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Abstract: The development of a phenol formaldehyde/graphene (PF—graphene) composite coating with high
performance is desirable but remains a challenge, because of the ultrahigh surface area and surface inertia of
the graphene. Herein, we synthesized PF-graphene composites by the in situ polymerization of phenol and
formaldehyde with the addition of graphene oxide, resulting in improved compatibility between the graphene
and phenolic resin (PF) matrix and endowing the phenolic resin with good thermal stability and excellent
tribological properties. Fourier-transform infrared (FTIR) spectra and X-ray diffraction (XRD) patterns demonstrated
that the graphene oxide was reduced during the in-situ polymerization. The PF—graphene composites were
sprayed onto steel blocks to form composite coatings. The effects of an applied load and of the sliding speed on
the tribological properties of the PF-graphene composite coating were evaluated using a block-on-ring wear
tester; in addition, the worn surface and the transfer film formed on the surface of the counterpart ring were
studied by scanning electron microscopy (SEM). The results show that the PF-graphene composite coating
exhibited enhanced tribological properties under all tested conditions.
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1 Introduction

Phenolic resins (PF), notwithstanding their century-
long history, continue to attract a great deal of research
interest. Because of their thermal stability, high char
yield, structural integrity, and solvent resistance,
they are widely used as coatings, thermal insulation,
aeronautic applications, electro-optical devices and
composite materials [1,2]. Extensive research has
been conducted to improve the friction and wear
properties of phenolic resin and its composites via the
incorporation nanoparticles into the phenolic resin
matrix [3, 4]. However, numerous groups have reported
that nanoparticles are difficult to disperse into the
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polymer matrix by mechanical dispersive mixing
because of the agglomeration of nanoparticles and
the high viscosity of polymer [5].

Graphene has inspired enormous research interests
in the fabrication of functional polymer composites
because of its high aspect ratio and unique electrical,
mechanical and thermal properties [6-9]. Due to this
excellent properties, the graphene reinforced polymer
composites have been widely applied as coatings,
liners, ablative materials, and in aerospace applications.
Two primary popular approaches have thus far been
devised for the preparation of graphene. One approach
is to thermally exfoliate graphene oxide (GO) at high
temperatures in a furnace, during which thermal
reduction occurs; the other approach is to ultrasonically
exfoliate graphene oxide to graphene in solvents or
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polymer/monomer solutions and then chemically
reduce the GO [10-14]. To improve the dispersion
of graphene sheets in polymer matrices, chemical
functionalization of the graphene sheets is required
to enhance their compatibility with polymers [15, 16].
GO has been reported to be reduced during in-situ
polymerization [17, 18]. Xu et al. reported that nano-
scale graphene oxide can be well dispersed in the
matrix of PF by in situ polymerization and that the
thermal stability and dynamic mechanical properties
of the GO/PF composites were significantly improved
[19]. Xu et al. reported that a graphene-reinforced
Nylon-6 composite with a graphene loading of 0.1 wt%,
which they prepared by an in situ polymerization
approach, exhibited excellent tensile strength and a
high Young's modulus [20]. However, the tribological
properties of graphene oxide/PF composites prepared
by in-situ chemical reduction and functionalization
have rarely been reported.

To endow PF with excellent tribological properties,
we used a facile approach to reduce and functionalize
GO during in-situ polymerization of phenol and
formaldehyde in the presence of GO sheets. Subsequent
characterization confirmed that GO was reduced and
functionalized during the in-situ polymerization, which
improved the compatibility between graphene and the
PF matrix. The results showed that the PF—graphene
composite coating exhibited optimal tribological
properties under all tested conditions.

2 Experimental details
2.1 Materials

Phenol (99%) and formaldehyde solution (37%) were
purchased from Xi Long Chemical Company. Graphite
powder was purchased from the National Medicine
Company of Shanghai, China. Polyfluo 150 wax (PFW)
as a powder with a particle diameter of approximately
3—4 um was provided by Micro-Powders Inc. An AISI
1045 block (12.7 mm x 12.7 mm x 19 mm) was used as

the substrate of the phenolic composite coating. An
AISI-C-52100 steel ring with a diameter of 49.24 mm
and a thickness of 12 mm (hardness Hv850) was rotated
against the phenolic composite coatings under dry
friction conditions. The chemical compositions of the
1045 steel and the AISI-C-52100 bearing steel are shown
in Table 1.

2.2 Synthesis of PF-graphene composites

Graphene oxide was prepared from natural graphite
using a modified Hummers’ method described in
Refs. [21-23]. The PF—graphene was prepared according
to previously reported procedures [15]. PE-graphene
composites were prepared using a formaldehyde/
phenol (F/P) molar ratio of 1.32 in the presence of
sodium hydroxide. Typically, phenol, formaldehyde,
and graphene oxide were added into a three-neck
flask. After the pH was adjusted to 9.0, the mixture
was ultrasonicated at 70 °C for 2 h, and subsequently
heated to 85°C for 2.5 h in an oil bath. The reaction
was stopped when the viscosity of the mixture
increased dramatically. At the end of the reaction,
water was removed under vacuum at 70°C, and a
black product was obtained. The obtained black
product was designated as PF-graphene composite.
Four kinds of PF-graphene composites with different
graphene oxide contents (0.1, 0.2, 0.3, and 0.4 wt%)
were prepared.

2.3 Preparation of composite coating

The SISI 1045 block (12.7 mm x 1.2.7 mm x 19 mm) was
polished with 300 grade water proof abrasive paper
and then cleaned with acetone in an ultrasonic bath
for 10 min. The PFW and PF-graphene were dispersed
in ethanol with ultrasonic stirring for 1 h. The amount
of the solid lubricant PFW used was 20 wt% relative
to the amount of phenolic binder. The coatings on
blocks were prepared by spraying the coating pre-
cursors using 0.2 MPa nitrogen gas and then cured at
85 °C, 120 °C, and 180 °C for 2 h, respectively.

Table 1 The chemical composition of the AISI-C-52100 bearing steel and steel 45 (in wt.%).
C Si Mn P S Cr Ni Cu Fe
Steel 45 0.42-0.5 0.17-0.37  0.50-0.80 0.035 0.035 0.25 0.25 0.25 Balance
Bear steel  0.98-1.1 0.15-0.35 0.25-0.45 1.3-1.6 Balance
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2.4 Characterization

Fourier transform infrared (FTIR) spectra were collected
on a Bruker IFS66 V/S spectrometer. Thermogravimetric
analysis (TGA) was carried out using a thermogravi-
metric analyzer (STA 449F3) with the samples under
a nitrogen atmosphere. X-ray powder diffraction (XRD)
patterns were obtained using a Rigaku D/Max X-ray
diffractometer. The morphology of the worn surface
was observed by scanning electron microscopy (SEM,
JEOLJSM-5600LV). FEI Tecnai F30 transmission electron
microscopy (TEM, FEI Tecnai F30) was used to
investigate the microstructure and morphology of the
graphene and PF-graphene.

An MHK-500 ring-on-block wear tester (manufac-
tured by the Jinan Testing Machine Factory, China)
was used to evaluate the friction and wear behaviors
of the PF—graphene composite coating (see Fig. 1). A
steel ring was rotated against the PF—graphene com-
posite coatings at speeds of 2.24-3.68 m/s and loads
of 320-620 N under different sliding conditions.
Before each test, the steel ring and the coating were
abraded with 900 grade water proof abrasive paper.
Then they were cleaned with acetone and dried. The
sliding distance was calculated from the product of
the sliding speed and the sliding time. The wear life
of the PF—graphene composite coatings was calculated
by dividing the sliding distance by the corresponding
wear depth in micrometers. Wear depth was measured
using a micrometer (+(0.001 mm). Thus the friction
and wear tests were conducted at 20-25°C and at a
relative humidity of 30%-50%, and the data presented
in the current work represent the averages of three
replicate measurements.

T
|
.-”i '
| e
<
- - 20° o
<
J =
® i
-~ P
S
~_Sample
19 12.35

Fig.1 Contact schematic for the frictional couple.

3 Results and discussion
3.1 Characterization of the PF-graphene composite

Figure 2(a) shows the FTIR spectra of GO, PF-graphene,
and PF. In the spectrum of GO, the characteristic
absorption peaks appear at 1,698 cm™ and 1,620 cm™,
and these peaks are attributed to the C=O and C=C
stretching vibrations, respectively. In the spectrum of
PF, the peaks at 2,917 cm™, 2,849 cm™ and 1,474 cm™
correspond to the —-CH stretching and bending vibra-
tions. The C=C stretching vibration of the phenolic
ring appears at 1,638 cm™. By comparison with the
spectra of PF and GO, the appearance of absorption
peaks in the spectrum of PF—graphene at 2,911 cm™,
2,836 cm™ (—CH; stretching), 1,609 cm™ (C=C stretching),
1,476 cm™ (—CH, bending), and 1,051 cm™ (methylol
stretching), indicated the graphene oxide was reduced
and functionalized by PF chains [9, 24]. Furthermore,
the weakened peak at 1,358 m™, which is assigned to
the O-H deformation vibration of PF and the new
C-O stretching vibration at 1,142 cm™ imply that the
nucleophilic substitution reaction occurred between
the PhO-groups of the PF prepolymer and the oxygen
containing groups of GO [9]. Phenolate anions are
known to act as a nucleophil to functionalize GO [25].

The XRD spectra of graphene oxide, graphene, and
PF-graphene are shown in Fig. 2(b). Because of the
absence of functional groups containing oxygen after
the reduction of GO, the intra-gallery spacing decreased
from 9.358 A (10.5°) in graphene oxide to 4 A (24.4°).
This decrease in interlayer spacing indicated that
aggregation persisted to some extent. Such aggregation
presumably arises from the strong van der Waals
interactions between the sheets of the reduced graphene.
Compared with the graphene, however, the interlayer
spacing of PF-graphene was enlarged from 4 A (24.4°)
in the case of reduced graphene to 5.36 A (18.36°)
after functionalization of graphene oxide via in situ
chemical reduction. The XRD results demonstrated
that the graphene oxide was reduced via the in situ
polymerization process, consistent with the FTIR
results [15].

The dispersion stability of pristine graphene and
PF—graphene prepared in ethanol was evaluated by
visual observation at different standing times after
sonication (Fig. 3). Immediately after sonication
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Fig. 2 FTIR (a) and XRD (b) analysis for the PF, PF—graphene, and graphene oxide.

(Fig. 3(a)), both the graphene and the PF-graphene
sheet were black, and the two solutions were uniform.
With increasing sonication time, the pristine graphene
sheet solution contained some suspended sheet
aggregates, and the graphene finally completely settled
to the bottom of the bottle after 3 days (see bottle A in
Figs. 3(b) and 3(c)). However, the PF—graphene/ethanol
solutions were always stable (see bottle B in Fig. 3).
These phenomena indicate that in-situ reduction and
functionalization of graphene oxide during the
polymerization of the phenol and formaldehyde can
considerably improve the solubility of the graphene.
The presence of the phenolic resin layer on the grap-
hene was confirmed by TEM (Figs. 3(d) and 3(e))
images. We observed that in comparison to the clear

— 50 Nm

Fig.3 Stability of the graphene and PF-graphene/ethanol
dispersions observed at different time: (a) immediately; (b) t~2h;
(c) t~3d. ((A): PF—graphene; (B): pristine graphene) and TEM
images (d) pristine graphene; (e) PF—graphene.

image of the graphene surface (Fig.3(d)), the PF-
graphene image (Fig. 3(e)) shows a fine coating that
uniformly cover the graphene surface uniformly.
Therefore, we reasonably concluded that the phenolic
chain was grafted onto the graphene surface.

Thermal stability was assessed by TGA under a
nitrogen atmosphere, and the resulting thermograms
are shown in Fig. 4. The two phenolic resins both
exhibit a small mass loss (1.3%) at approximately 150 ‘C
due to the removal of adsorbed water. However, the
residual weight of the PF—graphene was greater than
that of PF in the temperature range between 150 and
595 °C. Table 2 shows the degradation temperatures
(T4) for PF, and PF—graphene. Compared with the T4
of PF, the T4 for PF—graphene was higher because of
the addition of graphene. The result demonstrated that
the thermal stability of the phenolic was improved by
the in-situ chemical reduction and functionalization
of graphene oxide.
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Fig. 4 TGA analysis for PF and PF—graphene.
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Table 2 Thermal property of two phenolic resins.

weight loss Temperature for Temperature for

(Wt%) PF PF—graphene
5% 198 234
10% 268 384
20% 502 517
30% 583 593

3.2 The effect of graphene oxide loading on the
tribological properties of the composite coating

Figure 5 shows the effect of graphene oxide content
on the wear life and friction coefficient of PF and
PF-graphene composite coatings under an applied
load of 320 N, a sliding speed 2.24 m/s, and dry sliding
conditions. The data refer to the mean values measured
in the steady state range of the wear process. The
results showed a monotonic increase in wear life with
increasing graphene oxide content when the graphene
oxide content was less than 0.3 wt%. However, the
friction coefficient initially decreased and then increased
with increasing graphene oxide content. Because of
the strong van der Waals interactions between the
reduced graphene sheets, they are prone to agglomerate
when a large mass fraction of the graphene is added
to phenolic resin. This agglomeration may lead to
drawing out of the graphene from the matrix resin
during the test. Thus, abrasion occurred and the friction
coefficient increased when the filler content was
excessive [26]. This result indicated that appropriate
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Fig. 5 The effect of graphene oxide content on the friction and
wear performance of the composite coatings (sliding speed: 2.24 my/s,
applied load: 320 N, test time: 60 min).

filler content could improve the tribological behavior
of the PF-graphene composite coating. The results
showed that the best friction-reduction was achieved
at a concentration of 0.3 wt%. The friction reduction
and anti-wear ability of the 0.3% graphene oxide
loading can be explained by good dispersion. Thus,
0.3 wt% was chosen as the optimal graphene oxide
content of the phenolic composite coating. Compared
with the PF composite coating (289.5 MPa, 3.61 GPa),
graphene had little effect on the hardness and Young'’s
modulus of the PF-graphene composite coating
(286 MPa and 3.94 GPa).

Figure 6 shows SEM images of the two phenolic
composite coatings surfaces and sections. In the case
of PF—graphene composite coating, the substrate was
well bonded with the PF—graphene coating matrix, and
gaps were not apparent at the filler/matrix interface
(see Fig. 6(d)). Moreover, no cavities were evident on
the surface of the PF-graphene composite coating
surface (see Fig. 6(b)). This lack of cavities is attributed
to excellent adhesion between the functionalized
graphene and the phenolic matrix. In contrast, numerous
cavities were apparent in the surface and section of
the pure phenolic composite coating (see Figs. 6(a)
and 6(c)), which might have been caused by solvent
evaporation.

Coating
Interface

Substrate

) 2% Xzb@nieonrm

Fig. 6 (a) and (b) is the SEM image of the surface morphology
for PF composite coating and PF—graphene composite coating,
respectively; (c) and (d) is the corresponding cross section image
for PF composite coating and PF—graphene composite coating,
respectively.
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3.3 The effect of applied load on the tribological
properties of the composite coatings

The variations of the friction coefficient and the wear
life of the two phenolic composite coatings under various
applied loads, where the tests were conducted under
dry conditions at a sliding speed of 2.24 m/s, are shown
in Fig. 7. Evidently, the friction coefficient (Fig. 7(a))
and the wear life (Fig. 7(b)) of the two phenolic com-
posite coatings both decreased with increasing load.
A comparison of the tribological behaviors of the pure
PF composite coating, revealed that the coating of
phenolic resin composite containing graphene reduced
in situ exhibited excellent tribological properties.
Because polymers are a visco-elastic materials the
variation of the friction coefficient under an applied
load follows the equation p=KN"' where y is the
friction coefficient, N is the load, K and n are constant,
2/3<n<1[27]. According to this equation, the friction
coefficient decreases with increasing load. Experi-
mentally, the graphene slid easily and prevented
catastrophic failure of the brittle phenolic matrix
by detouring fatigue cracks [28]. Therefore, the PF-
graphene composite coating exhibited a lower friction
coefficient and greater wear life than the composite
coating without graphene when tested at a sliding
speed of 2.24 m/s and a load of 320-620 N. The weak
van der Waals interaction between the lamellaes of the
graphene nanosheets provides low resistance to shear
under the rolling contact stress, resulting in reduced
in friction. Furthermore, the continuous supply of
these nanosheets on the contact surfaces, because of
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their stable dispersion in the phenolic matrix, avoids
direct contact between samples and the counterpart
ring and improves the anti-wear properties of the
PF-graphene composite coating [29].

Figure 8 presents SEM micrographs of the worn
surface of the two phenolic composite coatings. As
evident in the figure, the worn surface of the pure
PF composite coatings exhibit severe scuffing with
numerous deep and narrow grooves and extensive
peeling of the phenolic resin from the matrix (Fig. 8(a)).
However, in case of the PF-graphene composite
coating, the wear surface was relatively smooth, and
exhibited only fine scratches (Fig. 8(b)). The tribological
behavior of the phenolic resin composite coatings is
strongly influenced by their ability to form transfer
films on the counterface. After transfer films are formed,
subsequent interaction occurs between the polymer
coating and the transfer films of similar composition
instead of between the polymer coating and the steel
counterface [30]. To further study the friction and
wear mechanism of the coating, we investigated the
micrographs of the counterpart surface. As evident in
Fig. 8(c), the transfer film of the PF coating appeared
to be rough and discontinuous. In contrast, the transfer
film of the PF—graphene composite coating (Fig. 8(d))
appeared to be much smoother than that of the PF
composite coating.

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

The friction coefficient and wear life of the two phenolic
composite coatings at different sliding speeds under

—a— PF composite coating
—&— PF—graphene composite coating

2,000 4

1,000 +

350 400 450 500 550 600 650
Applied load (N)

T
300

Fig. 7 The effect of applied load on the friction and wear behaviors of the two composite coating (sliding speed: 2.24 m/s, test time: 60 min).
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Fig. 8 SEM pictures of the worn surface (a) PF composite coating; (b) PF-graphene composite coating; (c) the transfer film of (a); (d)
the transfer film of (b); (e) and (f) are magnified image of (c) and (d). The applied load, sliding speed, and test time is 320 N, 2.24 m/s,

and 60 min, respectively.

an applied load of 320 N are shown in Fig. 9. As evident
in the figure, the two composite coatings exhibited
greater friction coefficients at low sliding speeds. As
the sliding speed was increased further, however, the
friction coefficient decreased which we attributed to
surface softening arising from frictional heating.
Moreover, the wear life of the two composite coatings
decreased with increasing sliding speed. Accordingly,
the PF—graphene composite coating exhibited the best
anti-wear behavior among the investigated coatings.
The graphene in the composite coating will slowly
release onto the metal surface during the wear and
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—&— PF—graphene composite coating
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0.144

Friction coefficient

0.134

0.124
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friction tests, and more easily slide between the two
mating surfaces, resulting in a decrease in the friction
coefficient. In addition, the graphene on the surface
serves as a spacer, that prevents rough contact between
the two mating surfaces, thereby enhancing the wear
life considerably.

The SEM morphologies of the worn surface of the
PF—graphene composite coating under an applied
load of 320 N at different sliding speeds are shown
in Fig. 10. The PF-graphene composite coating was
characterized by mild scuffing and little matrix peeling
(Fig. 10(a)). This observation is consistent with the
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Fig. 9 The effects of sliding speed on the friction and wear behavior of the two composite coatings. The applied load and test time is

fixed to 320 N and 60 min, respectively.
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Fig. 10 SEM photographs of the worn surface of the PF-
graphene composite coating under the sliding speed of (a) 2.72 m/s
and (b) 3.2 m/s. The applied load and test time is fixed to 320 N
and 60 min.

greater wear life of the PF-graphene composite coating
compared to that of the PF composite coating. In
addition, the worn surface was still smooth and some
debris appeared under high sliding speeds (Fig. 10(b)).
This observation is attributed to the thermal con-
ductivity of the PF-graphene coating. The enhanced
thermal conductivity of a polymer composite is well
known to facilitate heat transport and increase the
composite thermal stability through the incorporation
of highly thermally conductive graphene [31].

4 Conclusion

We used a facile approach to reduce and functionalize
graphene oxide during the polymerization of phenol
and formaldehyde, which resulted in increased
interfacial interaction between the graphene and the
phenolic resin. We demonstrated that this approach
is an effective method of further enhancing the nano-
effect of the graphene on the tribological performance
of a composite coating. In addition, the applied load
and sliding speed were observed to strongly affect the
phenolic composite coating. Increases in the applied
load and sliding speed, decreased the wear life of the
phenolic composite coating. Because, under a high
applied load or high sliding speed, friction heat was
accumulated and could not be efficiently dissipated,
which resulted in depredation of the phenolic com-
posite.
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