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Abstract: The design and preparation of hydrophobic, wear-resistant, and thermally conductive

multifunctional composites is an important direction of scientific research and application. In this

study, A-CF/EP/FEP composites were prepared by incorporating APDMS-modified carbon felt

(A-CF) into an epoxy resin (EP) and fluorinated ethylene propylene resin (FEP) mixed resin. The

low surface energy of FEP, good adhesion of EP, and the supporting of carbon felt framework endow

the A-CF/EP/FEP composites with hydrophobicity, wear resistance, and thermal conductivity at

the same time. Firstly, the water contact angle (WCA) of A-CF/EP/FEP composites with 20 wt%

FEP reaches 109.9 + 2.6°, and the WCAs of all composites with different FEP contents (10, 20, 30, 40,

lcll;%la(t?sr and 50 wt%) is greater than 90°, indicating the composites have a hydrophobic surface. Secondly,

the A-CF/EP/FEP composites have high wear resistance and maintain long-term hydrophobicity
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after tribological tests, because the residual debris and nanoparticles generated by external loading
adhere to the friction interface, regenerating the microstructure of the hydrophobic surface. Finally,
the A-CF/EP/FEP composites have high thermal conductivity up to 0.38 W/(m-K), which is 1.81 and
2.0 times that of pure EP and EP/FEP composites, respectively. This is because a relatively complete
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Wear Resistance Based on Carbon heat conduction network is formed after the addition of A-CF to the composites. The synergy among
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fations. Polymer composites have been widely used in modern industry due to their excellent
insulation performance, good corrosion resistance, easy processing, excellent chemical
stability, and reasonable cost [1-3]. As a thermosetting resin, epoxy resin is widely used in
= many fields because of its good mechanical properties, easy processability and adhesion
with other materials [4,5]. However, in some complex and harsh working conditions,
such as high humidity environments, continuous operation, and friction conditions, the
common epoxy-based composites are not competent [6,7]. Therefore, it is urgent to develop
multifunctional polymer composites that can adapt to complex working conditions.
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creativecommons.org,/ licenses/by/ and industry [8-10]. The water contact angle (WCA) of a hydrophobic surface is larger than
40/). 90° [11,12], which also reveals that the surface has excellent water repellency and shows
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great potential for application in humid environments. It is generally believed that the
combination of low-surface-energy materials and micro-nano structures plays a key role
in the formation of hydrophobic or even superhydrophobic surfaces [13,14]. Fluorinated
ethylene propylene resin (FEP), which has multiple fluorine atoms in the molecules, can
provide low surface energy for the construction of hydrophobic surfaces [15,16]. Therefore,
polymer composites of EP and FEP can be used to build hydrophobic surfaces, providing
adhesion and low surface energy, respectively, and their synergistic effect will promote the
improvement in hydrophobic surface performance.

One of the biggest problems of hydrophobic materials in practical use is their poor
mechanical properties and low wear resistance [17], which severely limits their industrial
application. In addition, the equipment will generate a lot of heat under long-term operation
and friction. If the heat is not dissipated in time, a large amount of heat accumulation
will seriously reduce the reliability, service life, and efficiency of the equipment [18,19].
Due to the amorphous arrangement and vibrations of the molecular chains, the thermal
conductivity of the epoxy resin is very low, only about 0.2 W/(m-K) [20,21]. Therefore,
it is particularly important to design and prepare materials with hydrophobicity, wear
resistance, and thermal conductivity.

Carbon felt (CF) is made of carbon fiber and has a three-dimensional network
structure [22]. CF has good electrical properties, high porosity, light weight, and high
strength [23,24], which plays a key role in improving mechanical properties such as fric-
tion performance of composites and is well applied in aerospace, high-end equipment,
and heat conduction fields. Moreover, the thermal conductivity (TC) of carbon fiber is
very high [25,26], but the TC of carbon fiber felt is very low owing to the air remaining
in the porous structure. Therefore, how to make better use of the excellent thermal con-
ductivity of carbon fibers, prepare hydrophobic surfaces with high wear resistance and
thermal conductivity, and provide basic materials for service in complex environments is
of great significance.

In this study, APDMS-modified carbon felt (A-CF) was prepared and added to the EP
and FEP mixed resin to form A-CF/EP/FEP composites. The A-CF/EP/FEP composites
have wear resistance, thermal conductivity, and sustainable hydrophobicity at the same
time. For the material design of the A-CF/EP/FEP composites, the high-content FEP (20 30,
40, and 50 wt%) provides low surface energy, the EP has good adhesion, and the A-CF has
good bonding with EP and FEP. The WCA of the A-CF/EP/FEP composites with different
FEP contents is more than 90°, and the maximum WCA is 109.9 + 2.6° when the FEP
content is 20 wt%. The high hydrophobicity results from the low surface energy of FEP
and the microstructure of A-CF. In tribological testing, the residual debris and nanopar-
ticles generated by external loads adhere to the friction interface, which can regenerate
the microstructure of the hydrophobic surface and achieves long-term hydrophobicity
in the friction environment. In addition, the TC of A-CF/EP/FEP composites is up to
0.38 W/(m-K), which is 1.81 and 2.0 times compared with pure EP and EP/FEP composites,
respectively. The main reason is that a relatively complete heat conduction network is
formed after A-CF is added to the composite of EP and PVDE. In all, the A-CF framework
enhances the wear resistance of A-CF/EP/FEP composites, provides a dense and regular
network for phonon transmission, and reduces the thermal resistance between the filler (A-
CF) and the resins (EP and FEP). The design and preparation of A-CF/EP/FEP composites
with wear resistance, hydrophobicity, and thermal conductivity provide a new and simple
method for developing high-performance composites.

2. Materials and Methods
2.1. Materials

Carbon felt (CF, density: 0.7 g-cm ™3, thickness: 3 mm) from Beihai Carbon Co.,
Ltd. (Tianjin, China). Bisphenol A epoxy resin (E-51) was purchased from Dalian Qihua
Chemical Co., Ltd. (Dalian, China). Triethylene tetramine (TETA) was supplied by Jining
Huakai Resin Co., Ltd. (Jining, China). FEP was provided by Daikin Fluorochemicals
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(China) Co., Ltd. (Guagnzhou, China). Nitric acid (AR, 65-68%) was purchased from
Tianjin Damao Chemical Reagent Co., Ltd. (Tianjin, China). Amino-modified silicone oil
(APDMS, >99.8 wt%) and polyurethane (PU) were supplied by Aladdin Reagent Co., Ltd.
(Shanghai, China). Ethyl acetate (EA) was provided by Tianjin Yuanli Chemical Reagent
Co., Ltd. (Tianjin, China).

2.2. Chemical Etching of Carbon Felt

The pristine CF was firstly washed with acetone or ethanol and distilled water to
remove the impurities and then dried in an oven at 80 °C. Next, the dried CF was subjected
to a concentrated nitric acid solution at 100 °C for 30 min. After washing with distilled
water to be neutral and drying at 80 °C, the nitric-acid-etched carbon fiber was obtained,
which was denoted as E-CF.

2.3. APDMS Modification of E-CF

APDMS (3.0 g) was dissolved in 100 mL of ethyl acetate and ultrasonicated (400 w)
for 10 min. Then, the E-CF was soaked in the above solution with a water bath, heated at
60 °C for 30 min, and then oven-dried at 80 °C. Thereafter, APDMS-modified E-CF was
obtained and denoted as A-CF.

2.4. Preparation of A-CE/EP/FEP Composites

The fabrication process of the A-CF/EP/FEP composites is illustrated in Figure 1.
Certain amounts of the EP matrix, TETA (1 g of EP/0.1 g of hardener), FEP, and PU were
mixed with a vacuum planetary mixer to form a homogenous phase using the vacuum-
assisted assembly technique. After, the A-CF was immersed in the mixture and further
vacuum-mixed. After curing at room temperature for 4 h and 80 °C for 3 h, A-CF/EP/FEP
composites were successfully prepared. For comparison, EP/FEP, CEF/EP/FEP, and E-
CF/EP/FEP were also prepared using the same method.

OH Co NH, ¢,
w" N o N
N
. \ NH, g

HNO,

—

Etching
treatment

E-CF

EP+TETA Planetary Mixer Casting A-CF/EP/FEP

Figure 1. Schematic of the fabrication process of the A-CF/EP/FEP composites.

2.5. Characterization

A Tensor 27 Fourier transform infrared (FTIR) spectrometer was used to detect the
chemical compositions of the original, etched, and APDMS-modified carbon felt. The
morphology was observed under a Quanta 200 scanning electron microscope (SEM). The
WCA was measured by Contact Angle System (Theta lite, Sweden). Specifically, a water
droplet (10 uL) was placed on the surface of a composite at room temperature. The contact
angles and sliding angles were taken from five different positions of the composite surface,
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and the average values were determined. The thermal conductivity of the composites
was measured with a TPS thermal conductivity meter (Setaram, France) according to the
standard ISO 22007-2:2015-09. Heat transfer capacity as the function time of the composites
was recorded using an infrared thermograph (Fluke Ti480 Pro, USA).

2.6. Evaluation of Tribological Robustness

The tribological performance of the A-CF/EP/FEP composites was tested on an
MPX-2000 pin-on-disk configuration friction and wear tester (Xuanhua Testing Factory,
Zhangjiakou, China). The testing conditions included non-lubrication, applied load of
2.8 MP%a, sliding speed of 0.51 m s~!, and room temperature (about 25 °C). Before each
experiment, the pin was burnished with a 1000-grit SiC abrasive paper to reach a mean
roughness of 0.15-0.3 um. After washing with anhydrous ethanol, the pin was put into
application. A FA2004N high-precision electronic balance with an accuracy of 0.1 mg was
employed to weigh the samples. To obtain an accurate weight, all the samples were dried
in an 80 °C oven for one hour before and after each test.

The wear rate of a sample was calculated as follows:

Am

Wr:pXFNXL

)

where Am is the mass loss (g), p is the composite density (g-cm~2), Fy is the vertical load
(N), and L is the sliding distance of the pin (m).

3. Results and Discussion
3.1. Characteristics of the A-CF/EP/PEF Composites
3.1.1. Modification of the Carbon Fiber

SEM images show that the pristine CF has a loose woven structure with gaps between
fibers (Figure 2a,b), which provides the necessary space to form composites with EP. After
chemical etching in the nitric acid solution (Figure 2c), the surface of CF became rough.
This rough structure is conducive to enlarging the surface area and improving the bonding
strength of resin with CF. On this foundation, after the APDMS modification of CF (A-CF,
Figure 2d), the E-CF is wrapped in a thin wrinkled film, which will reinforce the strength
between the inorganic CF and the organic EP [27]. In another word, the A-CF shall be very
compatible with organics, such as EP.

Figure 2. SEM images of pristine CF (a,b), E-CF (c), and A-CF (d).
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The FTIR spectra of CF, E-CF, and A-CF are shown in Figure 3. Obviously, the
stretching vibration peaks of -OH and C=C appear in CF at about 3442 and 1630 cm ™!,
respectively (Figure 3a). In addition to these two peaks, the spectrum of E-CF (Figure 3b)
shows new peaks at 2920, 2850, and 1380 cm ! corresponding to the stretching vibration
of -CH, and -CHj3, and an apparent peak at 1738 cm ™! assigned to the C=O stretching
vibration of ester groups (-COOR) that originates from nitrate-acid-etched CF [28]. The
spectrum of A-CF (Figure 3c) shows a new peak of -CH at 2967 cm~! from APDMS, and
the peaks of -CH, and -CHj3 at 2920 and 2850 are more intense than those of E-CF and A-CF.
In addition, the sharp peaks at 1256 and 807 cm ! stand for Si-CHj3. The main broad band
from about 880 to 1190 cm ™! is attributed to Si-O-C, and the bands at 1096 and 1024 cm ™!
are assigned to Si-O-5i. All these results confirm the introduction of APDMS to the carbon
fiber surface.
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Figure 3. FTIR spectra of CF (a), E-CF (b), and A-CF (c).

3.1.2. Morphology of the A-CF/EP Composites

The cross-section morphology and microstructure of the A-CF/EP/PEF composites
are shown in Figure 4. Clearly, the hierarchical structure constructed jointly by the EP/FEP
composite, the filler A-CE and the low-surface-energy FEP creates a hydrophobic surface.
A good interpenetrating structure is formed between the resin and the filler, and the matrix
is uniformly dispersed in A-CF/EP/PEF (Figure 4a). On the one hand, carbon fibers just
act as “grasses” planted firmly in the “soil” of the resin matrix (Figure 4b), and the two
are closely combined. On the other hand, the EP with good adhesion and the FEP with
low surface energy are well mixed (Figure 4c). Areas of different colors in Figure 4c are
interspersed with each other, and the interface between the two is well combined.

3.2. Wettability of the A-CF/EP/FEP Composites

FEP is a low-surface-energy material, and its content affects the wettability of A-
CF/EP/FEP composites. The WCAs of A-CF/EP/FEP composites with 10-50 wt% FEP
is shown in Table 1. Obviously, all the A-CF/EP/FEP composites are hydrophobic, and
the WCAs exceed 90°. The WCA increases firstly and then decreases with the rise in FEP
content, with a maximum of 109.9 £ 2.6° at the FEP content of 20 wt%. Owing to the
low surface energy of FEP, the hydrophobicity of the A-CF/EP/FEP composites shall be
improved with the increasing FEP content, but this does not seem true, which brings us to
the combination among EP, FEP, and the A-CF fillers.
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Figure 4. Morphology of the hydrophobic A-CF/EP/PEF surface (a), the combination of carbon fiber
and EP/FEP resin (b), and incorporation between EP and FEP (c).

Table 1. Water contact angle (WCA) of M-CF/EP composites with 4% PU and different contents
of FEP.

Sample Information Water Contact Angle/°
10% FEP + 4% PU 95.8 £2.0°
20% FEP + 4% PU 109.9 £ 2.6°
30% FEP + 4% PU 107.3 £1.0°
40% FEP + 4% PU 108.9 4 3.2°
50% FEP + 4% PU 103.8 £ 1.8°

Figure 5a shows obvious holes in the A-CF/EP/FEP composites at higher FEP content
(50 wt%), which is mainly due to the gap between the resin phase (EP, FEP) and the
filler (Figure 5b). In other words, excessive FEP is unfavorable for the hydrophobicity
of M-CFE/EP composites. The content of the low-surface-energy FEP plays an important
role in the construction of the hydrophobic surface, and 20 wt% FEP is confirmed as the
best content.

Figure 5. Morphology of the A-CF/EP/FEP composite with 50% FEP.

3.3. Wear Resistance of the A-CF/EP/FEP Composites
3.3.1. Effect of FEP on the Wettability of A-CF/EP/FEP Composites

The wear rates of A-CF/EP composites containing 2%, 4%, and 6% PU were studied
under the applied load of 2.8 MPa and the sliding speed of 0.51 m-s~!. In the continuous
friction tests, the wear rates of A-CF/EP composites at a certain abrasion cycle decreased
with the increase in PU content (Table 1). At the abrasion cycle of 30 kilo times, the
wear rates of A-CF/EP composites with 2.0%, 4.0%, and 6.0% PU are 1.42, 1.19, and
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0.91 x 107 13-m3-N~1-m~!, respectively, indicating that the wear rate of the composites
decreases with the increase in PU content. When the number of cycles increases to 60, 90,
and 120 kilo times, the wear rates of the A-CF/EP composites still conform to the above rule.
Compared with the other two composites, the A-CF/EP composite with 6% PU always
shows a slower wear rate in the same wear cycle, indicating that PU has an indelible effect
on improving the tribological properties of the composites. After 120 kilo cycles of abrasion,
the wear rate of the A-CF/EP composite with 6 wt% PU is only 0.58 x 10713 m3.N~1.m~1,
which further proves the wear-resistance stability of PU-containing composites. In addition,
the friction coefficient of the A-CF/EP composites was also investigated. The last column of
Table 2 shows that the friction coefficient decreases slightly with the increase in PU, which
proves the significance of PU to the tribological properties of the A-CF/EP composites.

Table 2. Wear rates (10~13.m3.N~1.m~1) and friction coefficients of the M-CE/EP composites with
different contents of PU under the applied load of 2.8 MPa and sliding speed of 0.51 m s—L.

Wear Rate Changes with Abrasion Cycles/Times

Samples Friction Coefficient
30,000 60,000 90,000 120,000
A-CF/EP with PU 0of 2.0%  1.42 x 10718 121 x 10713 1.92 x 10713 0.72 x 10713 0.398
A-CF/EP withPU of 4.0%  1.19 x 10713 1.07 x 10713 0.86 x 10713 0.67 x 10713 0.363
A-CF/EP withPU 0of 6.0% 091 x 10713 0.82 x 10713 0.62 x 10713 0.58 x 1013 0.318

3.3.2. Mechanistic Analysis

Low strength is a common problem of hydrophobic surfaces and limits the applica-
tion of hydrophobic products under actual working conditions. Why the A-CF/EP/FEP
composites possess excellent hydrophobicity and wear resistance at the same time shall
be explained from the structural and compositional perspectives. On the one hand, the
combination of A-CF and EP/FEP provides micro-nano structures for the formation of
hydrophobic surfaces (Figure 4a). On the other hand, the FEP offers low surface energy to
contain fluorine, and the combination of FEP and EP provides good adhesion (Figure 4) to
the filler (A-CF). Moreover, the good combination of the filler and resins is the premise of
excellent properties of composites. The surface morphology of the A-CF/EP/FEP compos-
ites after wearing was analyzed to explain the reason for their continuous hydrophobicity.
After 60,000 wear cycles, some epoxy resins were damaged, and the composite surface
remained relatively intact (Figure 6a). In addition, there is no obvious gap between the filler
(A-CF) and resins (EP/FEP), indicating that A-CF has good interfacial adhesion. When the
wear cycle increased to 120,000 times (Figure 6b), severe continuous friction aggravated the
damage to EP and subjected a large number of carbon fibers to exposure and fracturing
(Figure 6¢,d). At the same time, the remaining debris and nanoparticles attached to the
carbon fiber (Figure 6d) ensure the micro-nano structure required by the hydrophobic
surface. Both intact and broken carbon fibers can provide low friction resistance in the
friction process, which is related to the high wear resistance of carbon materials and the
slender morphology of fibers.

3.4. Thermal Conductivity of A-CF/EP/FEP Composites
3.4.1. Effect of A-CF on Thermal Conductivity of A-CF/EP/FEP Composites

The TCs of pure EP, EP/FEP, and A-CF/EP/FEP were measured at room temperature
(Figure 7). Like in other reports [29,30], the TC of pure EP is 0.21 W/(m-K). When 20%
FEP was added into EP, the TC of the EP/FEP composite did not obviously change. On
the contrary, TC decreased slightly to 0.19 W/(m-K). After A-CF was added to EP/FEP
composites, the TC increased significantly to 0.38 W/(m-K) when the FEP content was 20%,
which is 1.81 and 2.0 times those of the pure EP and the EP/FEP composite, respectively.
The formation of an effective heat conduction path in materials such as EP and EP/FEP
composites is a necessary condition for heat conduction, which will benefit phonon trans-
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mission. For the A-CF/EP/FEP, the presence of A-CF contributes to the formation of a
good heat conduction network.

Figure 6. Surface SEM images of the A-CF/EP composites after 60,000 (a) and 120,000 (b—d) abrasion
cycles at different magnifications.
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Figure 7. Thermal conductivity of pure EP, EP/FEP, and A-CF/EP/FEP composites with 20% FEP
and 4% PU.

To visually evaluate the heat absorption capacity of samples, we recorded the infrared
thermal images and the corresponding surface temperature changes in EP (al), EP/FEP
(a2), and A-CF/EP/FEP (a3) during the heating process. To ensure uniform and consistent
temperatures, we placed all the composites on a heating plate and maintained room
temperature or 80 £ 2 °C for 1 h. During the heating (Figure 8a), the surface colors
changed the fastest in A-CF/EP/FEP composites and the slowest in EP. In particular, the
A-CF/EP/FEP composite rose from low temperature (blue) to high temperature (light
pink) in the shortest time (Figure 8a). The endothermic efficiency of the samples is shown
in Figure 8b. Clearly, when the heating time was 20 s, the surface temperatures of EP,
EP/FEP, and A-CF/EP/FEP were 47.7,55.9, and 62.2 °C, respectively. The A-CF/EP/FEP
composite has a higher thermal management and heat transfer capacity compared with EP
and EP/FEP.
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Figure 8. Infrared thermal images (a) and surface temperature variation with time (b) elapse of EP
(al), CE/EP/FEP (a2), and A-CF/EP/FEP (a3) composites during heating processes.

3.4.2. Mechanistic Analysis

The improvement in thermal conductivity in the A-CF/EP/FEP composites is at-
tributed to the existence of A-CF. A schematic of thermal conduction is shown in Figure 9.
As for the EP/FEP composites, heat transfers slowly in the polymer matrix (Figure 9a)
owing to the low thermal conductivity of EP and FEP, and the high thermal resistance at the
EP and FEP interface. Therefore, the heat transfer performance of EP/FEP composites is not
improved significantly from that of EP. For the A-CF/EP/FEP composites (Figure 9b), the
A-CF framework provides a dense and regular network for phonon transmission during
heat conduction, which not only greatly reduces the thermal resistance between the carbon
fibers and resins, but also enhances the composites. Obviously, the fast heat conduction
route formation can provide A-CF/EP/FEP composites with excellent thermal conductivity.

@) , -

Heat source

=X
1 v

CF

EP
—_—————

Slow heat conduction

B —
Fast heat conduction

Figure 9. Schematic illustration of the heat conduction in the EP (a) and A-CF/EP/FEP (b) composites.

4. Conclusions

Composites with wear resistance, high thermal conductivity, and hydrophobicity
were successfully prepared from EP/FEP and APDMS-modified carbon fiber (A-CF). The
A-CF/EP/FEP composites have hydrophobicity from the low-surface-energy FEP, good
adhesion from EP, and improved wear resistance and thermal conductivity from A-CF.
When the PU is added to the A-CF/EP/FEP composites, the tribological properties are
improved significantly. When the FEP content is 20 wt%, the WCA of A-CF/EP/FEP
composites maximizes to 109.9 + 2.6°. The low surface energy of FEP helps maintain
continuous hydrophobicity in the A-CF/EP/FEP composites. The residual debris and
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nanoparticles attached to the carbon fiber after wearing ensure the micro-nano structure
required by hydrophobic surfaces. With the addition of A-CF, the TC of A-CF/EP/FEP
composites containing 20% FEP increases significantly to 0.38 W/(m-K), which is 1.81 and
2.0 times those of pure EP and EP/FEP composites, respectively. In conclusion, the A-CF
framework not only provides a dense and regular network for phonon transmission in
reducing the thermal resistance between the carbon fibers and resins but also enhances the
wear resistance of the A-CF/EP/FEP composites. The A-CF/EP/FEP composites possess
high wear resistance, hydrophobicity, and thermal conductivity. Thus, this study provides
a new and simple way to prepare composite materials.
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