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Abstract For the purposes of investigating the effects
of ceria content on the anti-icing, hydrophobicity, and
antiwear  performances of  ceria/polytetrafluo-
roethylene (PTFE) composite coatings, ceria/PTFE
composite coatings with ceria mass fractions of 0%,
1%, 3%, 5%, and 7% were prepared via one-step
spraying method. The water contact angles (WCAs) on
the composite coatings were measured via contact
angle measuring device. The antiwear performance
was characterized via ball-on-disk sliding tribo-tests.
Experimental results show that the addition of ceria
with a content of 5 wt% is the most effective to
enhance hydrophobicity of the coatings, resulting from
the coating surface structure, roughness, and intrinsic
hydrophobicity of ceria. Moreover, the addition of
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ceria is helpful to the improvement of antiwear
performances of PTFE composite coatings, when the
content of ceria is 1-7 wt%. Ceria/PTFE composite
coatings with a ceria content of 5 wt% show a wear
rate of 0.388 x 10* mm’/Nm, which is 80.6% lower
than that of PTFE coating without ceria
(2.000 x 10~* mm*/Nm).

Keywords Ceria, Composite coating,
Hydrophobicity, Wear resistance

Introduction

Inspired by the natural world, such as lotus leaves,
water walkers, and mosquito legs, the underlying
mechanism of natural superhydrophobic surfaces has
been unraveled,'” which are widely applied in self-
cleaning, anticorrosion, oil-water separation, self-lu-
brication® and many other fields. Icing, as a common
natural phenomenon, poses a threat to the production
efficiency of transportation, electric transportation,
energy and even security. To date, investigations on
anti-icing are taking the place of that on de-icing, to
fundamentally solve the problem of ice-covering.
Superhydrophobic coatings show anti-icing and ice-
proof performance due to their special multiscale
(hierarchical) roughness and low surface energy.
Although a great number of techniques were
adopted to produce superhydrophobic coatings, such
as plasma,’ vapor deposition,® sol-gel process,” and
other methods,®’ most of them are inextensible for
quantity production, due to their expensive and com-
plex equipment. Therefore, a coating preparation
method with low cost, easy operation, and controllable
process deserves in-depth investigation. One-step
spraying shown in our previous work is one advanced
method to manufacture superior superhydrophobic
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coatings on components with a complex shape and
multiple properties.'®

Polytetrafluoroethylene (PTFE) coating shows good
hydrophobicity and low friction coefficient, but low
hardness and poor wear resistance. Micro-/nanoscale
surface morphology modification is helpful to both the
superhydrophoblclty and wear resistance.
Wang et al.'> found that PTFE composites with
10 wt% PEEK particles show optimized friction coef-
ficient. The composites show the lowest friction coef-
ficient and volume wear rate when the content of nano-
AlLOs was 5%. The results demonstrated that the
presence of nanoparticles increases the load -carrying
capacity of the composite. Beckford et al.'* demon-
strated that adding nano-SiO, particles is effective to
enhance wear resistance of the PTFE composite
coating produced via dip coating method. Das et al.'*
revealed that carbon nanofiber/PTFE-filled polymer
composite coatings produced by solvent-based method
show a static water contact angle of 158° and a high
electrical conductivity of 309 S/m. The wear resistance
and hydrophobicity of PTFE with nanoparticles were
significantly improved.

Azimi et al. discovered that lanthanide oxide is a
hydrophobic material due to its special electronic
structure; and the contact angle of sintered cerla pellet
can be 1ncreased via laser etching texture.'>'® Singh
et al.'” found that friction coefficient and wear rate of
PTFE microscale texture increased with increase in the
weight percentage of ceria particles. Unfortunately, the
application of ceria in coatings and the addition of
nanoparticles to PTFE to improve both hydrophobicity
and wear resistance remain to be further studied.

Therefore, the hydrophobicity and wear resistance
of ceria added to the PTFE coating were studied. The
effect of different scale rough structure on hydropho-
bicity and wear resistance was revealed. The internal
relationship law of surface composition and structure,
hydrophobicity, and wear resistance were systemati-
cally studied. The influence law of ceria content on
superhydrophobic property of composite coating was
revealed, and the hydrophobicity and wear resistance
mechanisms were analyzed.

Experimental

Cerium dioxide powder (particle size 500 nm) was
provided by Hebei Bocheng Metallurgical Research
Center. PTFE emulsion (FR301G) containing 60%
PTFE resin was dispersed in deionized water, which
was provided by Shanghai 3F New Materials Co., Ltd.
Lastly, 1045 steel substrates (diameter: 30 mm, thick-
ness: 5 mm) were provided by Beijing Binpeng Ying-
hao Technology Co., Ltd.

To improve the adhesion strength between the
coating and matrix, the surface of 1045 steel matrix
was sandblasted to clean and roughen. Then, PTFE
emulsion added ceria with contents of 0, 1, 3, 5, and

7 wt% and was dispersed with a magnetic stirrer for
15 min. After dispersion, the mixture was embedded
into the ANESTIWATA W-71 spray gun and sprayed
evenly on the 1045 steel matrix. The pressure of the
gun was 0.3 MPa. The distance between the muzzle
and the workpiece was 20 cm, and the spraying angle
was 45°. Additionally, the sprayed samples were dried
at 100°C for 10 min, and then it was put into the
furnace for curing treatment. Curing temperature
gradually increased to 360°C within 45 min, with a
constant temperature for 20 min. Finally, the samples
were cooled in air.

The tribo-tests of ceria/PTFE composite coatings
were carried out on an MS-T3001 ball-on-disk friction
and wear tester. As the counterpart, 1045 steel balls
with a diameter of 6 mm were used. The test param-
eters were set as follows: applied load of 10 N, rotating
radius of 4 mm, rotating speed of 200 r/min, and test
duration of 30 min.

Static contact angle was measured by FTA research
type contact angle instrument under room tempera-
ture. The needle tube was used to drop droplets onto
the surface at a speed of about 0.5 pL/s. For each
coating sample, three locations were randomly mea-
sured, and their average value was adopted as the
actual static water contact angle.

The surface morphology of the coating was charac-
terized by field emission scanning electron microscopy
(SEM) equipped with energy-dispersive spectroscopy
(EDS). Prior to SEM observation, platinum was
sprayed on the polymer coatings to improve the
electrical conductivity. The selected region was ana-
lyzed with EDS. Three-dimensional morphologies of
the coating were characterized by a confocal laser
measuring instrument, and the wear rate of the
coatings was calculated according to equation 1'®

N
K=TF M)

where S is the cross section area of wear track in mm?, /
is the length of wear track in mm, L is the total sliding
distance in m, and F is the applied load in N.

Results and discussion
Contact angle and coating surface topography

Surface morphology and contact angle of the ceria/
PTFE composite coatings are shown in Fig. 1 and
Table 1. Ceria/PTFE composite coatings with ceria
content of 0 wt%, 1 wt%, 3 wt%, 5 wt%, and 7 wt%
show WCAs of 114° 127°, 129° 134°, and 125°,
respectively. Ceria/PTFE composite coatings exhibit a
more excellent hydrophobicity than pure PTFE coat-
ings. The addition of ceria has a positive effect on the
hydrophobicity of the coatings. Composite coatings
with a ceria content of 5 wt% show the largest WCA:s,
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Fig. 1: SEM micrographs and WCAs of coating surfaces: (a) pure PTFE, (b) 1 wt% ceria/PTFE, (c) 3 wt% ceria/PTFE, (d)

5 wt% ceria/PTFE, (e) 7 wt% ceria/PTFE

Table 1: Water contact angles of the coatings

Sample Pure PTFE 1 wt% ceria

3 wt% ceria 5 wt% ceria 7 wt% ceria

WCA 114° 127°

129° 134° 125°

among the ceria/PTFE coatings. Cerium particles are
hydrophobic in nature, and PTFE has low surface
energy. The hydrophobicity of composite coatings is

greatly improved from the influence of coating com-
position and surface structure. As shown in Fig. 1, the
coating surfaces show a dense network structure. The
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Fig. 2: 3D morphologies of surfaces: (a) 1 wt% ceria/PTFE, (b) 3 wt% ceria/PTFE, (c) 5 wt% ceria/PTFE, (d) 7 wt% ceria/PTFE

Table 2: Coating roughness

Sample 1 wt% ceria

3 wt% ceria

5 wt% ceria 7 wt% ceria

Sa/um 1.328

1.126

2.392 0.577

pores in the ceria/PTFE coatings with ceria content of
0wt%, 1 wt%, 3 wt%, and 5 wt% are uniform with
little difference in size. As the content of ceria
increased to 7 wt%, the pores decreased significantly.

The addition of ceria nanoparticles mainly filled or
attached to the grid structure of PTFE, resulting in the
rough surface of the coatings. Low content of ceria
(1 wt%, 3 wt%, and 5 wt%) only filled the grid
structure of PTFE. Excessive ceria (7 wt%) filled the
fluctuations of the coatings, which finally resulted in
the decrease in surface roughness. The roughness is
maximum in 5 wt% ceria sample, as shown in Table 1.

Hydrophobic mechanism

3D morphologies of the composite coatings were
observed, as shown in Fig. 2. A more uniform rough
structure distributed on the surface of the 5 wt% ceria/
PTFE composite coating. The roughness of the 5 wt%
ceria/PTFE composite coating is the largest in Table 2,
showing the best hydrophobicity.

According to the Cassie-Baxter model, the contact
between water droplets and composite coatings can be
regarded as a composite contact. The liquid cannot fill
up the grooves of the surface, and some air pores
support the droplet in the middle. The apparent CA
(0,) is estimated by the following equation:

0.15
|
3 0.10 | Pure PTFE
% 1% Ceria/PTFE
Qo
: 3% Ceria/PTFE
= 5% Ceria/PTFE
Q
F 0.05 7% Ceria/PTFE

0.00

1 1 1 1 1 1 1
0 5 10 15 20 25 30
Time/min

Fig. 3: Friction coefficients with time for five different
coatings

cosl, = ficosO — f,

2
fii+f=1 @
where 6 represents the intrinsic CA of the liquid
droplets on the rough surface, f; is the fraction of
interface area of the solid and liquid, and f, is the
fraction of the solid in contact with air.
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Fig. 4: 3D morphologies of worn surfaces: (a) pure PTFE, (b) 1 wt% ceria/PTFE, (c) 3 wt% ceria/PTFE, (d) 5 wt% ceria/PTFE,

(e) 7 wt% ceria/PTFE
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Fig. 5: Variation of wear rate with mass fraction of ceria

The largest roughness of ceria/PTFE composite
coating with 5 wt% ceria increases the contact area
between water droplets and air on the coating

surface. With the increase in the roughness, the
contact area between the droplet and the solid
surface decreases, while the contact area between
the droplet and the air increases. The presence of air
supports the droplet to prevent infiltration, and the
contact angle increases.

Tribological properties

Tribo-tests of the ceria/PTFE coatings under dry
friction were conducted. Friction coefficients of ceria/
PTFE coatings are shown in Fig. 3. The friction
coefficient of the composite coatings was higher than
that of the pure PTFE coating, and the average friction
coefficient of the pure PTFE coating is 0.1137. The
friction coefficients of the four composite coatings are
close. The friction coefficient of 5% ceria/PTFE
composite coating is the smallest (0.1143), which is
very similar to that of pure PTFE composite coating.
As mentioned above, the addition of ceria has a slight
effect on the friction coefficient of the coatings.
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Fig. 6: SEM micrographs of coating worn surfaces: (a) pure PTFE, (b) 1 wt% ceria/PTFE, (c) 3 wt% ceria/PTFE, (d) 5 wt%

ceria/PTFE, (e) 7 wt% ceria/PTFE

Figure 4 is the worn surface morphologies of ceria/
PTFE coatings. Figure 5 shows the variation of wear
rate of ceria/PTFE coatings. It can be seen in Fig. 4
that the depth of worn tracks of the composite coating
is relatively shallow, which indicates that mild wear
occurred. The wear rate of ceria modified composite
coatings is significantly lower than that of pure PTFE
composite coating. The wear rates of composite coat-
ings show no significant difference, and among ceria/

PTFE coatings, 5 wt% ceria/PTFE composite coating
shows the lowest wear rate of 0.39 x 10~* mm?*/Nm,
which is 80.6% lower than that of the pure PTFE
coating (the pure PTFE wear rate is 2.00 x 10~* mm?/
Nm). As ceria content is greater than 5 wt%, the wear
rate of composite coating increases slightly. The
addition of ceria improved the wear resistance of the
coatings, and the optimized content of ceria was
5 wt%, for the enhancement of antiwear performances.
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Fig. 7: The element distribution of the pure PTFE coating
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Fig. 8: EDS spectrum of region A

Ceria particles have high tensile strength and hardness.
The presence of ceria toughens PTFE network struc-
ture and improves the wear resistance of the coatings.

Fe Ka1

keV

Excessive ceria cannot combine well with PTFE, and it
is easier to peel off and reduce the wear resistance of
the coatings.
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(a)

Fig. 9: The distribution of F element on the worn composite coatings: (a) 1 wt% ceria/PTFE, (b) 3 wt% ceria/PTFE, (c) 5 wt%

ceria/PTFE, (d) 7 wt% ceria/PTFE

Wear mechanism

Figure 6 shows the typical SEM images of worn
surfaces of the coatings. The worn surface of pure
PTFE coating shows a large number of flaky spalling,
furrows, and delamination, which indicates that the
main wear mechanisms are adhesive and abrasive
wear. Pure PTFE coating surface was locally worn out,
indicating that part of the pure PTFE coating was worn
through, with poor wear resistance.

However, the worn surfaces of the ceria/PTFE
composite coatings did not show the phenomenon of
large-scale spalling. Ceria/PTFE composite coatings
with a ceria content of 1% and 3% show significant
furrows, debris accumulation, and small and shallow
spalling pits. The wear mechanism of ceria/PTFE
composite coatings, with a ceria content of 1% and
3%, is co-action of adhesive abrasive wear. With the
increase in ceria mass fraction, furrows on the worn
surface of 5% ceria/PTFE composite coating gradually
decreased. The worn surface of the 5 wt% ceria/PTFE
composite coating shows narrow and small spalling
rather than large-scale stratification, and adhesive wear
was the main wear mechanism. Worn surface of 7%
ceria/PTFE composite coating exhibits peeling pits and
partial worn surface stratification, and furrows are

more obvious. Adhesive wear and abrasive wear were
the main wear mechanisms.

EDS analysis of worn surfaces

Figure 7 shows the element distribution diagram
obtained by EDS of the pure PTFE coating in Fig. 6a.
A large amount of Fe and O elements were detected in
the abrasion marks of the pure PTFE coating, which
indicated that the coating had been worn through and
the coating was peeling seriously.

Figure 8 shows the EDS spectrum of region A in
Fig. 6a. The presence of Fe element indicates that the
pure PTFE coating is worn through, the coating is
badly peeled, and the wear resistance is poor.

No Fe element was detected on the worn surface of
the composite coatings, indicating that the coating did
not breakthrough; therefore, the distribution of F on
the worn surface was used to analyze the wear degree
of the coatings. Figure 9 shows the distribution of F
element on the worn composite coatings.

The presence of ceria strengthens the PTFE net-
work structure and improves the wear resistance of the
composite coating, while excessive ceria changes the
bonding mode of ceria and PTFE, resulting in a
decrease in the wear resistance of the coating. Based
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on the distribution of element F, we can distinguish
between the worn area and the unworn area. The
shallowest wear trace was shown by the 5 wt% ceria/
PTFE composite coating, further proving the excellent
wear resistance of the composite coating.

Conclusion

Ceria/PTFE composite coatings prepared by one-step
spraying method have excellent hydrophobicity and
wear resistance. When the content of ceria is 5 wt%,
the coating has the best hydrophobicity and wear
resistance, which is the optimal ratio in this paper. The
lowest friction coefficient, the lowest wear rate, and the
highest contact angle of the 5% ceria/PTFE composite
coating are 0.1143, 0.388 x 10~* mm*/Nm, and 134°,
respectively. The main wear mechanism is adhesive
wear. Ceria has a unique electronic structure of
lanthanide rare earth oxides, which makes it inherently
hydrophobic. Therefore, the composite coating has
excellent hydrophobicity. At the same time, its hard-
ness is high and its tensile resistance is good, so adding
appropriate amount of ceria into PTFE can enhance
the PTFE mesh structure and improve the wear
resistance of the coating.

This research also lays a good foundation for
studying and improving the phenomenon of drilling
tool surface freezing in the process of ice drilling and
the phenomenon of bit mud packing in the process of
oil layer exploitation. The binding mode of ceria and
PTFE needs to be further studied.
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