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Abstract To improve the antiwear property and load
carrying capacity of hybrid PTFE/Nomex fabric/phenolic
composites, graphene and graphene oxide (GO) had been
synthesized and were employed as fillers, together with
graphite. Sliding wear tests show that the wear rates of
filler-reinforced PTFE/Nomex fabric composites were
reduced greatly when compared to unfilled fabric com-
posite. Besides, it was found that the 2 wt% GO filled
PTFE/Nomex fabric composites exhibited the optimal tri-
bological properties. It was proposed that the self-lubrica-
tion of GO, the favorable interface stability of the
composite, and the uniform transfer film on the counterpart
pin contributed together to the reinforced tribological
property of GO filled PTFE/Nomex fabric composite. We
also investigated the influence of filler content, applied
load, sliding speed, and tensile and bonding strength on the
tribological properties of PTFE/Nomex fabric composites.

Introduction

Hybrid fabric composites have recently generated exten-
sive interests owing to their outstanding properties, such as
self-lubricating, low density, high strength, and wide per-
formance tailorability [1-3]. The self-lubrication of PTFE
fiber and the high strength and thermal and oxidative
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stability of Nomex fiber endow PTFE/Nomex hybrid fabric
composite with excellent practicability [4, 5]. To take full
advantage of hybrid PTFE/Nomex fabric composite, the
face of the hybrid fabric rich in PTFE fiber was subjected
to wear due to its low friction property, while the other face
rich in Nomex fiber adhered onto the substrate. However,
the invalidation of hybrid PTFE/Nomex fabric composite
will always be accelerated due to the poor antiwear prop-
erty of PTFE fiber and the weak bonding between fabric
and adhesive [6-8]. As a consequence, it is an urgent
demand to improve the antiwear property of the hybrid
PTFE/Nomex fabric composites.

Surface modifications of fabric and filler reinforcing are
the two universal ways of improving the tribological
properties of fabric composites which can be applied either
individually or corporately [9-11]. Surface modifications
can change the surface morphology and reactivity of the
fiber, which lead to an improvement in the bonding
strength between fabric and adhesive, and thus improve the
tribological properties of fabric composite [12, 13].
Besides, the incorporation of lubricants or nanoparticles
into fabric composites has also shown tremendous promise
in achieving longevity and the desired tribological prop-
erties [14, 15]. Graphite, graphene, and graphene oxide
(GO) have been proved to be effective lubricant fillers for
polymer composites including fabric composites [16, 17].
Especially, GO possesses high specific surface, good dis-
persibility in water and organic solvents, and ideal range of
reactive surface-bound functional groups, and these desired
properties promote the interaction between the fillers and
the polymers [18]. For example, Wan and Chen [19]
reported that GO reinforced PLLA, PCL, PS, and PE
composites showed improved mechanical and tribological
property when compared to the unfilled one. Thus, GO
reinforced PTFE/Nomex fabric composite was expected to
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show a stable interface and favorable mechanical and tri-
bological properties.

In this study, we employed GO, graphite, and graphene
as fillers to improve the tribological property of PTFE/
Nomex hybrid fabric composite. Wear tests showed that
the tribological properties of these three fillers reinforced
fabric/phenolic composites were optimized, when com-
pared with unfilled fabric composite. We also investigated
the effects of filler content, applied load, and sliding speed
on the tribological properties of the hybrid PTFE/Nomex
fabric composites. Based on the characterizations, the
probable reasons for the reinforcement were discussed.
This study is hoped to extend the application of fabric
composite.

Experimental
Materials

The satin-weave hybrid PTFE/Nomex fabric was woven
out of the PTFE fibers and Nomex fibers purchased from
DuPont Plant. The adhesive resin (204 phenolic resin) was
provided by Shanghai Xing-guang Chemical Plant, China.
The graphite (diameter in the range of 10-38 pum deter-
mined by scanning electron microscopy, SEM analysis)
was provided by Lanshu Graphite Plant, China. The rest
chemicals were all of analytical grade and used as received.

Preparation of graphene and GO

Typically, GO was synthesized from natural graphite
powder by a modified Hummers method [20, 21]. 5 ¢g
graphite powder was added into 120 mL cooled (0 °C)
concentrated H,SOy, and 15 g KMnO4 was added into this
solution under stirring and cooling for 30 min (the tem-
perature of this mixture was kept below 20 °C). Then, the
mixture was stirred at 35 °C for 120 min, and 230 mL
distilled water was slowly added to the solution to cause
the temperature increased to 98 °C. The reaction was ter-
minated by adding 700 mL distilled water and 20 mL
30 % H,0,; solution. The resulting brilliant yellow mixture
product was washed with 5 % HCI solution repeatedly until
sulfate could not be detected with BaCl, and then washed
with distilled water to remove the acid. Exfoliation was
carried out by sonicating distilled water diluted GO dis-
persion for 60 min.

Then, part of the suspension was dried in a vacuum oven
at 60 °C for 24 h to obtain GO nanosheets. And the rest
mixture was reduced with superfluous hydrazine hydrate
(N,H4-H,0) at 80 °C for 24 h. After reduction, a homo-
geneous black dispersion with a small amount of black
precipitate was obtained. Finally, the suspension was dried

in a vacuum oven at 60 °C for 24 h to obtain graphene
nanosheets.

Specimen preparation

The hybrid PTFE/Nomex fabric was cleaned by Soxhlet
extractor in petroleum ether and ethanol in sequence and
dried at 80 °C. Then the fillers were mixed evenly with the
phenolic resin (diluted with mixed solvent Vepanot: Vacetone:
Vethyl acetae = 1:1:1) at different mass fractions under
magnetic stirring and ultrasonic stirring. Afterwards, the
fabric was immersed in the pure or filler added adhesive
solution and dried at 45-50 °C. Repetitive immersions and
coatings of the fabric were performed to obtain the com-
posite in which the mass fraction of the fabric was about
70-75 %. Finally, a series of unfilled and lubricants filled
fabric composites were affixed onto the AISI-1045 steel
(size of @ 45 mm x 8 mm, surface roughness of 0.45 pm)
with the adhesive resin and then cured at 180 °C for 2 h
under a certain pressure.

Tensile and bonding strength test

The tensile and bonding strength of pure and 4 % filler
reinforced hybrid PTFE/Nomex fabric composites were
determined by a DY35 universal materials test machine at a
constant speed of 50 mm/min. The dimensions of the
sample used for tensile strength test were 100 mm in
length, 20 mm in width, and 624 £ 20 um in thickness.
The tensile strength gy, (MPa)

oy, = Fy(BD) ™",

where F, is the maximal pull force in N, B is the width in
m, and D is the thickness in m.

Before carrying out the bonding property tests, the
impregnated fabric was cut into pieces (20 mm in length
and 12 mm in width). After that, the test pieces were
affixed between two AISI-1045 steel plates with the
adhesive resin and then cured at 180 °C for 2 h under a
certain pressure. The bonding strength t (MPa)

1=F(LB)"",

where F is the maximal pull force in N, B is the width in m,
and L is the length in m. Each experiment was carried out
five times and the average value was used.

Friction and wear test

Sliding wear tests were performed in a Xuanwu-III pin-on-
disk tribometer, according to our previous work [22]. In the
pin-on-disk tester, a stationary steel pin slides against the
Nomex fabric composite specimen in a rotating steel disk.
The flat-ended AISI-1045 pin (diameter 2 mm) was
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secured to the load arm with a chuck. The distance between
the center of the pin and the axis was 12.5 mm. The pin
stays over the disk with two degrees of freedom: a vertical
one, for normal load application by direct contact with the
disk, and a horizontal one, for friction measurement.

To make the surface roughness R, of the pin at about
0.15 pm, it was polished with 350, 700, and 900 grade
waterproof abrasive papers in sequence before each test
and then the polished pin was cleaned with acetone. The
dry sliding wear tests were performed on the Xuanwu-IIT
pin-on-disk tribometer at room temperature for 2 h, with
the loads and speeds in the range of 65-115 MPa and
0.364-0.572 m/s, respectively. After each test, the corre-
sponding wear volume loss (V) of the composite was
acquired by measuring the depth of the wear scar on a
micrometer with the resolution of 0.001 mm. The wear
performance was expressed by wear rate (w, m>/N/m) as
follows: o = V * (PL)_I, where V is the wear volume loss
in m>, P is the load in N, and L is the sliding distance in m.

The friction coefficient which was measured from the
frictional torque gained by a load cell sensor could be
obtained from the computer running the friction measure
software. The contact temperature of the worn surface was
monitored by a thermocouple positioned at the edge of the
counterpart pin. Each experiment was carried out three
times and the average value was used.

Characterization

FEI Tecnai F30 transmission electron microscopy (TEM)
and Bruker IFS66/S Fourier transform infrared (FTIR)

spectrometer were employed to investigate the morphology
and microstructure of graphene and GO. X-ray power
diffraction (XRD) patterns were obtained using a D/Max-
2400 X-ray diffractometer. SEM (JSM-5600LV) was used
to observe the worn surface morphology of the fabric
composites and the pins.

Results and discussion
Characterization of graphene, GO, and graphite

Figure la—c shows the TEM images of graphene, GO, and
graphite, in which the graphitic lattice is clearly illustrated.
And it can be seen that graphene exhibits a broad diffrac-
tion peak at around 23.9° (see Fig. 1d) and graphite
exhibits an intense diffraction peak at around 26° (see
Fig. 1f) [23]. The diffraction peak positioned at 20 around
10.0° for GO (see Fig. le) indicating that many oxygen
atoms were introduced into the interplanar space and planar
surface of graphite [23].

Figure 1g shows the FTIR spectra of graphene, GO, and
graphite. For graphene, GO, and graphite, the absorption
band at 3400 cm™" is attributed to C—OH and the band at
1620 cm™! to aromatic C=C [24, 25]. As for graphene and
graphite, the band at 1019 cm ™' is attributed to the C-O
vibrations of the epoxy groups [24]. Furthermore, the peaks
of GO positioned at 1724, 1224, 1052, and 848 cm™ ! are
attributed to C=O stretching vibrations from carbonyl
groups, carboxylic groups, C-OH stretching, and C-O
vibrations of the epoxy groups, respectively [25]. The
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Fig. 1 TEM images of the graphene (a), graphene oxide (b), and graphite (¢), XRD pattern of graphene (d), graphene oxide (e), and graphite (f).

(g) FTIR spectra of graphene, graphene oxide, and graphite
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results of XRD and FTIR analysis indicated that graphene
and GO have been successfully synthesized.

The mechanical and tribological property of unfilled
and filler reinforced hybrid fabric composite

To investigate the influence of filler content on the tribo-
logical properties of the hybrid fabric composite, sliding
wear tests were carried out. Figure 2a, b shows the friction
coefficient and wear rate of unfilled and a series of lubri-
cant filled fabric composites. It can be seen that the friction
coefficient of lubricant reinforced composite varied little
with the filler content. However, the wear rates of the most
lubricant reinforced fabric composites were reduced in
different extent. For all the lubricants reinforced fabric
composites, the wear rate decreased initially and then
increased with the filler content. When graphite was
employed as filler, 2 and 4 wt% graphite reinforced hybrid
fabric composites showed lower wear rate than unfilled
composite, while the 6 and 8 wt% graphite reinforced
composite showed higher wear rate. Among the graphite

filled hybrid fabric composites investigated, 4 wt%
graphite filled hybrid fabric composites displayed the most
admirable antiwear property. When graphene and GO were
used as fillers at the content of 1-8 wt%, all the fillers
reinforced composites exhibited lower wear rates than that
of the pure composite. The optimal filler content for both
graphene and GO is 2 wt%. Moreover, GO reinforced
fabric composite showed better antiwear property than
graphene reinforced composite when the same content was
applied.

We then investigated the tensile and bonding strength of
pure and 4 wt% fillers reinforced composites (see Fig. 2c).
It was found that the tensile and bonding strength of fabric
composite followed the order of unfilled fabric compos-
ite > GO filled fabric composite > graphite filled fabric
composite > graphene filled fabric composite. For filler-
reinforced composites, the stronger the mechanical prop-
erty, the better the antiwear property. Liu et al. [26]
investigated the influence of PTFE volume content on the
mechanical and tribological properties of aramid fabric
reinforced PTFE composites. And they found that the
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Fig. 2 The value of friction coefficient (a) and wear rate (b) of the fabric composite as a function of filler content. The load and sliding speed in
the tests were 85 MPa and 0.364 m/s, respectively, (¢) the tensile and bonding strength and wear rate of several fabric composites

Fig. 3 SEM images of the fracture surfaces of a unfilled fabric composite, b 4 wt% graphite filled fabric composite, ¢ 4 wt% graphene filled
fabric composite, and d 4 wt% graphene oxide filled fabric composite, e-h magnified images of a—d, respectively
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composite possessed the highest tensile strength and the
highest Rockwell hardness exhibited the lowest friction
coefficient and the best wear resistance. The results of our
tests together with the investigation of Liu et al. approved
the fact that the mechanical property and tribological
property of composites are closely related to each other.
The fracture surfaces of unfilled and filler-reinforced
composites are shown in Fig. 3. It can be seen from
Fig. 3a, e that the interfacial bonding is compact for
unfilled composite. However, for graphite and graphene
reinforced fabric composites, some holes were detected on
the fracture surfaces of the composites (Fig. 3b, c, f, g). For
GO reinforced fabric composite, the interfacial bonding is
equally compact without any hole and void (see Fig. 3d, h),
compared to unfilled composite. Thus, GO reinforced
fabric composite displayed improved tensile and bonding
strength, compared to graphite and graphene reinforced
fabric composites. It is proposed that fabric composite with
higher tensile and bonding strength will be difficult
undergoing damages such as resin shell-off and fiber

pull-out. Accordingly, the integrated structure of GO
reinforced fabric composite contributed to its optimal
antiwear property and load carrying capacity.

The effect of applied load on the tribological properties
of the composite

Subsequently, the effect of applied load on the friction and
wear behaviors of unfilled and GO filled fabric composites
were investigated, and the result was shown in Fig. 4. It
can be seen that the friction coefficients of these two fabric
composites decreased with the applied load increasing,
accompanied with an increase in the wear rate simulta-
neously. The friction coefficient of GO filled composite
was lower initially but become higher than the unfilled
composite with the applied load (see Fig. 4a). It was pro-
posed that exposed PTFE fibers were less during the sliding
wear test for GO reinforced composite and thus it exhibited
a higher friction coefficient when compared with unfilled
composite. The wear rate of GO filled composite was much

Fig. 4 Friction coefficient (@)g.410. = pure composite (b) 5, e pure composite
(a) and wear rat&.e (b) of unﬁllé?d —a— graphene oxide/composite < —a— graphene oxide/composite
and graphene oxide filled hybrid 2 0.099- E 281
fabric composite as a function 5 o,,é 2.4
” o ‘G 0.088- £
of applied load. The sliding E T Lo
speed in the tests was 0.364 m/s § 0.077 4 o ]
c 3 16
S 0.066 - £
2 o 1.2
L 0.055- 3
= o081
0.044 -
0.4 -

T T

80

T
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Load/Mpa

T
100

Fig. 5 SEM images of the worn surfaces for a unfilled fabric
composite, b 4 wt% graphite filled fabric composite, ¢ 2 wt%
graphene filled fabric composite, and d 2 wt% graphene oxide filled
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Fig. 6 The transfer films
formed on the counterpart pin
after the sliding wear tests for
unfilled composite (a), 4 wt%
graphite filled composite (b), 2
wt% graphene filled composite
(c), and 2 wt% graphene oxide
filled composite (d). The
applied load and sliding speed
in the tests were 85 MPa and
0.364 m/s, respectively

—— 100 pum

Fig. 7 SEM images of the worn
surfaces for a unfilled
composite and b graphene oxide
filled composite, ¢, d magnified
images of a, b, respectively.
The applied load and sliding
speed in the tests were 105 MPa
and 0.364 m/s, respectively

lower than that of unfilled composite under all the inves-
tigated applied loads (see Fig. 4b). That is, the load car-
rying capacity and antiwear property of fabric composite
were notably improved after filling 2 wt% GO. It is likely
that the evenly distributed GO nanosheets can share the
applied load effectively and thus the damage caused by
sheer force was weakened [27].

I—I 100 wm

o SR

Figures 5 and 6 show the morphology of the worn sur-
faces and its counterpart pins of unfilled, 4 wt% graphite
filled, 2 wt% graphene filled, and 2 wt% GO filled fabric
composites. It can be seen that large area of adhesive
detached on the worn surface of unfilled fabric composite,
and bundles of fibers were cut off from the composite (see
Fig. 5a, e), indicating severe adhesive wear and fatigue
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Fig. 8 The effect of sliding (a) (b) -
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Fig. 9 SEM images of the worn
surfaces for a unfilled
composite and b graphene oxide
filled fabric composite at the
sliding speed of 0.52 m/s, ¢,

d magnified images of a, b,
respectively. The applied load
in the tests was 85 MPa
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wear occurred on the surface. As shown in Fig. 6a, there
are masses of furrows on the surface of the pin, and the
transfer film is discontinuous and very thin. It was indi-
cated that the counterpart pin underwent scratching during
the sliding wear against the rough worn surface of the
fabric composite. For 4 wt% graphite filled fabric com-
posite, the amount of exposed fiber and fiber cut-off was
less than that of the unfilled composite (see Fig. 5b, f). A
more continuous transfer film can be seen on the counter-
part pin, and the damage caused by abrasive wear is much
milder (see Fig. 6b). When 2 wt% graphene was filled into
the fabric composite, the worn surface of this composite
was much smoother with little exposed and cut-off fibers
(see Fig. 5c, g). Correspondingly, the counterpart pin is
well protected by the uniform and continuous transfer film
(see Fig. 6¢c). As for the 2 wt% GO reinforced fabric
composite, the worn surface is the smoothest among the
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fabric composites, with scarcely any exposed and cut-off
fiber (see Fig. 5d, h). GO transferred onto the counterpart
pin and formed a uniform and continuous transfer film (see
Fig. 6d) [28]. To sum up, fillers reinforced composites
exhibit improved antiwear property and load carrying
capacity owning to the self-lubrication of the lubricants and
the more continuous transfer film on the counterpart pin,
especially for 2 wt% GO reinforced composite.

Since 2 wt% GO filled fabric composite exhibited the
favorable antiwear property, the wear behavior of unfilled
and 2 wt% GO filled fabric composite was further inves-
tigated under an increased load of 105 MPa. From the SEM
image in Fig. 7a, it can be seen that large amount of fibers
were cut off from the composite and most adhesive
detached from the worn surface. Comparatively, much less
fibers were cut down from the worn surface and large area
of the worn surface was smooth for 2 wt% GO filled fabric
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composite (see Fig. 7b). That is, the antiwear property of 2
wt% GO filled fabric composite was also reinforced under
higher applied load.

The effect of sliding speed on the tribological
properties of the composite

We next investigated the effect of sliding speed on the
friction coefficients and wear rates of pure and 2 wt% GO
filled fabric composites. As shown in Fig. 8a, the friction
coefficient of pure composite was close to that of 2 wt%
GO filled composite at all the sliding speeds investigated.
However, the wear rate of 2 wt% GO filled composite was
much lower than that of the pure composite at all the
sliding speeds investigated. Moreover, the wear rate of 2
wt% GO filled composite varied in a small range with the
sliding speed. It is proposed that fatigue wear and adhesive
wear dominated the abrasion of the two fabric composites
at low sliding speed. When the temperature of the worn
surfaces went up to a certain amount owing to sliding speed
increasing, the adhesive was softened and then the surface
of the composite was polished during the sliding wear test,
which resulted in the firstly decreased wear rate. However,
the overabundant friction heat caused the decomposition of
the adhesive and the reduction of mechanical property and
antiwear property of the composite [29].

Figure 9 shows the worn surfaces of unfilled and GO
filled hybrid fabric composites under the same sliding
condition tested. For unfilled composite, bundles of fibers
were cut down from the worn surface, indicating that
severe fatigue wear occurred on the fabric composite sur-
face (see Fig. 9a, c¢). On the contrary, GO filled fabric
composite underwent milder damage, evidenced by much
smoother worn surface and fewer exposed and cut-off
fibers (see Fig. 9b, d). It is proposed that the self-lubrica-
tion of GO and easy-formed transfer film on the counter-
part pin effectively reduced the wear loss of 2 wt% filled
fabric composite at all sliding speeds tested.

Conclusions

Graphite, graphene, and GO were employed as fillers to
improve the tribological property of the hybrid PTFE/No-
mex fabric/phenolic composite. Sliding wear tests showed
that the antiwear property and load carrying capacity of 4
wt% graphite filled, 2 wt% graphene filled, and 2 wt% GO
filled fabric composite were all improved, especially for
the 2 wt% GO filled fabric composite, when compared with
the unfilled fabric composites. For filler-reinforced fabric
composites, GO reinforced fabric composite exhibited the
highest bonding and tensile strength. It is believed that the
favorable mechanical properties of the GO reinforced

fabric composite, the self-lubrication of GO, and the uni-
form and continuous film formed on the counterpart pin
contributed cooperatively to the optimized tribological
property of the fabric composite.
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