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Abstract: A large-area spray coating process is introduced to efficiently apply a graphene/Cu/cellulose
composite on a flexible glass substrate. The dispersion characteristics of nano-additives are measured
and the Tyndall effect observed. The characteristics of the composite coating such as the film thickness,
surface roughness, water contact angle, and lubricating characteristics are measured. The tribological
properties of the composite coating are measured using a ball-on-disk. The wear width of the abrasive
parts, as well as the wear and friction coefficient of the grinding balls, are investigated. Adding
graphene/Cu helps to improve the anti-wear ability of cellulose. The transfer layer was observed using
the Raman spectroscopy and mapping technology. Finally, the lubricating mechanism is discussed, and
the wear mechanism is proposed. Nanoparticles existed in the wear track as the third-body particles
and improved the load capacity of the composites. The wear mechanism of the composites is discussed
in terms of the worn surfaces and the analysis of the transfer film with the third-body approach.
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1. Introduction

Consumer electronics such as smartwatches, smartphones, head-up displays, and computer
screens, as well as automotive electronics and flexible devices, have attracted much attention in the last
few decades, increasing the demand for large area and flexible substrates. Consequently, the demand
for protecting the surface of substrates also increased. Hence, the substrates are coated with different
materials to prevent any damage. The efficient use of electronic products with an increased service life
of electric films is a topic worth exploring. However, there are not many studies on the preparation of
protective coatings on large-area glass substrates. In this study, a protective layer was prepared by
spraying technology on a flexible substrate and its lubricating characteristics were studied.

Spin and spray coatings are widely used in large-area coating processes. In recent years, spin
coating has been used to prepare conductive coatings, such as solar cell structure [1,2], transparent
conductive oxide [3,4], and conductive layers for other applications [5]. Spray coating has also been
widely used to prepare materials such as perovskite solar cells [6], transparent conductive electrodes [7],
compact layers [8], nanocomposites [9], and highly conducting metal layers [10]. However, there are
few studies on the use of spin and spray coatings for large-area polymer lubricating protection coatings.
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The preparation and stability of the slurry significantly influence the characteristics of spray coating;
the dispersion of additives in the slurry is particularly impacted [11-13]. In recent years, the awareness
of environmental protection has increased the use of biopolymer materials, such as cellulose [14-16],
chitosan [17,18], and gelatin [19,20]. Furthermore, the various engineering applications of these
materials, such as biopolymer anti-corrosion coatings [21-24], self-repairing layers [25-27], anti-wear
layers [28,29], and friction-reduction layers [30,31], have received significant attention. In composite
materials, the size, appearance, and degree of aggregation of additives significantly influence their
properties, such as wear characteristics [32,33], electrical conductivity [34,35], thermal conduction [36,37],
and mechanical strength [38,39].

In this study, nano-graphene is used as an additive to explore the influence of its dispersion on
the properties of nano-graphene/copper/cellulose composite coatings (NGCC). Spraying is used to
prepare the composite coating. Importantly, the overall target is a 20% reduction in friction and wear.
Material and wear properties of the composite coating under large-area manufacturing are discussed,
and a tribology protection material suitable for practical applications in the conductive layer of the
large-area screen surface is developed.

2. Materials and Methods

2.1. Slurry Preparation and Characteristic Analysis

Cu nanoparticles with an average size of 137 nm were obtained from Yi-Mei Company (Taipei,
Taiwan). Graphene is prepared on the Cu nanoparticles via chemical vapor deposition (600 °C for
60 min) to give rise to the graphene/Cu nanoparticles [16]. Hydroxypropyl methylcellulose (HPMC)
solution is prepared by mixing 5 g of HPMC (606, Shin-Etsu, Osaka, Japan) powder in 100 g of deionized
water. The nanoparticle suspension is prepared by adding 0.02-0.1 g of the graphene/Cu nanoparticles
into 10 g of ethanol. Slurry is prepared by mixing 10 g HPMC solution and 10 g nanoparticle suspension,
then stir at 400 rpm on an electromagnetic heating stirrer for 10 min [13]. The hydrodynamic diameter
of the suspension is measured with a dynamic light scattering instrument (Dynamic Light Scattering,
DLS, Delsa Nano C, Beckman Coulter, Brea, CA, USA). The Tyndall effect is observed by filling the
nanoparticle suspension into a glass bottle, using a laser pointer to illuminate the glass bottle, and then
recording the laser light path.

2.2. Large-Area Spraying and Flexible Glass Substrate

Spraying is performed using a high-efficiency oil-free air compressor (Model 30L, Japan Star,
Kaohsiung, Taiwan), operated at 8-10 bar, and a spraying nozzle (W71, Anest Iwata, Yokohama, Japan),
which is mounted on a programmable robot arm. The distance between the nozzle and glass substrate
is fixed to 5 cm. Ultra-thin borosilicate glass (Corning, New York, NY, USA) 0.1 mm thick and 100 mm
X 100 mm in size is used as the flexible substrate.

2.3. Material Property Analysis of Composite Coating

The thickness and surface roughness (Ra) of the film are measured by a 3D laser scanning microscope
(VK9700, Keyence, Osaka, Japan). The surface energy is recorded by a contact angle analyzer (First Ten
Angstroms/FTA-1000B, Portsmouth, UK). The transfer layer and distribution of nano-graphene in the
composite coating are observed by Raman spectroscopy (MRID, ProTrusTech Co., Ltd., Tainan, Taiwan)
and Raman mapping.

2.4. Tribological Behavior of Composite Coating

The tribological behavior is recorded using a ball-on-disk tribometer. Specifically, the tester model
POD-FM406-10NT (Fu Li Fong Precision Machine, Kaohsiung, Taiwan) manufactured in Taiwan is
used, under a load of 2 N, disk speed of 0.03 m/s, and friction distances of 10, 15, and 20 m. The upper
test piece is a 6.31 mm diameter chrome steel ball (52,100 steel), and the lower test piece is a composite
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coated glass substrate. The wear test is performed in a dry environment at 25 °C and relative humidity
of 70%. The friction coefficient of the coating is monitored and recorded in real time by sensors located
on the testing machine, and the wear width is measured using an ultra-high-resolution scanning
electron microscope (UHRFE-SEM, AURIGA, Carl Zeiss AG, Jena, Germany). The final experimental
results obtained are the average of three sets of experimental data.

2.5. Third-Body Theory

The third-body theory is used to describe the interaction and different motion states of the wear
parts, friction interfaces, abrasive particles, and lubricants during the wear process under dry friction
conditions. Third-body, in terms of materials, can be defined as the change in the composition of the
interface material during the wear process [40,41]. Velocity accommodation mechanism refers to the
location and motion state of wear as sites (S) and modes (M). S1 and S5 are called the first-bodies,
which represent two counter-wear parts; S3 represents natural wear debris generated by abrasion or
lubricant additive; S2 and S4 are the interface layers between S1-S3 and S5-53. Mode represents the
mode of velocity accommodation. M1 to M4 represent elastic deformation, normal breaking/rupture,
shearing/sliding, and rolling mechanism, respectively [42].

3. Results and Discussion

3.1. Dispersion Characteristics of Slurry

The fluid dynamics of nano-graphene/Cu slurry measured by DLS is shown in Figure 1. As shown
in this figure, the diameter of DLS is directly proportional to the additive concentration, which means
that when the number of nano-additives in the suspension increases, the particles tend to aggregate
and form larger-sized particles.
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Figure 1. DLS diameter of nano-graphene/Cu slurry.

The result of the Tyndall effect is shown in Figure 2. The HPMC solution itself exhibits the Tyndall
effect. However, as the nano-graphene/copper content increases, the aggregation of particles causes
uneven dispersion, and the scattering of light gradually turns into reflection. The Tyndall effect is
almost negligible for concentrations higher than 0.2 wt%. Figures 1 and 2 directly indicate that when
the concentration of nano-additives is high, they will tend to aggregate and form larger particles,
causing precipitation and laser-light penetration.



Coatings 2020, 10, 1176 40f 11

Figure 2. Tyndall effect of (a) HPMC solution, (b) 0.1% G/Cu slurry, (c) 0.2% G/Cu slurry, (d) 0.3% G/Cu
slurry, (e) 0.4% G/Cu slurry, and (f) 0.5% G/Cu slurry.

3.2. Properties of Slurry and NGCC

The thickness of composite film with various additive amounts is shown in Figure 3. The consistency
of the composite material thickness can be retained at different additive amounts, indicating the good
stability of the large-area spraying process, and no precipitation occurring in the slurry over time.
The surface roughness (R,) of the film is shown in Figure 4a. The surface roughness of the composite
coating increases slightly with the increase in additives. The appearance of particles is shown in
Figure 4b—f; the particle size tends to increase with increasing additives. This phenomenon indicates that
nano-graphene/Cu aggregates at higher concentrations. The observations of the surface morphology are
consistent with the result of the Tyndall effect shown in Figure 2.

According to previous studies, a hydrophobic surface can reduce the polarity and capillary force,
thereby reducing the adhesion and friction of the surface [43]. The water contact angles of the composite
coating are shown in Figure 5. Increasing the G/Cu additives increases the hydrophobicity of the
composite coating surface. This result represents that the quality of nano-graphene as an additive
is remarkable, and after combining it with the HPMC matrix, high surface energy can be obtained.
The hydrophobic nature of the composite coating contributes to the lubrication performance.
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Figure 3. Thickness of composite coating with different amounts of nano-graphene/copper additive.
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Figure 4. (a) Surface roughness (R,) of composite film; surface morphology of composite coating with
(b) no additive, (c) 0.1% G/Cu, (d) 0.2% G/Cu, (e) 0.3% G/Cu, (f) 0.4% G/Cu, and (g) 0.5% G/Cu.
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Figure 5. Water contact angle of composite coatings.
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3.3. Tribological Performance of Composite Coating

Figure 6 shows the surface morphology of 0.3% NGCC at different wear distances. To measure
the wear width, the diameter of the red circle shown in Figure 6 is measured. The longer the wear
distance, the broader the wear width; meanwhile, obvious transfer layers can be observed in the wear
area (as indicated by the white arrow).

Figure 6. Wear width and transfer layer of 0.3% NGCC at the wear distance of (a) 10, (b) 15, and (c)
20 m.

The wear characteristics of NGCC with various additive concentrations are shown in Figure 7.
When nano-graphene is added to the HPMC matrix as an additive, the wear can be effectively reduced.
Generally, the excess additive does not help much in wear-reduction. This phenomenon shows that
graphene is an effective anti-wear medium, which appears between two wear parts when the wear
occurs. A small amount of graphene can provide excellent anti-wear properties. The result of the
average coefficient of friction is shown in Figure 7b, which is similar to Figure 7a, illustrating the
excellent lubricating behavior of graphene.
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Figure 7. (a) Wear width and (b) average friction coefficient of NGCC.

The Raman spectroscopy analysis of the upper specimen (chromium steel ball) and the wear scar
of the coating are shown in Figure 8a,b, respectively. The two dashed lines in the figures represent the D
and G peaks of graphite at 1346 and 1575 cm™~! respectively. The figures show the signal variation with
various NGCCs under different wear distances. Graphene is observed in either the chrome steel ball or
the wear scar. It represents graphene transfer to the counter-grinding part (chrome steel ball) during
the wear process. Further evidence of the transfer layer is shown in Figure 9 by the images obtained
via Raman mapping. The bright spots represent the presence of graphene. Figure 9a,c are photos
captured with an optical microscope (OM), and Figure 9b,d are Raman mapping images. The Raman
mapping results reveal that a considerable amount of graphene is on the surface of the chromium steel
ball, which means that graphene is transferred from the coating to the surface of the counter-wear part
as a transfer layer.
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Figure 8. Raman signal on (a) the surface of chrome steel ball and (b) in the wear scar.

Figure 9. (a) OM image of chromium steel ball surface at a wear distance of 10 m; (b) Raman mapping
image of (a); (c) OM image of chromium steel ball surface at a wear distance of 15 m; (d) Raman
mapping image of (c).

Figure 10 shows the results of SEM, OM, and Raman mapping on the surface of the wear scar.
In Figure 10a, a high contrast area is observed in the wear scar. Further analysis by OM and Raman
mapping reveals the presence of graphene. This signifies that the nano-graphene additives remain on
the coating surface even after 15 m of wear. When abrasion occurs, a part of graphene is transferred to
the upper chrome steel ball forming a transfer layer, and another part of it remains on the coating to
reduce wear and friction. This serves as key evidence that the graphene transfer layer is observed on
the surface of the grinding ball (S1). As per the observations made in previous studies, materials with
a layered structure, such as MoS,, and graphene tended to form a transfer layer when wear occurred.
Meanwhile, the shear/sliding (M3) velocity accommodation mode was commonly observed in layered
materials during abrasion. Therefore, only a very small quantity of additives is required to achieve
wear and friction reduction. In this study, residual graphene can be observed on the surface of the
coating (S5), indicating that the M3 velocity accommodation mode can be supported by graphene
during the wear process.
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Figure 10. (a) SEM image of the wear track; (b) OM image of wear scar at a wear distance of 10 m;
(c) Raman mapping image of (b); (d) OM image of wear scar at a wear distance of 15 m; (e¢) Raman
mapping image of (d).

As per the third-body theory, graphene on the surface of the chrome steel ball represents the
velocity accommodation mechanism of SIM3; the residual graphene on the coating surface presents
the velocity accommodation mechanism of S5SM3. A small amount of nano-graphene/copper additive
can effectively form a transfer layer, which is transferred to form third-body layers. The third-body
layer between two moving planes offers the wear mechanism of SIM3 and S5M3, which effectively
reduces the wear and friction coefficient.

4. Conclusions

Large-area spraying technology was developed, and NGCC were prepared on flexible glass
substrates. The material properties and wear characteristics of the composite film on the glass substrate
show that the prepared coating has good functionality as a solid protective coating. Spraying exhibits
an excellent thickness control capability. The surface roughness increases with the increase in additive
owing to the particle agglomeration. The natural hydrophobic properties of NGCC help to improve the
lubrication. The effective distribution of nano-additives in the matrix is proven by the SEM and Raman
mapping. In NGCC (0.1%-0.3%), at least a 20% reduction in wear and friction is achieved. Specifically,
0.1% NGCC can result in 20% wear reduction, with a 40% reduction in friction being possible under
the optimal conditions. The graphene was found either in the upper specimen (chromium steel ball) or
in the wear tracks, indicating that the tribological mechanism is dominated by the transfer layer of
graphene. The S1IM3 and S5M3 are proposed as the third-body wear mechanisms.

Featured Application: The successful development of a large-area manufacturing process is
suitable for applying graphene/Cu/cellulose composite with great protective properties to the protection
of large substrates, especially the most common large-size glass substrates. The easy synthesis and
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preparation of the protective layer has advantages in commercial applications. The third-body friction
mechanism of nanographene-reinforced cellulose materials has also been proposed.
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