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Abstract

In this work, carbon nitride (C3N4) powder was oxidized by the Hummers
oxidation method, and oxidized carbon nitride (O-C;N,) was obtained. Epoxy
(EP) was modified with O-C3Ny, and then carbon fiber fabric/epoxy (CF/EP)
composites were prepared by hand-pasting molding. The O-C;N, greatly
improves the wettability of EP resin, enhances the interface properties of
CF/EP composites, and makes the composites have better mechanical proper-
ties. The interlaminar shear strength (ILSS) is increased from 51.75 to
59.68 MPa, the tensile strength is increased from 564.54 to 635.39 MPa, the
bending strength is increased from 809.64 to 938.81 MPa, and the impact
strength is increased from 73.48 to 84.84 kJ/m® Meanwhile, the dynamic
mechanical properties of composites are also significantly improved. The
energy storage modulus is increased from 14.9 to 21.4 GPa, with an increase
of 43.6%.

Highlights

« Developing carbon fiber composites is conducive to industrial applications.
« 0-C;3N, effectively improves the mechanical properties of the composite.

« 0O-C;3Ny has the advantages of simple synthesis, low costs, and light color.

« O-C;N, is rich in oxygen-containing functional groups.
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as a bridge for bonding and load transfer between CF and
EP, which has a critical impact on the final performance

Due to their low weight and high specific strength, carbon
fiber-reinforced epoxy resin composites are utilized exten-
sively in the aerospace, civil engineering, automotive,
sporting goods, and other areas.'” Interlaminar shear
strength (ILSS) is typically a significant design consider-
ation for CF/EP laminated composites. And interface acts

of CF/EP composites.*® However, the poor interfacial
compatibility of CF with EP results in lower mechanical
strength, which seriously limits the further development
and application of CF/EP composites.”'* To achieve high
mechanical properties of CF/EP composites, it is necessary
to improve the interface properties of CF/EP composites.

Polymer Composites. 2023;1-10.

wileyonlinelibrary.com/journal/pc

© 2023 Society of Plastics Engineers. | 1


https://orcid.org/0000-0003-1951-0927
mailto:sxj908@163.com
http://wileyonlinelibrary.com/journal/pc
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpc.28062&domain=pdf&date_stamp=2023-12-24

ZHU ET AL.

2 INSPIRING olymer
_LWI LEY— PROFESSIONALS ZOIYMPOSITES

Nowadays, there are two main methods to improve the
mechanical properties of fiber-reinforced polymer matrix
composites. The first method is to modify fiber, including
coupling agent treatment, surface grafting treatment,
plasma treatment, and y-ray treatment.”'” Modifying
polymer matrix resins is another method."®*" The latter
modification method is low-cost and convenient to oper-
ate.”” Cha et al.* introduced melamine-functionalized car-
bon nanotubes (CNTs) and melamine-functionalized
graphene nanosheets (GNPs) into the epoxy matrix to
improve the ILSS of the CF/EP composites. The incorpora-
tion of 2wt% melamine@CNTs and melamine@GNPs
increased the ILSS of the CF/EP composites by 61% and
219%, respectively. Suresha et al.** introduced organo-
modified montmorillonite nanolayers into EP to enhance
the composites. The bending strength, ILSS, impact
strength, and modulus of elasticity of the composites
increased with the increase in the content of organo-
modified montmorillonite nanolayers.

Even though these works have good results, they can-
not be used in industrial production because of their com-
plicated processing methods and expensive materials. In
our previous work,? we found that the oxidation treatment
can make C3;N, have oxygen-containing functional groups,
which can react with epoxy resin so that the interfacial
adhesion between O-C;N, and epoxy can be improved.
Moreover, O-C3N, is simple to prepare and can be pro-
duced in large quantities for industrial applications. And
0O-C;N, is much cheaper than nanofillers such as carbon
nanotubes and graphene. To the best of our knowledge,
there is no report on the effect of O-C3N, on improving the
mechanical properties of CF/EP composites.

The purpose of this study was to improve the
mechanical properties of CF/EP composites. To achieve
the aim, the following tasks were solved: C;N, was oxi-
dized by the Hummers method to obtain O-C;N,, and
then epoxy was modified with O-C3;N, to prepare
O-C;3N,/CF/EP composites. The reinforcing effect of
0O-C;N, on CF/EP composite was evaluated by ILSS, ten-
sile strength, bending strength, and impact toughness.
The microstructure of composites was also analyzed. The
results showed that the introduction of O-C;N, could
enhance and improve the wettability of EP to CF, and
thus enhance the mechanical properties of CF/EP
composites.

2 | MATERIALS AND METHODS
2.1 | Materials

Sinopharm Chemical Reagent Co., Ltd. supplied potas-
sium permanganate, sodium nitrate, concentrated

sulfuric acid (98.0%), and hydrochloric acid (38.0%).
Jiangsu Qiangsheng Functional Chemical Co., Ltd sup-
plied hydrogen peroxide (30%). Epoxy resin (E-51) and
curing agent (593) were purchased from Haining Hailong
Chemical Co., Ltd. CF (T300 3 K, 0°/90° orthogonal
weave) was obtained from Longxin Co., Ltd. The chemi-
cals used in this study are all reagent grade and do not
require further purification.

2.2 | Preparation of C;N,

The synthesized steps of C;N, powders were strictly per-
formed as follows: Firstly, 100 g melamine was trans-
ferred to a 200 mL crucible with cover. Then, it was
calcined in a muffle furnace at 550°C for 4 h. Finally, the
obtained yellow product was ground into powders by an
agate mortar.

2.3 | Preparation of O-C;N,

O-C3;N, was prepared in a similar way to Hummers: a
clean three-necked flask was placed in an ice bath at 0°C.
Then concentrated sulfuric acid (31 mL), carbon nitride
powder (4 g), sodium nitrate (0.7 g), and potassium per-
manganate (4 g) were slowly added to the flask succes-
sively. The above mixture was continuously stirred for
2 h. Then, the reaction was carried out at 35°C for 1 h.
The temperature of the water bath was then raised to
98°C. To the aforesaid combination, 95 mL of deionized
water was added and swirled for 15 min. The reaction
was completed by adding 7 mL of hydrogen peroxide and
2 mL of hydrochloric acid. By washing the combination
in deionized water until the pH reached 7, the O-CsN,
was produced, and the color was milky white. Then the
O-C3;N, was ultrasonically treated for 4 h. The well-
dispersed mixture of O-C;N, was finally obtained.

2.4 | Preparation of O-C;N,/CF/EP
composites

The O-C;N, with different Phr relative to the epoxy resin
and curing agent system was evenly dispersed in the
epoxy matrix. And then the absolute ethanol in the mix-
ture was removed by heating it in a water bath pot at
78°C. Finally, the EP containing different Phr of O-C;N,4
was obtained.

The 12 layers of CF were dried at 80°C for 2 h to
fully remove moisture. Then the curing agent was added
to the epoxy resin containing different Phr of O-C;N,
and stirred thoroughly. Finally, the prepared epoxy
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FIGURE 1 Schematic of
preparation of O-C;N,/CF/EP / {
composites. R — f7(?(7 Evaporatlng the solvent Adding 4
l | —_—

. stripping
==

Preparation of carbon nitride oxide

Mechanics performance test

system mixture was evenly coated on 12 layers of CF by
hand-paste molding technology. At room temperature,
the O-C;N,/CF/EP composites were obtained by press-
ing and curing under the pressure of 5 MPa for 24 h
with a plate vulcanizing machine. The manufacturing
process of O-C;N,/CF/EP composites is shown in
Figure 1.

2.5 | Characterization

The surface functional groups of C;N, were investi-
gated using Flourier transform infrared spectroscopy
before and after oxidation. (FTIR, VERTEX 70, Ger-
many). The crystal structure of C;N, before and after
oxidation was studied using X-ray diffraction (XRD, D8
ADVANCE, Germany). SEM was used to examine the
microscopic morphology of C;N, before and after oxi-
dation, as well as the cross-sectional morphology of
composites. (SEM, Thermo Scientific Apreo 2, Japan).
Dynamic contact angle meter tests assessed CF and EP
wettability. (DSA30, Germany).

The ILSS characteristics of the composites were
measured using the interlaminar shear test standard.
(ASTMD2344). Which were tested at a rate of 1 mm/min
speed by using the Universal Mechanical Testing
Machine (Shimadzu-AG-X plus, Japan). The tensile and
bending properties of the composites were tested using
the Universal Mechanical Testing Machine by the GB/T
16421-1996 and GB/T 1449-2005 standards. (Shimadzu-
AG-X plus, Japan). The impact strength of the compos-
ites was measured using a pendulum impact testing
machine by the GB/T 1451-2005 standard. (PTM2300,
China). A dynamic thermomechanical analyzer (DMA
Q850, USA) was used to evaluate the dynamic thermal-

Add — . jurmg agent

The premix of O- C3N,,Iepoxy

Manual coating
=
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mechanical behavior at a vibration frequency of 1 Hz
and a temperature range of 35-130°C with a heating
rate of 2°C/min. The three-point bending mode was
adopted, and the sample dimensions were 30 mm X
6 mm X 2 mm.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of O-C;N,

Through the use of scanning electron microscopy (SEM),
the surface morphologies of C;N, and C;N,; were
observed. Figure 2A depicts the SEM of C;N,4, which is
primarily a 20-40 pm layered layering structure. In addi-
tion, O-C;N, has the flake structure depicted in
Figure 2B. According to the findings, the modified Hum-
mers approach has the potential to successfully convert
the layered stacking structure of C;N, into a flaky
structure.

Figure 3 displays the XRD patterns of C;N, and
O-C3;N4. It can be observed that the peaks of C3N,
and O-C;3;N, are quite the same, which suggests that the
crystal structure of C3N4 and O-C;N, are similar. The dif-
fraction of the aromatic system's inter-planar stacking
peak (002) after oxidation changes from 27.57° to a
higher Angle (27.87°).*° The corresponding crystal plane
spacing of C3;N, and O-C3N, can be computed as
0.324 nm and 0.320 nm, respectively, using the Bragg
equation. This suggests that the O-C;N,4 nanosheets that
were produced have tighter stacking. The corridor dis-
tances between the basic sheets in the nanosheets are
reduced as a result of the oxidized layers being flattened
by the n-m stacking and hydrogen bond interactions,
which results in denser packing.?’
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FIGURE 3 XRD patterns of C3N, and O-C;5N,.
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FIGURE 4 FTIR of C3Ny, and 0O-C;5Ny,.

Figure 4 displays the FT-IR spectra of both C3N, and
0O-C;3N,, respectively. For the C5Ny, the stretching vibra-
tion of C-NH, and the bending vibration of the s-triazine
units are responsible for the characteristic peaks
810 cm ' to 890 cm .*® And the peaks at 1237, 1309,
1411, 1548, and 1635 cm ' may be attributed to the
stretching vibration of C—N and C=N in the CN hetero-
cyclic.”® Furthermore, the absorption peak at 3166 cm ™'
is the stretching vibration of NH,** For the O-C3N,, the
obvious difference is that the O-C;N, has absorption peaks

FIGURE 2 SEM images of
(A) C3Ny; (B) O-C3N,.

TABLE 1 Density and CF volume fraction of O-C;N,/CF/EP
composites.
Fiber volume Composites

Composites fraction (%) density (g/cm?)

CF/EP 60.94 + 0.16 1.44

0.1 phr O-C;N,/CF/EP 57.55 + 0.35 1.43

0.3 phr O-C5N,/CF/EP  57.90 + 0.44 1.44

0.5 phr O-C;N,/CF/EP 60.02 + 0.67 1.45

0.7 phr O-C5N,/CF/EP  60.66 + 0.40 1.49

1.0 phr O-C3;N,/CF/EP 58.73 + 0.49 1.42

at 1717 cm ™" and 3497 cm ™. The stretching vibration of
C=o0 is responsible for the absorption peak that occurs at
1717 cm™ Y, while the stretching vibration of —OH is
responsible for the absorption peak that occurs at
3497 cm '?” The findings imply that the surface of
O-C5N, nanosheets contains oxygen-containing functional
groups.

3.2 | Density and CF volume fraction
of composites

The volume fraction of CF in the O-C;N,/CF/EP compos-
ites and the density of the composites were obtained by
weighing and calculation. The results are shown in
Table 1. It is clear to see that the volume fraction of CF
in the composite material is maintained in the range of
57%-61%. And, the density of the composites maintained
about 1.44 g/cm®, which suggests that the addition of
O-C5N, will not greatly alter the density of the original
composites.

3.3 | Dynamic contact angle analysis

To investigate the influence of O-C;N, on the wettability
of CF. The contact angles were measured when 0.5 Phr
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0-C;N,4 modified epoxy and pure epoxy were dropped
onto the CF surface for 5s and 10s. As shown in
Figure 5, the contact angles between O-C3;N4/EP and CF
at 5s (90°) and 10s (83°) (Figure 5A,B) were smaller
than those between pure epoxy and CF at 5s (130°) and
10s (100°) (Figure 5C,D), respectively. The results indi-
cate that the EP with O-C3;N, has better wettability to
CF. Therefore, O-C3N, plays a significant role in improv-
ing the interface between CF and EP.*'

(A)5s (B)10s

B

&

FIGURE 5 Contact angle photos of (A, B) 0.5 phr O-C5N,/EP
and (C, D) pure epoxy drop onto the CF surface for 5 s and 10 s.

3.4 | Static mechanical properties
of 0-C;N,/CF/EP composites

Composite materials with good interfacial properties
often exhibit good mechanical properties.>*>* In this
work, a three-point bending test was used to evaluate the
ILSS. As illustrated in Figure 6A, the composite ILSS is
51.75 MPa without the addition of O-C;N,. When the
0O-C;N, is introduced, the ILSS of composites increases
with the increased addition of O-C;N, and reaches the
maximum (59.68 MPa) when the O-C;N, content is 0.5
Phr. The increasing rate is 15.3%, compared with the
CF/EP composite. The results show that the composites’
interface is significantly improved after the introduction
of O-C;N,, which can be attributed to the improved
wettability of the EP modified by O-C3;N, to the
CF.’' Another important reason is that some O-C;N,
nanosheets are deposited on the CF surface by n—= inter-
action (Figure 6D). These O-C3;N, nanosheets are rich in
oxygen-containing functional groups that can react with
epoxy groups, so they can be tightly bound to epoxy resin,
improving the interface between the two.

However, when the O-C3;N, component exceeds 0.5
Phr, the ILSS performance of the composites decreases,
mainly because the excess O-C;N, is not easily dispersed
in the EP matrix. The aggregation of O-C;N, will affect
the infiltration of the matrix to the fiber and also cause

(A)

60 - % 4

N

ILSS (MPa)

AL
A )

A\
\¥

o -

FIGURE 6 (A)ILSS properties
of O-C3N,/CF/EP composites, and
the SEM images of the peeling
surface of (B) CF/EP; (C) 0.5 Phr
0O-C;N,4/CF/EP; and (D) 1 Phr
O-C;N,/CF/EP.

0:1 0t3 0:5 0:7 1
0-C3N4 Content (Phr)
(©) :
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stress concentration.> Therefore, the ILSS of the compos-
ite decreases when more than 0.5 Phr O-C;N, is used.

At the same time, the crack surface morphology of
interlaminar shear splines was further explored. Figure 6B
depicts the crack surface morphology of CF/EP compos-
ites. Due to the interface performance between CF and EP
being poor, the composites will cause interfacial debond-
ing when damaged by external forces. Therefore, the CF
surface is smooth, and there is a gap between CF and
EP.>° However, the interface performance between CF
and EP is enhanced after the introduction of O-C;N,.
Figure 6C shows the crack surface morphology of 0.5 Phr
O-C;3N,/CF/EP composites. As can be seen, the EP is
attached to the CF surface, so the interface between CF
and EP has good adhesion. Therefore, the mechanical
properties can be improved. However, when O-C;N, con-
tent exceeds 0.5 Phr, it will reduce the dispersion of
0-C;3N, and cause aggregation. Figure 6D shows the crack
surface morphology of 1.0 Phr O-C;N,/CF/EP composites,
and the aggregation phenomenon of O-C;N, can be seen.
These O-C;N, aggregates are equivalent to introducing
defects, forming stress concentration, and leading to
mechanical property degradation.’’

The findings of a tensile test that was conducted to
investigate the impact that O- C3N, has on the tensile
strength of the composite are presented in Figure 7A. At
an O-C3N, content of 0.5 Phr, the tensile strength of the
0-C;N,/CF/EP composite reaches a maximum value of
635.39 MPa, which is 12.6% higher than that of the pure

(A) 700

600 564.54 578.77 7

\
\

Tensile Strength (MPa)
o
(=}
o

0.1 0.3 0.5 0.7
0-C3N4 Content (Phr)

FIGURE 7

(A) Tensile properties of O-C;N,/CF/EP
composites and the SEM images of a tensile section of (B) CF/EP;
and (C) 0.5 Phr O-C;N,/CF/EP.

CF/EP composite (564.54 MPa). This is mainly attributed
to the strengthening effect of O-C3N, on the epoxy
matrix. The hydroxyl and carboxyl groups in O-C3;N, can
chemically bond with epoxy groups, which improves the
interface adhesion and enhances the mechanical proper-
ties.®® As the EP infiltrates into CF in the process of
hand-paste molding, some O-C;Ny is attached to the CF
surface through n-x action, which is equivalent to playing
the role of the bridge that connects CF and EP. If the
composite is damaged by external forces, the stress can
effectively transfer the load to the CF, and more force is
required to break the bond between the CF and the EP.*
Therefore, the addition of O-C;N, can effectively improve
the tensile strength of O-C;N,/CF/EP composites. How-
ever, the tensile strength of the composites decreases
when the O-C;N, content is more than 0.5 Phr because
the excessive O-C;N, will affect the infiltration of EP into
the CF. And excessive O-C;N, will produce an aggrega-
tion phenomenon, resulting in stress concentration,
which is equivalent to introducing defects to the
composites.

The tensile properties can be better explained by the
microstructure of SEM. As can be seen from Figure 7B,
the CF was pulled out without the addition of O-C3;N,.
The fracture length of the CF was varied, and the surface
of the CF was smooth without epoxy adhesion. However,
in Figure 7C, the CF is not easy to be pulled out after
modification of O-C;N,, the CF breaks in a relatively neat
manner, and the CF is bonded with EP.

z

1000 -

~833.68 g811.14

Bending Strength (MPa)

0.1 03 05 07
0-C3N4 Content (Phr)

FIGURE 8

(A) Bending properties of O-C3N,/CF/EP
composites and the SEM images of bending section of (B) CF/EP;
(C) 0.5 Phr O-C3N,/CF/EP.
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The effect of O-C3N, on the bending characteristics of
the composites was studied by using the bending proper-
ties test, the results are shown in Figure 8A. When the
content of O-C3N, is 0.5 Phr, the bending strength of
0-C3N,4/CF/EP composites can reach 938.81 MPa, which
is 16.0% higher than that of pure CF/EP composites
(809.64 MPa). This can be interpreted as the introduction
of O-C;N, to improve the interface adhesion between CF
and EP, so the matrix can effectively transfer stress to
CF. CF has the characteristics of high modulus, and the
ability to withstand stress is stronger than epoxy resin
matrix*® so the bending properties of O-C5N,/CF/EP
composites are improved. Similarly, the bending proper-
ties of the composites also decrease when the O-C;N,
content exceeds 0.5 Phr, which is mainly attributed to the

(A)
%4 _ _ _ _ _ _ _ _ _

<

£ 15.5%

S 80+ 76.73 _

S (7348 7

= 7

o

c

£

n

—

o

©

Q.

E

v M

03 05 07
0-C3N4 Content (Phr)

FIGURE 9

(A) impact properties of O-C;N,/CF/EP
composites, and the SEM images of impact section of (B) CF/EP;
(C) 0.5 Phr O-C3N,/CF/EP.
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aggregation phenomenon caused by excessive O-C3;N,
content, leading to stress concentration.

The enhanced bending properties can be better
explained by the microstructure of SEM. As is evident
from Figure 8B, when the composites were fractured
under pressure perpendicular to the carbon fiber cloth
without the addition of O-C3N,, the length of fracture of
the CF was different, and the surface of the fiber was very
smooth without epoxy adhesion. However, after modifi-
cation of O-C;3Ny, as is evident (Figure 8C) that the CF
fracture surface is very neat. The CF is firmly bonded
with the EP, and the CF surface is adhered to the EP.

Here, impact performance is also discussed as an
important index of the mechanical properties of compos-
ites. As can be seen from Figure 9A, the impact strength
of O-C5N,/CF/EP composites can reach 84.84 kJ/m”
when the O-C;N, components are 0.5 Phr, which is
15.5% higher than pure composite (73.48KJ/m?).
Basically, this is because the addition of O-C;N,
strengthens the epoxy matrix, which acts as a reinforcing
rod in the epoxy matrix. When the composite is damaged
by external force, O-C3N, can assume and transfer more
stress, and change the path of the cracks, producing more
microcracks during crack propagation. This complex
crack propagation process can significantly improve the
impact performance by consuming more energy.*"**

The enhanced impact properties can be better
explained by the microstructure of SEM. In Figure 9B, as
is evident that when without the addition of O-C;Ny, the
CF, and EP were completely debonded from the radial
perspective, leaving smooth traces of CF pulled out on
the epoxy surface. From the weft upwards, the CF is
punctured very neatly, and the fiber surface is very
smooth without epoxy adhesion. However, after modifi-
cation of O-C;3Ny, as is evident (Figure 9C) that the CF
and the EP were still attached from the perspective of the
epoxy layer, and the epoxy wrapped the broken fiber.
From the fiber layer, the length of the broken fibers is dif-
ferent, and the fibers are tightly bonded with the epoxy.
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3.5 | Dynamic mechanical properties
of composites

Additionally, the influence of various O-C;N,, contents
on the dynamic mechanical properties of CF/EP compos-
ites was investigated. The dynamic mechanical properties
of CF composites were examined by DMA. Figure 10
illustrates how the temperature affects the storage modu-
lus (E") and loss factor (tan 8) for CF/EP composites and
0-C53N,4/CF/EP composites. Compared with CF/EP com-
posites, O-C;N,/CF/EP composites have a higher E’
(Figure 10A). And with the higher content of O-C3N,, the
E' of the O-C;N,/CF/EP composite becomes greater.
When the content of O-C5N, is 1.0 Phr, E' can reach
21.4 GPa, which is 43.6% higher than pure CF/EP com-
posites (14.9 GPa). The result shows that the introduction
of O-C3N, can effectively enhance the stiffness of the
composite. This is because the hydroxyl and carboxyl
groups in O-C;N, react with the hydroxyl and epoxy
groups in the epoxy resin, which can bind O-C;N, more
tightly with the EP matrix and improve the strength of
the epoxy itself. Moreover, the O-C;N, can improve the
wettability of EP to CF, modify the interface between CF
and EP, and make the composites have better integrity.*’
Thus, the stiffness of the O-C3;N,/CF/EP composite is
increased.

Furthermore, the tan & curves illustrate that O-C5N,/
CF/EP composites have higher Tg and lower tan & com-
pared with pure CF/EP composites (Figure 10B). And it
can be found that with the increase of O-C;N, content,
the increase of Tg is more obvious. When the content of
0-C;3N, is 1.0 Phr, the Tg of O-C3N,/CF/EP composites
can reach 85.0°C, which is 11.1°C higher than pure
CF/EP composites (73.9°C). This phenomenon can be
attributed to the introduction of O-C;N, hindering the
migration of polymer chains.** Another reason is that
0-C;N,4 improves the wettability between the EP and CF,
which increases the interfacial compatibility, thereby
enhancing the crosslink density of the interphase.’® It
can be proved that the addition of O-C3;N, can improve
the thermal stability of O-C;N,/CF/EP composites.

4 | CONCLUSIONS

In this work, the O-C;N4/CF/EP composites were fabri-
cated by hand-pasting molding. The O-C;N, significantly
improves the wettability of epoxy to CF, enhancing the
interfacial properties of CF composites. The significantly
improved interfacial properties guarantee excellent
mechanical properties of CF composites. The ILSS of CF
composites increased from 51.75 MPa to 59.68 MPa. The
tensile strength and flexural strength increased from

564.54 MPa to 63539MPa and 809.64 MPa to
938.81 MPa, respectively. And the impact strength
increased from 73.48KJ/m? to 84.84KJ/m? In addition,
the dynamic mechanical properties of CF laminates were
also significantly improved. After the introduction of
O-C;3;Ny, the E' of O-C3N,/CF/EP composites can reach
21.4 GPa, which is 43.6% higher than pure CF/EP com-
posites (14.9GPa). The Tg of the composites was also
increased from 73.9°C to 85.0°C. Therefore, O-C;N,/CF/
EP composites can be produced in large quantities for
industrial applications due to their simple preparation
and excellent mechanical properties.
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