scale CFRP composites, the fracture sur-
faces of three-point bending specimens were examined by SEM.
The representative fracture surfaces of CFRP composites with
0.3% ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA, as well as the
control sample, are shown in Fig. 10. The images on the left (A1,
B1, C1, and D1) show the regions along the fiber direction, while
the images on the right (A2, B2, C2, and D2) show the regions along
the cross-sectional direction of fibers. For the control sample, the
matrix detached from the surface of CFs due to weak interfacial
bonding strength, and the failure surfaces of carbon fibers were rel-
atively smooth without remnants of resin (Fig. 10A1 and A2). In
comparison, the specimens with ECNFs-HDA, VGCNFs-HDA, and
GCNFs-HDA could be distinguished from significantly different
interfacial microstructures and the deformations of the resin
matrices, as shown in Fig. 10B–D. These SEM micrographs showed
that the CFs were surrounded by and/or adhered to the resin, indi-
cating that the interfacial bonding strength between the CFs and
the epoxy matrix was improved by the nano-epoxy resins contain-
ing ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA. Additionally,
Fig. 10B1, C1, and D1 exhibited the dimpled/scalloped fracture fea-
ture. This could explain the formation of tougher interface between
the epoxy matrix and CFs; and Fig. 10B2, C2, and D2 further con-
firmed that the interfacial bonding strength between the epoxy re-
sin and CFs was improved due to the presence of closely arranged
broken CFs. These results suggested that CNFs in the nano-epoxy
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Fig. 10. SEM images showing the typical fracture surfaces acquired from three-point bending specimens: the control sample of CFRP composite without CNFs (A), and hybrid
multi-scale CFRP composites containing 0.3% ECNFs-HDA (B), VGCNFs-HDA (C), and GCNFs-HDA (D). The images on the left (A1–D1) were taken along the fiber direction,
while the images on the right (A2–D2) were taken along the direction perpendicular to the fibers.

Fig. 11. SEM images showing the typical fracture surfaces acquired from three-point bending specimens of hybrid multi-scale CFRP composites containing 0.5% ECNFs-HDA
(A), VGCNFs-HDA (B), and GCNFs-HDA (C).
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resins could deflect micro-cracks, and thus the resistance to crack
growth was increased, making the delamination more difficult to
occur. Meanwhile, CNFs could also break and/or detach from the
epoxy resin when the load was applied; this would increase the
matrix deformation and dissipate the strain energy, further pre-
venting the failure of composites and leading to the higher value
of mechanical properties. Nonetheless, as shown in Fig. 11A–C,
the CFs arranged less closely than those in Fig. 10B1, C1 and D1,
while the CNFs appeared to form agglomerates during the VARTM
process, indicating the incorporation of 0.5% ECNFs-HDA, VGCNFs-
HDA, or GCNFs-HDA into epoxy resin could decrease the interfacial
bonding strength between the epoxy resin and CFs. This was prob-
ably the reason that such composites had lower mechanical prop-
erties. For the nano-epoxy resins containing the same mass
fraction of CNFs, they exhibited similar values of mechanical prop-
erties; however, the mechanical properties of GCNFs/CFRP com-
posites were lower than those of ECNFs/CFRP and VGCNFs/CFRP
composites. This was also due to the formation of GCNFs agglom-
erates, resulting in that the nano-epoxy resin could not be effi-
ciently infused during the VARTM process to fabricate the
composites, which would have the detrimental effect on the
mechanical properties of composites consequently.

4. Concluding remarks

In this study, hybrid multi-scale composites were developed
from woven fabrics of CFs and nano-epoxy resins containing short
ECNFs (with diameters and lengths being �200 nm and �15 lm,
respectively); for comparison, VGCNFs and GCNFs were also stud-
ied for the preparations of nano-epoxy resins and the correspond-
ing hybrid multi-scale composites. It is noteworthy that, unlike
VGCNFs and GCNFs that are prepared by bottom-up methods,
ECNFs are produced through a top-down approach; hence, ECNFs
are much more cost-effective than VGCNFs and GCNFs. The follow-
ing remarks were concluded from experimental results:

(1) The nano-epoxy resins with ECNFs-HDA were prepared and
evaluated for the first time. The incorporation of ECNFs-HDA
into epoxy resin resulted in improvements on impact
absorption energy, tensile strength, and flexural properties
(strength, modulus, and work of fracture) simultaneously.
Compared to the neat epoxy resin, the incorporation of
0.5% ECNFs-HDA resulted in the improvements of impact
absorption energy by 17.3%, tensile strength by 22.5%, flex-
ural strength by 10.0%, elastic modulus by 14.6%, and WOF
by 43.7%, respectively.

(2) The aspect ratio of nanofibers had significant effect on
strength but not on modulus of the resulting (cured) nano-
epoxy resins. Regarding the improvements of impact, ten-
sile, and flexural properties for the nano-epoxy resins, ECNFs
outperformed VGCNFs and GCNFs.

(3) The prepared nano-epoxy resins were further studied to fab-
ricate hybrid multi-scale CFRP composites via the VARTM
technique. The study revealed that the nano-epoxy resins
containing ECNFs-HDA, VGCNFs-HDA, or GCNFs-HDA led to
improvements on impact absorption energy, inter-laminar
shear strength, and flexural strength for the resulting hybrid
multi-scale CFRP composites. This was due to the enhance-
ment of interfacial bonding strength between composite
resin matrix and CF filler as well as the improvement on
mechanical properties of composite resin matrix.

(4) The three types of CNFs exhibited similar effects on the
improvement of mechanical properties of the resulting
hybrid multi-scale composites, whereas ECNFs and VGCNFs
outperformed GCNFs slightly; this was because some
agglomerates of GCNFs formed during the treatment process
were too large to be infused during the fabrication of hybrid
multi-scale composites, leading to lower mechanical
properties.

(5) The optimal mass fraction of ECNFs-HDA, VGCNFs-HDA, and
GCNFs-HDA in their nano-epoxy resins was identified to be
0.3%. The nano-epoxy resin with 0.3% ECNFs-HDA resulted
in the improvements of impact absorption energy by
79.1%, inter-laminar shear strength by 42.2%, and flexural
strength by 13.6%, respectively. When the mass fraction of
ECNFs-HDA, VGCNFs-HDA, and GCNFs-HDA was higher
(e.g., 0.5%), the agglomerates of nanofibers would be formed
or the nanofibers would be filtered out by CF fabrics; these
would result in the decrease of mechanical properties.

(6) This study suggested that ECNFs had the potential to be uti-
lized as innovative reinforcement agent for the development
of nano-epoxy resins, which could be further utilized for the
fabrication of high-performance laminated composites.
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