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Here, an anodic electrophoretic deposition was adopted to facilitate the large-scale uniform coating of
nano-fillers onto carbon fibers to enhance the interfacial properties between carbon fibers and epoxy
matrix. As interface–reinforcing materials, aramid nanofibers were introduced because of their superior
mechanical properties and epoxy matrix-friendly functional groups. Furthermore, aramid nanofibers can
be readily coated on carbon fibers via electrophoretic deposition because they are negatively-charged in
solution with high electrical mobility. Finally, aramid nanofiber-coated carbon fibers showed signifi-
cantly improved interfacial properties such as higher surface free energy and interfacial shear strengths
(39.7% and 34.9% increases, respectively) than those of a pristine carbon fiber despite a very small amount
of embedding (0.025 wt% of aramid nanofibers in a carbon fiber), and the short beam strength of the lam-
inated composite prepared with the aramid nanofiber-coated carbon fibers was also improved by 17.0%
compared to a non-modified composite.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Advanced structural fibers such as carbon, glass, and aramid
fibers have been intensively adopted in high-performance applica-
tion fields, including aviation, aerospace, automotive, shipbuilding,
sports, and military [1–4]. To meet industrial requirements with a
high specification, many efforts have focused on improving the
material properties of each component comprising fiber-
reinforced composites [5]. Besides the well-designed combination
of reinforcing fibers and polymer matrix, the highly adhesive inter-
face between fibers and matrix is also a crucial factor to achieve
the ideal performance of fiber-reinforced composites. For achieving
better performance of structural composite parts, the control of the
interfacial properties between fibers and matrix has been made
toward higher adhesive strength, which can effectively help trans-
fer an external load from the matrix to fiber reinforcements [6,7].
Therefore, many approaches have been reported to enhance
fiber–matrix interfacial properties, such as modifying conventional
sizing agents, increasing the chemical functionality of fiber-
surface, or enlarging effective interfacial area [8–10]. To obtain
higher adhesive strength, conventional sizing agents have been
modified by hybridizing with reinforcing carbon nano-fillers such
as carbon nanofibers, carbon nanotubes, graphene sheets, and their
hybrids [11–13], or carbon nanotubes have been vertically grown
on fiber surfaces to increase effective interfacial area [8]. Besides
adopting as structural reinforcing fillers, carbon nanomaterials
can be further applied for energy, environment, and biological
areas as key building blocks to produce various and complex
geometry [14].

Aramid fibers (also known as Kevlar) have outstanding mechan-
ical properties such as high modulus, and high tenacity at a signif-
icant low density, which have been regarded as an ideal reinforcing
materials in advanced composites [15,16]. Recently, the nano-sized
form of aramid fibers has been developed with maintaining great
mechanical properties similar to their original macro-fibers [17].
Because a stable dispersion of aramid nanofibers (ANFs) is easily
obtained in dimethyl sulfoxide (DMSO), their hybrids with carbon
nanomaterials such as carbon nanotubes and graphene sheets have
been successfully manufactured and embedded as fillers in poly-
meric composites to increase mechanical stiffness [18–21]. As a
sizing material on reinforcing fibers, ANFs have been coated on
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glass fibers with graphene oxide using a layer-by-layer (LbL)
assembly technique [22]. Even though surface free energy and
interfacial shear strength have been successfully increased and
tuned by altering layer architecture, the amount of coated-ANFs
was not enough to cover the entire surface of fibers. In order to
obtain the large amount of coated materials, the LbL method
requires repetitive coating steps and counter-charged nanoparti-
cles or polyelectrolytes, which can be undesirable to show the best
performance of composites.

An electrophoretic deposition (EPD) is a simple and cost-
effective process with considerable flexibility to coat on any elec-
trically conducting substrates [23,24]. Due to the massive and
rapid movement of charged nano-materials under an external elec-
tric field, it is possible to produce a large scale nano-structure on a
substrate with only one-step coating. In this work, a simple anodic
EPD was used to produce ANF-coated carbon fibers with improved
interfacial properties (Fig. 1). In DMSO solution, ANFs are well-
dispersed with negative surface charges. Therefore, by applying
an electric field between electrodes, the negatively charged ANFs
are attracted toward an anode and then can be readily deposited
on carbon fibers without any chemical treatment and other
unwanted materials. By varying the concentration of ANF suspen-
sions under a certain EPD condition (voltage and time), the coating
morphology and amount of ANFs can be controlled to obtain the
best performance of carbon fiber-reinforced composites.
2. Experimental

2.1. Synthesis of ANFs

ANFs were prepared by following the method as reported by
Yang et al. [17] and all reagents were purchased from Sigma–
Aldrich. 0.25 g of chopped (�5.0 mm) Kevlar threads (Dupont)
were added to 500.0 mL of dimethyl sulfoxide (DMSO) with 1.5 g
of potassium hydroxide (KOH), and the solution was magnetically
stirred for one week at room temperature, yielding an orange col-
ored ANF suspension (0.05 wt%) in DMSO. In order to perform EPD,
more suspensions were manufactured using the same method and
3.5 L of ANF solution was used in EPD.
Fig. 1. Schematic illustration of coating of aramid nanofibers on carbon fiber surfaces by
this figure legend, the reader is referred to the web version of this article.)
2.2. Anodic EPD

In EPD stage, the anodic EPD was carried out with an ANF sus-
pension. Here, four different concentrations of the ANF solution (Ci)
were considered as 1.0 � 10�3, 5.0 � 10�3, 1.0 � 10�2, and
5.0 � 10�2 wt%. Fourteen woven fabrics (80 � 80 mm, areal den-
sity = 22 mg/cm2) of the carbon fibers (TR30, Mitsubishi) and fif-
teen 1.0 mm-thick stainless steel plates were sequentially
connected to anodes and cathodes of the power supply (6035A Sys-
tem DC Power Supply, Agilent Technologies), respectively. Each
fabrics and steel plates were placed with 5.0 mm of facing-
distance in a fixture. In order to achieve a uniform electrical field,
a conductive copper tape was applied to four edges of a carbon fab-
ric so that uniform deposition can be obtained. EPD was performed
under a constant voltage of 5.0 V for 1 min and the total amount of
the ANF solution was 3.5 L (3,850 g). After EPD, ANF-coated carbon
fibers were dried in 120 �C for 24 h.
2.3. Sample preparation of laminated composites

As for the preparation of carbon fiber composite samples, four-
teen layers of the ANF-coated carbon fabric were laminated and a
diglycidyl ether of bisphenol-A type epoxy resin (YD-128, Kukdo
Chemicals) was injected with am anhydride curing agent (KBH-
1089, Kukdo Chemicals) by a vacuum-assisted resin transfer mold-
ing process. The weight ratio of the epoxy resin and the curing
agent was 10:9 (150 and 135 g). The composite samples were
cured at 120 �C for 2 h. Note that all manufactured composite sam-
ples had similar thickness of 3.3 mm (±0.02 mm).
2.4. Measurement of surface free energy (SFE)

SFE of ANF-coated carbon fibers was measured from an advanc-
ing contact angle by the Wilhelmy method (K100SF tensiometer,
Krüss). Five individual fibers (5.0 mm length) were placed parallel
to each other (1.0 mm distance) onto a platinum holder and a con-
tact rate was 0.005 mm/s. To determine polar and dispersive com-
ponents of SFE, purified water and diiodomethane (158,429, Sigma
anodic electrophoretic deposition. (For interpretation of the references to color in
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Aldrich) were used as probe liquids, and the Owens–Wendt equa-
tion was used [25].

Wa ¼ cLð1þ cos hÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffi
cpSc

p
L

q
þ 2

ffiffiffiffiffiffiffiffiffiffi
cdScdL

q
ð1Þ

where Wa is the work of adhesion, c is the surface energy, and h is
the contact angle, respectively. The subscripts L and S are corre-
sponding to testing liquids and a solid (a carbon fiber), and the
superscripts p and d mean polar and dispersive components,
respectively.

2.5. Measurements of interfacial shear strength (IFSS) and short beam
strength (SBS)

IFSS between the ANF-coated fiber and epoxy resin was mea-
sured by the micro-droplet pull-out test [26]. A testing single fiber
was held to a paper window frame with 10.0 mm width and
25.0 mm length. One micro-droplet of epoxy resin mixed with a
curing agent at a weight ratio of 10:9, was applied to the fiber in
the quarter length of the window-frame using the tip of a carbon
fiber. The single carbon fiber with the epoxy droplet was cured
at 120 �C for 2 h. After finishing the curing of the micro-droplet,
the embedded fiber length (Le) was measured using an optical
microscope (LV100POL, Nikon). The fiber was then carefully cut
from the paper frame and the pull-out test was performed using
a dynamic mechanical analyzer (Q800, TA Instruments) with a dis-
placement rate of 10 lm/min. At the onset of micro-droplet
debonding, a maximum force (Fd) was recorded. Usually IFSS can
be calculated by

IFSS ¼ Fd

pDf Le
ð2Þ

where Df is the fiber diameter and pDfLe is the embedded area of the
resin on the fiber. Here, IFSS was determined from the slope of the
linear regression line in a plot of Fd versus pDfLe, due to the scatter-
ing of experimental data [27].

SBS was measured based on an ASTM D2344 standard method
using a universal tensile machine (5882, Instron) with a load cell
of 100 kN and an average value was determined from six different
samples for an each different coating sample.

2.6. Characterization

The zeta potential of the manufactured ANF solution was mea-
sured by using an Electrophoretic Light Scattering Spectro-
photometer (ELS-8000, Otsuka Electronics). The absorbance of
ANF solution before and after EPD was measured by an ultravio-
let–visible (UV–Vis) spectroscopy (Cary 5000, Agilent Technolo-
gies) at 335 nm wavelength. Chemical structures of a carbon
fiber, ANFs, and ANF-coated carbon fibers were studied by Fourier
transform infrared (FT-IR) spectroscopy (Nicolet iS10, Thermo Sci-
entific). The micro-structure and size of ANFs were observed using
a transmission electron microscopy (TEM, JEOL-2100) with an
accelerating voltage of 200 kV. The ANF-coating morphology and
crack patterns in the fractured composite samples were investi-
gated by the scanning electron microscopy (SEM, JEOL JSM-5800)
observation.

3. Results and discussion

Highly uniform ANFs were prepared by dissolving Kevlar bun-
dles using potassium hydroxide based on the well-established pro-
cedure by Yang et al. with slight modification [17]. Prepared ANFs
were well-dispersed to form a homogeneous orange-colored solu-
tion in DMSO (Fig. 1a). The light-colored observation is due to
lower concentration (0.05 wt%) than that in the previous work
(0.2 wt%) [17]. A transmission electron microscopy (TEM) image
shows individually decomposed ANFs having a diameter of
approximately 20 nm with a length of 5–10 lm (Fig. 1b). ANFs
had high electrical mobility with a zeta potential value of
�18.8 mV, which can promote facile coating on substrates in EPD
with a highly dispersive characteristic. Fig. 2 shows a characteristic
UV/vis absorbance of ANFs with increasing the concentration of
ANF solutions. The highly linear fitting of the absorbance at
335 nmwith the ANF concentrations gave a linear equation follow-
ing the Beer–Lambert law.

In EPD, four different initial concentrations (Ci) of ANF solutions
were considered (Table 1). Fourteen carbon fabrics, which are
needed for one composite sample, and fifteen steel plates were
sequentially connected to corresponding electrodes in an alternat-
ing order (Fig. 1), so that ANFs can be well-coated on both sides of
carbon fabrics. The amount of coated ANFs in carbon fibers can be
quantitatively determined by using the linear equation in Fig. 3,
since the difference of the absorbance of ANF solutions before
and after EPD can give the concentration of the coated ANF (DC).
After EPD, the decreases of the concentration for different ANF
solutions were almost identical by 2.5%, which implies that the
amount of coated ANFs is dominantly dependent on EPD process
conditions.

Here an applied voltage and time were fixed as 5 V and 1 min.
Note that lower voltage and shorter time gave no significant coat-
ing of ANFs, while higher voltage and longer time caused non-
uniform and excessive coatings (see Fig. S1 in Supporting Informa-
tion). The voltage and process time are important parameter to
determine the morphology and the amount of coated ANFs. As
the voltage and the time in the EPD process increase, the amount
of coated ANFs also increases and then reaches a plateau over cer-
tain EPD conditions (see Fig. S2 in Supporting Information). Even
though higher values of voltage and time than the predetermined
conditions of 5 V and 1 min can give higher loading of ANFs, it is
hard to obtain well-coated morphology of ANFs on individual car-
bon fibers. Therefore, the optimum EPD condition can be predeter-
mined to obtain the ideal coating morphology and the amount of
ANFs on carbon fibers, although they cannot give kinetically
equilibrium.

With known parameters such as the total amount of ANF solu-
tion in EPD (M, 3850 g), the areal density of a carbon fabric (dA,
22 mg/cm2), the number of fabrics (N, 14 sheets), and the area of
EPD coating (A, 64 cm2), the weight fraction of coated ANFs (CANF)
on a carbon fiber can be calculated by using an analytic equation,

CANF ¼ M � DC
dA � N � A : ð3Þ

Since DC = 0.025Ci, the weight fraction of the coated ANFs on a car-
bon fiber after EPD becomes CANF = 4.9Ci, which were listed in
Table 1. As being shown later, 2.5 � 10�2 wt% ANF-coated carbon
fiber sample (ANF2) showed the best result on SBS. Note that such
content is much less than the value (0.1–5.0 wt%) ever reported for
nanofiller hybrid composites exhibiting similar enhancement of SBS
(or interlaminar strength) [12,28–31].

The chemical structures of a carbon fiber, ANFs, and ANF-coated
carbon fibers (ANF2) were identified by FT-IR spectroscopy, as
shown in Fig. 4. The characteristic bands of a pristine ANF at
1649 cm�1 (C@O stretching), 1545 cm�1 (NAH deformation and
CAN stretching), 1516 cm�1 (C@C stretching), and 1319 cm�1

(PhAN vibrations) were also observed in the peak of ANF-coated
carbon fibers. These observations demonstrate that ANFs are suc-
cessfully coated on the surface of carbon fibers. The existence of
ANFs on a carbon fiber can be also confirmed by a SEM image
(see Fig. S3a in Supporting Information). Because ANFs easily
construct a thin coating layer after finishing EPD process, we per-



Fig. 2. (a) A photograph of a suspension and (b) a TEM image of ANFs in DMSO. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Table 1
Concentrations of ANF solutions before EPD and weight fractions of coated ANFs on a
carbon fiber after EPD.

Notation Concentration or weight fraction (wt%)

Before EPD (Ci in solution) After EPD (CANF in fiber)

ANF0 Pristine carbon fiber
ANF1 1.0 � 10�3 4.9 � 10�3

ANF2 5.0 � 10�3 2.5 � 10�2

ANF3 1.0 � 10�2 4.9 � 10�2

ANF4 5.0 � 10�2 2.5 � 10�1

Fig. 3. UV/vis spectra of ANF in DMSO. The inset shows the linear relationship
between the absorbance at 335 nm and ANF concentration. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 4. FT-IR spectra of ANFs, carbon fibers, and ANF-coated carbon fibers (ANF2).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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formed a short-time EPD (5 V and 10 sec) for ANF2 concentration.
In the figure, a single ANF on a carbon fiber can be clearly seen.

In order to determine the optimum concentration of initial ANF
solutions, ANF-coated morphologies on carbon fibers were exam-
ined by investigating whether carbon fibers are individually coated
with ANFs and the amount of coated ANFs is not too less or exces-
sive. It is because when the amount of coated ANFs is too low, there
will be no significant effect on enhancing the mechanical property
of carbon fiber composites. When the coating amount is too exces-
sive, it may block micro-channels in a fiber bundle by forming a
barrier-layer to prevent the complete filling of matrix resin in the
composite [9,32]. Fig. 5 shows SEM images of carbon fiber mor-
phologies from different coating cases. Fig. 5a shows a pristine car-
bon fiber without coating of ANFs. By using 1.0 � 10�3 wt% of ANF
concentration (ANF1), the negligible amount of ANFs was observed
on carbon fiber (Fig. 5b) where the surface morphology is almost
the same as pristine carbon fibers. The ANF2 showed uniform mor-
phologies with individual coating of ANFs (Fig. 5c and d). ANF3
(Fig. 5e) showed thicker and smoother ANF-coating morphology
than ANF2 but some ANFs constructed a film across carbon fibers.
When a high concentration of ANF was applied (ANF4), a huge and
thick ANF-film was formed with covering the entire area of carbon
fibers due to excessive deposition (Fig. 5f). Such a covering film of
ANFs would lead unhealthy composites with numerous micro-
voids by obstructing smooth resin infiltration. As for ANF4, a single
carbon fiber was detached from neighboring fibers and its SEM
image shows that ANFs were not coated on the whole area of the
carbon fiber (see Fig. S3b in Supporting Information).

To evaluate the surface properties of ANF-coated carbon
fibers, the SFE of each modified carbon fiber was measured based



Fig. 5. SEM images of ANF-coated carbon fibers: (a) ANF0, (b) ANF1, (c) ANF2, (d) a magnification of ANF2, (e) ANF3, and (f) ANF4.
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on the Owens–Wendt method [25], as shown in Fig. 6a.
Specifically, the SFE of the modified carbon fiber was calculated
by measuring the contact angle with distilled water and
diiodomethane to account for the contribution of the dispersive
and polar parts of the SFE, respectively. ANF1 showed negligible
increase of the SFE compared with the non-coated carbon fiber,
owing to the small amount of ANF-coating. With a slight increase
of 2.3% in the polar part of the SFE, ANF2 showed a significant
increase of 72.0% in the dispersive part (39.7% in total SFE)
compared with the pristine carbon fiber whose SFE was 22.1 and
Fig. 6. (a) SFE and (b) IFSS of ANF-coated carbon fibers with different loading amounts. (F
to the web version of this article.)
13.2 mN/m for the dispersive and polar parts, respectively. This
can be explained that the abundant aromatic segment and amide
groups in the ANF could contribute to the improvement of the dis-
persive part of the SFE with preserving the polar part, and led to
higher total surface energy. Note that ANF3 and ANF4 did not show
noticeable increase of SFE despite of the excessive coating of ANFs.
This indicates that the coating layer of ANF from 2.5 � 10�2 wt%
solution in carbon fibers can be regarded as an optimum loading
and is sufficient for enhancing the work of adhesion of carbon
fibers.
or interpretation of the references to color in this figure legend, the reader is referred



Table 2
SFE and IFSS of ANF-coated carbon fibers, and SBS of composites.

Sample SFE (mN/m) IFSS & SBS (MPa)

Polar Dispersive Total IFSS SBS

ANF0 13.2 (±0.4) 22.1 (±0.3) 35.3 (±0.7) 19.2 (±0.7) 63.7 (±1.5)
ANF1 13.6 (±0.7) 23.6 (±0.6) 37.2 (±1.1) 19.9 (±1.5) 62.3 (±3.5)
ANF2 13.5 (±0.5) 35.8 (±0.4) 49.3 (±0.9) 25.9 (±1.1) 74.5 (±2.3)
ANF3 12.9 (±0.7) 37.2 (±0.5) 50.1 (±1.2) 26.3 (±1.9) 66.9 (±2.9)
ANF4 13.3 (±0.5) 37.3 (±0.6) 50.6 (±1.1) 27.1 (±1.3) 45.1 (±4.6)

Fig. 7. SBS of ANF-coated carbon fiber composites. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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The interfacial adhesion between the ANF-coated carbon fibers
and epoxy resin was examined by investigating the IFSS using a
micro-droplet pull-out test [26]. From the plots of the maximum
debonding force versus the embedded area of micro-droplets of
the epoxy matrix, the slope of linear regression lines can give the
value of IFSS [27]. Fig. 6b shows that the IFSS of all ANF-coated car-
bon fibers increased in comparison with that of a pristine carbon
fiber (19.2 MPa), and these enhancement well correlates with
those in the SFE as summarized in Table 2. While ANF1 showed
only 3.6% increase in IFSS, ANF2 exhibited a 34.9% higher IFSS
(25.9 MPa) than that of a pristine carbon fiber. Interestingly, IFSS
values of ANF3 and ANF4 reached a plateau as observed similarly
Fig. 8. SEM images of crack patterns and fractured surfaces of pristine
in the SFE. Thus, the increases in IFSS are dominantly attributed
to the higher SFE of the surfaces of the ANF-coated carbon fibers
as well as the remarkable mechanical property of the ANFs. Fur-
thermore, the abundant carboxylic acids and amine functional
groups could provide many reactive anchoring site for helping
the crosslinking and curing the epoxy resin [22,33,34]. Therefore,
the surface modification with ANFs can lead to the enhancement
of both SFE and IFSS of carbon fibers.

Finally, the effectiveness of the enhanced SFE and IFSS by intro-
ducing ANFs on the matrix-dominant mechanical property of car-
bon fiber reinforced composites was investigated by evaluating
the SBS through short-beam shear tests (ASTM D2344). Fig. 7 and
Table 2 show that ANF2 exhibited the highest SBS increased by
17.0% because the adequate amount of ANFs was coated on the car-
bon fiber surface, while the low amount of ANF-coating (ANF1)
insignificantly changed SBS. An ANF3 sample has lower SBS than
the one of ANF2 owing to smoother surface roughness to hamper
a mechanically interlocked structure between the fiber and matrix
as well as several ANF-films across each carbon fiber to decelerate
the infiltration flow of resin. The smoother fiber surface in ANF3
also reduced the effectiveness of the surface groove in an original
pristine carbon fiber, which is beneficial to facilitate the interfacial
strength. The SBS in the ANF4 sample largely decreased by 29.2%
compared to the ANF0. This huge degradation is because of the
thick ANF-film spanning over the carbon fibers, which prevents
the smooth resin infiltration into micro-spaces in a yarn and leaves
many resin-unfilled voids in a composite sample. Thus, an external
load cannot effectively transfer from a matrix to reinforcing fibers
and an initiated crack propagates in between a fiber bundle not
along the interface between the fiber and matrix. Finally, such a
layered composite is delaminated at a low force level. This phe-
nomenon can be easily observed by a fracture pattern in an
intra-bundle area (see Fig. S4 in Supporting Information).

To ensure this argument, we measured the weight of epoxy
resin in the manufactured composites by subtracting the weight
of carbon fibers from the weight of as-produced composites. As
for the ANF0 composite, the fiber volume fraction was measured
as 51.6% which is similar to the theoretical value 51.9%, and the
measured weight of the epoxy resin was 11.3 g (theoretical value
is 11.2 g). ANF1 and ANF2 samples showed almost same values
((a) and (b)) and ANF-coated ((c) and (d)) carbon fiber composites.
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of resin weight (11.3 and 11.2 g). However ANF3 and ANF4 had
lower resin weight of 10.7 and 10.1 g, which represents that the
matrix fraction are only 46.1% and 43.5%. Note that the ideal vol-
ume fraction of epoxy resin in the composite is 48.4%. Therefore,
due to the poor resin infiltration by ANF-films across each carbon
fiber, ANF3 and ANF4 had insufficient amount of polymer resin
and finally produced unhealthy composites. This suggests that
the increase of SFE and IFSS of carbon fibers by the surface modifi-
cation with ANFs cannot solely determine the enhancement of SBS
of the composite. By optimizing the coating amount of ANFs, both
the surface roughness and the individually-coated morphology in
modified fibers should also be well-controlled in order to accom-
plish an ultimate increase in SBS.

After evaluation of the load transfer of ANF containing samples,
the crack patterns and the fractured surfaces were examined under
SEM (Fig. 8). The pristine carbon fiber composite showed cracks in
a resin rich region and a laminate interface (Fig. 8a). Also, clear
fracture morphology indicates that fibers were readily detached
from a matrix due to low mechanical resistance, which represents
a low interfacial adhesion (Fig. 8b). However, the ANF2 sample
showed many detoured-cracks (Fig. 8c), which implies that
coated-ANFs effectively suppressed and delayed the initiation
and propagation of cracks. Also, numerous fiber breakages can
explain that an applied load was efficiently transferred to the car-
bon fibers. On the fractured surface in ANF2 (Fig. 8d), many epoxy
debris were still adhered, which confirms the strong interfacial
bonding between the ANF-coated carbon fiber and the epoxy
matrix.
4. Conclusions

We successfully coated ANFs on carbon fibers using a simple
but effective EPD with facile morphology control by varying initial
concentration of ANF in order to enhance the interfacial adhesion
between the carbon fiber and the epoxy matrix. The EPD with opti-
mized process parameters facilitated the development of individu-
ally ANF-coated carbon fibers having increased interfacial
properties and controlled surface morphology. Particularly, the
increase of SFE, IFSS, and SBS was mainly attributed to the abun-
dant functionalities and the outstanding mechanical properties of
ANFs. The enhancement of SBS also depends on the surface rough-
ness of ANF-coated fibers and the configuration in a fiber bundle.
Noticeably, with remarkably low embedding amount of ANFs (only
0.025 wt%), the interfacial adhesion of carbon fibers was effectively
enhanced. Therefore, ANF-coating with fine-controlled surface
morphology using a facile EPD can offer a novel sizing tool for an
advanced fiber composites. Furthermore, ANFs can be applied for
polymer nanocomposites as innovating fillers due to their superior
mechanical performance and solution-processability.
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