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a b s t r a c t

A novel two-layer reinforced carbon fiber (CF), i.e., Ag nanoparticles (Ag NPs)/graphene oxide (GO)
reinforced CF (named as CF/Ag/GO) was prepared by an electrochemical deposition and electrophoretic
deposition (EPD) consequently. The modified fiber showed an increased interfacial shear strength (IFSS)
and tensile strength. Transmission electron microscopy (TEM), scanning electron microscopy (SEM),
Fourier transform infrared spectra (FTIR), X-ray photoelectron spectroscopy (XPS), Raman spectrometer,
atomic force microscopic (AFM) and dynamic contact angle analysis (DCA) were carried out to investigate
CF reinforced composites. And test results demonstrated that the presence of Ag NPs and GO sheets
increased the surface roughness and surface energy of CFs significantly. IFSS of CF/epoxy and the tensile
strength of CFs were increased by 86.1% and 36.8%, respectively. Ag NPs filled in the cracks in CF
effectively to enhance the tensile strength, while GO sheets improved the wettability of resin on CFs and
formed mechanical interlocking between CFs and epoxy resin. These Ag NPs and GO sheets worked
together in a ferocious synergy on the interface of CF and epoxy to cause the enhanced mechanical
properties.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In recent decades, carbon fibers (CFs), which worked as an ideal
reinforcing phase in polymer composites, have attracted tremen-
dous attentions due to their low weight, high stiffness, excellent
tensile strength and high thermal stability [1e3]. However, certain
drawbacks of CFs/polymer composites, which are the poor wetta-
bility and weak adhesion between CF and matrix, limit their wide
ang), wangn02@foxmail.com
applications [4,5]. And weak interfacial strength leads to deterio-
rating performance of composite materials. Therefore, enhancing
the interfacial adhesive properties between CF and matrix such as
epoxy via surface modification with various nanoscale materials is
critical [6,7]. Graphene or graphene oxide (GO) has been demon-
strated as an ideal candidate for selective reinforcement of fiber-
matrix interface regions or hydrogels [8,9] owing to its
outstanding thermal, electrical and mechanical performance
[10e13]. The combination of CFs and graphene would help the
stress transfers fromweakmatrix to strong fibers [14]. For example,
the mechanical properties of graphene or GO reinforced CF/epoxy
composites are enhanced dramatically [15]. However, the
improvement of fiber tensile strength is relatively disappointing,
for example, �9.8% in PBO fibers/epoxy composites [16], 7.9% in CF/
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Fig. 1. Schematic diagram of the procedure for the fabrication of CF/Ag/GO.
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epoxy composites [17] and 12.4% in CF/polyethersulfone compos-
ites [15].

Metal or metallic oxide nanoparticles were usually used to
reinforce epoxy composites [18,19]. Metal nanoparticles have been
also used to functionalize CFs, which exhibited greatly enhanced
tensile strength [20], it was speculated that the metal nanoparticles
could fill in the surface cracks of fibers and increase the radius of
the crack tip to avoid the stress concentration. Among metal
nanoparticles, Ag nanoparticles (Ag NPs) are popular due to their
high electrical and thermal conductivities [21,22]. Besides, elec-
trodeposition method with many advantages, for example, good
uniformity, high efficiency, high yield, thickness controllable,
binder-free and easy to scale up can be used to deposit metal,
phosphors or catalysis coatings from a stable solution [23]. Analo-
gously, electrophoretic deposition (EPD) is also a versatile tech-
nique that can be used to deposit any powdered solid (from micro-
to nano-particles) from a stable suspension. Now EPD has been
developed to deposit nanotube, graphene and graphene-based
materials for field emitters or energy storage applications. How-
ever, to combine both nanoparticles and GO onto CFs has not been
reported.

In this paper, we presented new Ag NPs and GO modified CF
reinforcement to strengthen the mechanical property of CF/epoxy
composites. Efficient electrophoretic deposition (EPD) and elec-
trodeposition were carried out to deposit Ag NPs and GO onto the
surface of CF layer by layer, respectively. Ag NPs and GO sheets were
able to fill in the surface cracks on fibers and increase the wetta-
bility between matrix and fiber, respectively. Epoxy matrix was
selected to evaluate the performance of CF reinforced composites
due to its widespread use as engineering materials. Mechanical
properties and surface properties of CFs with and without surface
treatments were compared. It has been found that after modifica-
tion, the novel two-layer reinforced CF was able to enhance IFSS of
CF/epoxy, as well as CF tensile strength. Besides, this easy and
efficient modification method could be helpful to industrial appli-
cation of high-performance CF reinforcements.

2. Materials and methods

2.1. Materials

CFs (T700SC) was provided by Toray (Japan). GO was produced
by oxidation of scaly graphite through modified Hummer's method
[24,25]. Silver nitrate (AgNO3) and poly (vinylpyrrolidone) (PVP
Mn ¼ 30,000) were supplied by Sigma-Aldrich. Hydrochloric acid
(36e38%), concentrated sulfuric acid (95e98%), concentrated nitric
acid (68%), isopropyl alcohol, potassium permanganate (KMnO4)
and magnesium nitrate hexahydrate (Mg(NO3)2$6H2O) were pro-
vided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai).

2.2. Experimental procedures

2.2.1. Electrodeposition, EPD and preparation of modified CFs/epoxy
microdroplets

As-received CFs were firstly desized in refluxed acetone for 48 h,
marked as untreated CF. Then, Ag NPs were prepared to fill in the
surface cracks on fibers and improve the tensile strength of CF by
electrodeposition. Briefly, an electrophoresis apparatus was con-
nected with conductive substrates, the untreated CF bundle used as
cathode, and a stainless steel tubing served as anode. AgNO3 and
PVP were used as support electrolyte. The concentration of AgNO3
was 6 mmol L�1, and the mole ratio of PVP to AgNO3 in the elec-
trolyte was 3:1. Electrodeposition was performed with the applied
voltage (E) of 30 V, and the parallel arrangement with spacing (d) of
1 cm. After varying the deposition time of 10 s, 30 s, 60 s and 90 s,
the Ag-loaded CFs were cleaned with excess water, and let it in the
air for 24 h, marked as CF/Ag-10, CF/Ag-30, CF/Ag-60 and CF/Ag-90,
respectively. Subsequently, GO was deposited on the surface of CF/
Ag-30 by EPD process. These GO sheets could increase the specific
surface area of CF and stick into the matrix to enhance the me-
chanical interlocking. Briefly, EPD was performed within 200 mL
electrophoretic ink, which was a mixture of GO (0.1 mg/mL) and
Mg(NO3)2$6H2O (0.1 mg/mL render the graphene sheets positively
charged) ultrasonic-dispersed in isopropyl alcohol. After that, CF/
Ag-30 was used as cathode, and stainless steel tubing was served
as anode. EPD performed in condition of d ¼ 1 cm, E ¼ 160 V for
30 s, 60 s or 120 s, respectively. Then all the modified CFs were
cleanedwith excess water and isopropyl alcohol, and let them in air
for 24 h. The resulted modified CFs are marked as CF/Ag/GO-30, CF/
Ag/GO-60 and CF/Ag/GO-90, respectively. The scheme of prepara-
tion of CF/Ag/GO was shown in Fig. 1.

Resin microdroplets were mixed by epoxy resin and the hard-
ener, which contains the WSR618 and methyl tetrahyelrophthalic
anhydride (weight ratio 100:32), and then the mixture was applied
on a single CF to form resin microdroplet. The curing process took
place for 2 h at 90 �C, 2 h at 120 �C and 4 h at 150 �C. The prepared
specimens were used to evaluate interfacial properties.
2.2.2. Characterizations of CFs
IFSS of CF and epoxy was assessed by micro-bond test via the

interfacial evaluation equipment (FA620, Japan). The test was car-
ried out by a moving trestle together with a single fiber at a
displacement rate of 0.05 mm/s. Then the prepared specimens were
tested and the maximum loads during the test were noted down.
The IFSS was counted using Equation (1) [16].

IFSS ¼ F
pdl

(1)

where F is the recorded maximum load, d is the diameter of CF, and
l is the effective length of CF that embedded in the matrix.

SEM measurements of GO and modified CFs were performance
(200FEG, Quanta FEI Inc. USA) used to access, by operating at 20 kV.
Gold sputteringwas applied before SEM observation to improve the
conductivity for better imaging. TEM (Hitachi H-7650) was carried
out to investigate the microstructures of GO and CF/Ag/GO, by
operating at 200 kV accelerating voltage. AFM was carried out to
examine the thickness of GO and the surface roughness (Ra) of
different CFs, using NT-MDT Solver-P47H in the tapping mode of
operation. The chemical compositions of CFs were analyzed quan-
titatively by XPS, using ESCALAB 220i-XLVG instrument at a
monochromatic Al Ka source (energy 1486.6 eV). The chemical
groups on CFs surface were measured by FTIR spectrum (Nicolet,
Avatar360, USA) with the wavenumber range of 400e3600 cm�1.
Raman spectra were collected by Renishaw 2000 Raman
spectrometer.

Monofilament tensile test was performed based on the ASTM
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D3379-75 [26], where made on Instron 5566 at crosshead speed of
10 mm$min�1and the gauge length of 20 mm. Effective data was
collected and analyzed base on the Weibull statistical method [27].

Dynamic contact angle meter and tensiometer was carried out
to access dynamic contact angle of CFs using DCAT21 Data-Physics
Instruments. The liquids for test is deionized water
(gd ¼ 21.8 mN m�1, g ¼ 72.8 mN m�1) and diiodomethane
(gd ¼ 50.8 mNm�1, g ¼ 50.8 mNm�1) [28]. The surface energy (gf),
polar component (gfp) and dispersion component (gfd) of the CFs
were estimated by Equations (2) and (3) [2],:

glð1þ cos qÞ¼ 2
�
gpl g

p
f

�1=2 þ 2
�
gdl g

d
f

�1=2
(2)

gf ¼ gpf þ gdf (3)

where q, gl, gld and gl
p are the advancing contact angle, the surface

tension of the test liquid, the dispersive component of gl, and the
polar components of gl, respectively.

3. Results and discussion

3.1. The characterizations of GO sheets

Fig. 2a&b shows SEM and TEMmicrographs of the obtained GO.
GO shows flat and thin wrinkled structure which can be observed
the transparent sheets in several micrometers. This unique wrin-
kled structure can greatly strengthen mechanical interlocking and
stress transmission between modified CFs and matrix [29]. AFM
micrograph exhibits that the thickness of the GO used in EPD is
1.41 ± 0.25 nm, as shown in Fig. 2c.

3.2. The effects of Ag and GO loadings

The loading content of Ag and GO on CF has effects on the
mechanical properties of CF composites directly properties of [20].
Table 1 shows the Ag contents and single fiber tensile strength of Ag
NPs-loaded CFs. The results suggest that Ag content and the tensile
Fig. 2. Morphology of GO sheets. (a) SEM image of GO, (b) TEM image of a GO film, and (c) AF
of GO.

Table 1
Ag contents and single fiber tensile strength of Ag NPs-loaded CFs in different depositio

Samples Time (s) Ag (%)

Untreated CF 0 0
CF/Ag-10 10 0.75
CF/Ag-30 30 1.82
CF/Ag-60 60 3.36
CF/Ag-90 90 5.21
strength increase as deposition time goes on at the beginning.
When the deposition time exceeds 30 s, the single fiber tensile
strength of CF/Ag becomes constant. Thus, 30 s is chosen as the best
deposition time in this work and CF/Ag-30 is chosen for further
deposition of GO.

As for the preparation of CF/Ag/GO, CF/Ag-30 is used as the
working electrode under different EPD time. Fig. 3aec shows the
surface morphology of CF/Ag/GO-30, CF/Ag/GO-60 and CF/Ag/GO-
120, respectively. This proves that the load amount of GO in-
creases with the EPD time. When EPD time is 120 s, CF/Ag/GO-120
has a heavy layer and the GO sheets agglomerate on the CF surface,
which facilitates the stress concentration location in the interfaces.
Table 2 describes the IFSS and single fiber tensile strength of CF/Ag/
GO prepared with different EPD time intervals. The results
demonstrate that after the EPD of GO, IFSS of CF/Ag/GO improves
sharply while the tensile strength slightly increases. This is because
the presence of GO increased the surface roughness and the
number of active functional groups. GO could enhance wettability,
and then enhance the interfacial interaction of CF and epoxy [20]. It
is shown that while the deposition time increases, the IFSS value
increases first and then decreases. As the deposition time increases,
the amount of GO deposited on CF grows and further the wetta-
bility and mechanical interlocking between CF and epoxy increase.
However, when the deposition time is over 60 s, the IFSS value
starts to decrease, this is because that the weak van der Waals
interaction among GO sheets lead to the interface failure in the
heavy layer of the GO sheets [30]. Therefore, the best EPD time is
60 s.
3.3. Surface morphologies of CFs

The morphologic characterization (Fig. 4) shows the surface
morphology changes of untreated CFs and modified CFs. The SEM
image of Fig. 4a reveals that untreated CF surface is neat and
smooth. After deposition of Ag NPs, the surface morphology of CF/
Ag-30 (Fig. 4b) does not show obvious changes because the nano-
sized Ag particles are hard to be observed under low magnifica-
tion. The smooth surface of CF roughens up in high-magnification
M image of a GO sheet. The white line inset represents the corresponding height profile

n time.

Weibull shape parameter (m) Tensile strength (GPa)

4.65 4.54 ± 0.30
5.02 4.98 ± 0.37
5.78 5.76 ± 0.42
5.81 5.79 ± 0.45
5.82 5.81 ± 0.51



Fig. 3. SEM images of (a) CF/Ag/GO-30, (b) CF/Ag/GO-60 and (c) CF/Ag/GO-120.

Table 2
IFSS and single fiber tensile strength of CF/Ag/GO in different EPD time.

Samples Time (s) IFSS (MPa) Weibull shape parameter (m) Tensile strength (GPa)

Untreated CF 0 46.8 ± 4.91 4.65 4.54 ± 0.30
CF/Ag-30 0 73.6 ± 5.52 5.78 5.76 ± 0.42
CF/Ag/GO-30 30 83.5 ± 7.11 5.92 5.91 ± 0.51
CF/Ag/GO-60 60 87.1 ± 7.84 6.34 6.21 ± 0.57
CF/Ag/GO-120 120 84.2 ± 8.42 6.35 6.23 ± 0.68
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image in Fig. 4c. The Ag NPs are well dispersed on the surface of CF/
Ag-30 and the particle size appears to be pretty uniform. On the
other hand, after the EPD of GO, a great change emerges on the
surface morphology of CF/Ag/GO-60, as shown in Fig. 4def. GO
sheets in different sizes are observed to be attached firmly to the
CF/Ag/GO-60, forming a unique hierarchical structure. In addition,
the Ag NPs can be observed under the GO sheets clearly, indicating
the improved stability of Ag NPs by the EPD of GO. This new hybrid
structure is expected to be beneficial to enhance interfacial prop-
erty between CF and matrix. The mechanical properties of com-
posites can be obviously enhanced by addition of nano carbon
materials into composites, such as nanotubes [31,32] or graphene.
Fig. 4. SEM images of (a) untreated CF,
AFM images of different samples (Fig. 5aec) show varied surface
roughness alongwith SEM images. For the untreated CF, the surface
looks smoothly and neatly. And the practical production of CF has
contributed to several narrow grooves. The surface roughness (Ra)
value of untreated CF is 50.2 nm. The higher surface roughness
(Ra¼ 96 nm) of CF/Ag-30 (Fig. 5b) is due to the deposition of a large
number of Ag NPs. After deposition of GO, large quantities of GO
sheets are attached to CF/Ag/GO-60 (Fig. 5c) leads to the highest
roughness (Ra ¼ 197 nm). The increased roughness is good for
mechanical interlocking of CF and epoxy.

To explore the interfacial structure among Ag NPs, GO sheets
and CF, TEM was used to observe this hierarchical structure. The
(b,c) CF/Ag-30, (cef) CF/Ag/GO-60.



Fig. 5. AFM images of (a) untreated CF, (b) CF/Ag-30, (c) CF/Ag/GO-60 and TEM image of cross-section of (d) CF/Ag/GO-60. TEM micrograph showing the nanocomposite structure
near the fiber/matrix interface.
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cross section of CF/Ag/GO-60 (Fig. 5d), thin GO sheets can be seen
on the surface of CF. Some spherical particles (about 30e70 nm in
diameter) appear between the GO sheets and CF, which are found
to be Ag NPs. This proves that new interface structure has been
formed on the CF/Ag/GO. That is to say that both Ag NPs and GO are
deposited on CF surface successfully and this hierarchical structure
might be beneficial to fill the defects and enhance the interfacial
strength [33].
3.4. Surface characteristics of CF

The element composition of CFs and the successful deposition of
Ag NPs and GO were corroborated using XPS. Fig. 6a reveals the
wide-scan XPS spectra of different samples, while Table 3 shows
the calculated results. Silver element can be found on CF/Ag-30,
suggesting that the silver ions have been converted to metallic
silver during the deposition process (small peaks at 368.32 eV and
374.27 eV match Ag 3d5/2 and Ag 3d3/2). Compared with the un-
treated CF and CF/Ag-30, the CF/Ag/GO-60 has the highest oxygen
content, indicating that GO sheets, which contain large amounts of
active functional groups, have been successfully deposited on CF
surface. Moreover, the surface silver content of CF/Ag/GO-60 de-
creases from 0.61% to 0.23%, because the Ag NPs are covered by GO
sheets.

The C1s spectra of GO are fitted into four peaks (Fig. 6) to know
the types of functional groups on GO [34]. The four peaks centered
at 284.6 eV (peak I) corresponding to graphitic carbon;
286.1e286.3 eV (peak II) corresponding to epoxy phenolic and
alcoholic groups [35]; 287.3e287.6 eV (peak III) corresponding to
carbonyl or quinone groups and 288.4e288.9 eV (peak IV) corre-
sponding to carboxyl or ester groups. It is expected that the
carboxyl, epoxy and hydroxyl groups of GO sheets increase wetta-
bility between CF and polar resin. While compared with the C1s
spectra of untreated CF and CF/Ag-30, the C 1s spectrum of CF/Ag/
GO-60 shows more oxygen related groups. The increased peak
areas of hydroxyl and carboxyl are observed in Fig. 6d. These
oxygenic groups are beneficial for increasing the wettability be-
tween CFs and resin.

The studies of FTIR (Fig. 7a) showed differences between spectra
of untreated CF and CF/Ag/GO-60. Compared with untreated CF,
new features on the spectrum of CF/Ag/GO-60 at 1050 and
1240 cm�1 are assigned to the stretching vibration of C-O-C [36].
The new peak at 1408 cm�1 is related to COO- stretching modes of
ester group. The new features at 1620 and 1730 cm�1 are due to
-COOH and C¼O stretching modes of carbonyl group. The peak at
3350 cm�1 is assigned to the stretching vibration of -OH. This
proves that GO sheets is deposited successfully on CFs.

Raman spectroscopy (Fig. 7b) is adopted to analyze the struc-
tures of CF surface. In similar spectra, two Raman bands are
observed around 1333 and 1590 cm�1 in both untreated CF and CF/
Ag/GO, which are assigned to the G and D bands that correspond to
the E2g mode and A1g mode [37], respectively. The integral area



Fig. 6. (a) Wide-scan XPS spectra of different CF samples and C 1s high-resolution XPS element spectra of (b) GO, (c) untreated CF and (d) CF/Ag/GO-60.

Table 3
Surface element compositions of the samples.

Samples Element contents (%)

C (%) O (%) Ag (%)

Untreated CF 87.37 12.63 0
CF/Ag-30 86.71 12.68 0.61
CF/Ag/GO-60 75.11 25.66 0.23

C. Wang et al. / Polymer 131 (2017) 263e271268
ratio of D/G bands (ID/IG) explains the crystalline order of carbo-
naceous materials. ID/IG of GO is 1.43 due to defect or disorder of
Fig. 7. FT-IR spectra (a) and Raman
crystalline surface structure. After deposition of GO, ID/IG of CF
sample increases from 0.96 (untreated CF) to 1.07(CF/Ag/GO-60).
This indicates that GO, which possesses more defect or disorder,
covered the surface of CF [38]. Therefore, the CF/Ag/GO-60 shows a
lowgraphitic crystalline surface structure. The increased number of
structural defects and surface functional groups on the surface of
CF/Ag/GO-60 is beneficial for increasing the surface energy.
3.5. Wettability of CF

Advancing dynamic contact angle analysis was used to evaluate
spectra (b) of different samples.
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the surface energy of CFs. As shown in Fig. 8 a&b, the contact angles
of water decrease after the deposition of Ag NPs and GO sheets, as
well as diiodomethane. After the deposition of Ag NPs, the surface
energy g of CF increases from 40.8 mJ m�2 to 44 mJ m�2. And the
surface energy g of CF/Ag/GO-60 is 52 mJ m�2. As for the CF/Ag-30,
the increased roughness gives rise to the increase of dispersive
component gd of surface energy [39]. As for the CF/Ag/GO-60, large
amount of active functional groups CF/Ag/GO-60 is beneficial to the
increase of polar component gp of surface energy. After EPD of GO,
Fig. 8. Surface properties and mechanical performance of CFs: (a) Contact angles, (b)
surface energy and (c) IFSS of the CF/epoxy microbond.
the surface topography changes greatly compared to untreated CF
and CF/Ag-30, which is good for the improvement of dispersive
component gd. In summary, new hybrid reinforced CF has a better
interfacial wettability due to the surface topography and active
functional groups.

3.6. Tensile strength of CF

The data of monofilament tensile tests are analyzed using the
Weibull distribution function [28]. As shown in Table 2, tensile
strength of CF/Ag-30 and CF/Ag/GO-60 is higher than that un-
treated one. As for CF/Ag-30, the Ag NPs can fill the surface cracks
on the CFs and effectively weaken the stress intensity at the crack
tips. As for the CF/Ag/GO-60, the deposition of GO changes the
surface morphologies of CF greatly, and the tensile strength of CF/
Ag/GO-60 is the highest among all the samples. It is considered
that the addition of GO sheets with outstanding mechanical
property is the result of bridging the surface microcracks [13].
Moreover, the increase of tensile strength of CF is much higher than
those reported in previous works [14e16]. Thus, it can be concluded
that the hybrid reinforced CF/Ag/GO-60 has its practical signifi-
cance for preparing high performance fiber/matrix composites.

3.7. IFSS of fiber-epoxy composites

The fiber-epoxy matrix interfacial bond was assessed by testing
themicrobond specimens. The IFSS values of CF/epoxy are provided
in Fig. 8c. After the deposition of Ag NPs, IFSS of CF/epoxy increases
from 46.8 MPa (untreated CF) to 73.6 MPa (CF/Ag-30). The presence
of Ag NPs improves the surface roughness of the CF (Fig. 5b). The
rough surfaces can greatly strengthen the mechanical interlocking
between CF and matrix, which had been reported [40,41]. After the
EPD of GO, the IFSS of CF/Ag/GO-60 increases to 87.1 MPa. The
deposition of GO introduces active functional groups and roughs
surface, which raise the wettability and interfacial interaction be-
tween CF and epoxy [33]. Moreover, the deposited GO results in an
enlarged specific surface area, which is beneficial to consume
destructive energy and prevents the fiber from being pulled out
from the resin matrix.

Fig. 9aec depicts the surface morphology of CFs debonded from
the epoxy. For the untreated CF (Fig. 9a), few epoxy fragments re-
mains on the debonded fiber surface, indicating poor interfacial
properties because weak van der Waals force. For CF/Ag-30, more
epoxy debris still adhered on the CF (Fig. 9b), and there are many
scratches on the surface the fiber due to the movement of Ag NPs
with the debonding of epoxy. Fig. 9e&f shows the EDS results of (e)
CF/Ag-30 and (f) CF/Ag/GO-60 after debonding from epoxy matrix.
They demonstrate the Ag peaks in the EDS spectrum taken from
areas outlined in black in Fig. 9b. This indicates that Ag NPs filled
the cracks and microholes on the CF, and lefts on the surface of CF/
Ag-30. Meanwhile, it is found that a large number of epoxy still
keeps on the debonded CF/Ag/GO-60, as shown in Fig. 9c. It sug-
gests that interfacial interaction of fiber andmatrix is stronger than
cohesive energy of resin matrix, and cohesive failure occurs in the
interface between epoxy resin and CF/Ag/GO-60. Furthermore,
Some Ag NPs still adhere to the surface of CF/Ag/GO-60 and Ag NPs
do not move with epoxy droplets (demonstrates by EDS of Fig. 9f).
These remaining Ag NPs can strengthen mechanical interlocking
between CF and GO sheets. Additionally, some GO sheets (marks by
arrows) can be found on debonded fiber surface, indicating the
strong interaction between GO and CF.

The variations of IFSS can be explained by different interfacial
failure modes of CF/epoxy microbond. In general, there are two
interfacial failure modes of fiber/resin microbond, adhesive failure
and cohesive failure, as shown in Fig. 9d. For the untreated CF, few



Fig. 9. SEM images of (a) untreated CF, (b) CF/Ag and (c) CF/Ag/GO after debonding from epoxy matrix. (d) Sketch of failure mode of samples. For untreated CF and CF/Ag, a small
amount of epoxy matrix keeps on the surface of fibers, belonging to an adhesive failure; while for the CF/Ag/GO that more epoxy matrix keeps on the surface of fiber, belonging to a
cohesive failure. And EDS results of (e) CF/Ag-30 and (f) CF/Ag/GO-60 after debonding from epoxy matrix.
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epoxy keeps on fiber surface after debonding, the failure behavior
mainly belongs to adhesive failure [29]. For the CF/Ag, the weak
interaction is Van der Waals force, which leads to the interfacial
failure occurs on the interphase between CF and Ag NPs, thus, the
failure mode also belongs to adhesive failure [42]. Moreover, the
content of Ag NPs of CF/Ag surface (0.36%) decreases, as shown in
Fig. 9e Because some Ag NPs are deboned together with the epoxy
(Fig. 9b). For the CF/Ag/GO, a large number of remain epoxy re-
mains on the fiber surface (Fig. 9c), that is to say the interfacial
failure occur in the epoxy matrix and transfer to the dominant
cohesive failure. According to the above analys, it can be concluded
that when the interfacial bond is strong enough (the IFSS is high
enough), the failure mode would transfer to cohesive failure.
4. Conclusion

In this study, Ag NPs and GO sheets have been uniformly
deposited on the CF trying to inprove IFSS of CF reinforced epoxy
composites, as well as tensile strength of CF simultaneously.
Meantime, IFSS of CF/epoxy composites increased from 46.8 MPa to
87.1 MPa, and the tensile strength of CF changed from 4.54 GPa to
6.21 GPa. For CF/Ag/GO-60, the IFSS of CF/epoxy enhanced by 86.1%
and the tensile strength was improved by 36.8%. This is because
that Ag NPs acting as “filler” are imbedded into the surface defects
of fiber to modify the surface cracks. On the other hand, the
deposited GO nanosheets increase the surface roughness and sur-
face energy caused by introducing more functional groups. More-
over, this method is very simple with only 90 s to finish the
deposition. In addition, in this new type of reinforcement, Ag NPs
and GO sheets worked together in a strong synergy on the surfaces
of CF, which effectively increases the interfacial properties of the
resulting composites and the tensile strength of CF, simultaneously.
This efficient method could be widely used in multifunctional and
scalable fabrication of high-performance CFs for aerospace and
automotive industries.
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