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Abstract: Single surface texture or coating technology is gradually unable to produce lasting lubrica-
tion of a TC4 titanium alloy in a harsh environment. In order to address this problem, a rectangular
microstructure is prepared on the surface of a TC4 titanium alloy by laser processing, and then
MoS, /DLC composite interlayer nanocoatings are prepared on the surface by non-equilibrium mag-
netron sputtering. Friction and wear tests are then carried out on single fabricated, coated and
fabricated coatings. The results show that the MoS, /DLC composite interlayered nanocoating can
effectively combine with the texture to achieve better friction reduction compared with the single
texture and coating. The textured composite coating has the lowest friction coefficient (reduced from
0.4122 to 0.0978) and wear. Through controlled experiments, the textured coating showed good
tribological properties at different temperatures and in different friction cycle tests. This study can
effectively improve the tribological properties of metal materials through composite coatings, provid-
ing research ideas for enhancing the service life of alloys under long-term friction in high-temperature
environments.

Keywords: microtexture; composite coating; friction properties; synergy

1. Introduction

Surface texturing and surface coating technologies have become two major methods to
improve the tribological properties of materials. Among them, microtexturing is developed
by bionic technology [1-3], which can utilize non-smooth textures to store the lubricant and
realize secondary lubrication, store abrasive debris to reduce abrasive wear and generate a
dynamic pressure effect to form dynamic pressure lubrication, thus effectively reducing
friction and wear generation [4-6]. Solid coating technology, using the low shear charac-
teristics of the coating itself, has a very low coefficient of friction [7-9] to achieve friction
reduction lubrication. Compared with traditional liquid lubrication or grease lubrication,
solid lubricant coatings have better wear resistance, a longer service life and can adapt to
extreme temperatures and environments [10].

Diamond-like carbon (DLC) is a general term for a class of amorphous carbon films
containing diamond structures (sp3 hybrid bonds) and graphite structures (sp2 hybrid
bonds), which have low friction coefficients, high hardness and wear resistance [11-13],
and ENKE [14] et al. first reported that diamond-like films have extremely low friction
coefficients in 1980. DLC has been widely researched and applied in the field of solid
lubricating coatings due to its excellent tribological properties. Dimigen first introduced
metal-containing DLC (Me-DLC) into tribological applications in 1983 [15], and it was found
that the mechanical properties of DLC films can be altered by controlling the concentration
and type of different elements in the film [16,17]. Ajayi et al. [18] studied the tribological
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properties of Si-doped DLC films in different environments, and the appropriate amount
of Si-doped films in a high vacuum environment resulted in a friction coefficient as low
as 0.007. Gassner et al. [19,20] showed that by controlling the size and distribution of CrC
nanoparticles in the film, the film exhibits a low friction factor and good wear resistance.
With the deepening of the research on solid coatings, the performance is improved by
doping compounds in DLC films, which opens up a new direction for the research of
DLC coatings. For example, Barshilia et al. [21,22] prepared TiN /a-C composite films by
DC reactive magnetron sputtering, which greatly improved the toughness and hardness
of the films. MoS; has a layered structure similar to graphite, and the layers are only
connected by a weak van der Waals force, which makes the MoS, weak in shear resistance
and prone to interlayer slippage, which reduces the coefficient of friction [23,24]. In
addition, a low MoS; has the advantages of a wide temperature range and an improved
lubrication performance in anoxic environments and has been used as a coating material
in the aerospace field [25,26], making it the most widely used solid coating material [27].
Voevodin et al. [28] prepared an MoS,-DLC nanocomposite film by pulsed laser deposition
and proposed a new nanocomposite structure through the combination of crystalline
carbide, diamond-like carbon (DLC) and transition metal chalcogenides. Therefore, the
composite coating of a DLC/MoS; has great research value.

In order to improve the frictional properties of material surfaces, many researchers
have started laser treatment of material surfaces to enhance friction performance and
have achieved corresponding results. Conradi et al. [29] utilized a nanosecond laser on a
Ti6Al4V alloy surface to process different morphologies and analyzed the effect of surface
morphology, weave density and orientation on the frictional properties under dry and
lubricated sliding conditions. Under dry conditions, the pits exhibited lower coefficients
of friction, and under lubricated conditions, the lines and cross-shadows exhibited, after
abrasion and the removal of bumps around the laser texture, better friction characteristics.
Niu et al. [30] fabricated a series of pit weave surfaces with different geometrical parameters
(area density, diameter and depth) on a medium-carbon steel surface. The friction and wear
behavior of the textured surfaces during the wear process was analyzed by friction and
wear tests, and it was found that the depth of the pits was the main factor affecting the
friction and wear performance. Zhang et al. [31] showed the best tribological performance
of the AlyO3/GNP-coated Al,O3 composites by using an inductively coupled plasma
etching (ICP) technique to prepare micro-weave configurations with precise parameters
(width and area ratios) on a silicon substrate. It was found by orthogonal experiments that
the area ratio had a more significant effect on the coefficient of friction compared to the
width and the load. Yang et al. [32] fabricated volcano-shaped weaves on the surface of
samples by a laser. For samples with different weave diameters or weave area ratios, it
was found after friction experiments that the volcano-shaped weave with an appropriate
diameter and area ratio is beneficial to reduce the coefficient of friction and adhesive wear,
while the weave with a large area ratio increases the friction instead.

With the progress of research in recent years, more and more researchers are attempting
to combine laser processing with solid coatings. LIU et al. [33] obtained lattice-textured
alumina/GNP-coated Al;O3/TiC matrix composites by depositing alumina/Graphene
Nanoparticle (GNP) coatings on Al,O3/TiC matrix composites, which were treated with
lattices and lines for laser micro-weaving. TiC substrate composites exhibited the best
tribological properties. Gateman et al. [34] demonstrated a low coefficient of friction and
relatively high wear resistance compared to a single solid coating by compression molding
a blend of solid lubricating polymer polytetrafluoroethylene (PTFE) and wear-resistant
polymer polyimide (PRP) and depositing it onto the substrate by thermal spraying. Peng
et al. [35] deposited the Al-255i wear-resistant coating by the inner-hole supersonic plasma
spraying technique, which significantly improved the wear resistance of the aluminum
alloy cylinder liner. Niu et al. [36] investigated the effects of thermal oxidation and laser
surface texturing on the tribological properties of Ti-Zr alloys. The results of orthogonal
tests found that thermal oxidation significantly improved the tribological properties of the
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surface, and the synergistic effect of thermal oxidation and laser surface weaving treatment
can further improve the tribological properties. The crater texture can exist for a long
time and provide effective lubrication. Liu et al. [37] combined laser surface texturing
and plasma nitriding techniques to improve the tribological properties as well as the wear
resistance of Zr-2.5Nb alloys by generating microtextured nitriding layers.

At present, for the surface modification of titanium alloys, most of the studies are still
on a single coating material or a single fabric, and the tribological properties under the
synergistic effect of fabric and coating have not been systematically investigated, which
has a wide range of application prospects. The improvement of friction performance under
dry friction conditions is limited by a single fabric, while a single coating is greatly affected
by the environment or abrasive particles, so the combination of the two is of great research
value. In this paper, rectangular microstructures were prepared on the surface of TC4
titanium alloy using picosecond laser technology, and interlayered composite nanocoatings
of DLC/MoS, were prepared by magnetron sputtering. The friction and wear tests were
carried out on single fabric, single coating and fabricated coating samples, and an electron
microscope and a laser confocal microscope were used to study the effects of different
surface conditions on their roughness, abrasion patterns, friction coefficients and wear
amounts. The friction coefficients and abrasion patterns of the fabricated coatings were
investigated for different friction durations and operating temperatures, on the basis of
which the tribological properties of the coatings were analyzed. This work can provide
theoretical and applied guidance for the long service life of high-performance alloys and
the synergistic effect of fabrication and coating.

2. Experimental Section
2.1. The Preparation of Microtexture

The TC4 alloy plate was cut into several specimens with dimensions of 20 mm X
20 mm x 5 mm using wire cutting, and the surface of the specimens was ground and
polished before laser processing. The picosecond ultraviolet laser processing system of
Wuhan Yuanlu Optoelectronics Technology Co., Ltd. (Wuhan, China) was used to process
the microtexture of the TC4 sample. The laser wavelength was 355 nm, the pulse width
was 15 ps, the power was 15 W, the frequency was 200 kHz and the scanning speed was
500 m/s. The prepared pit texture was a rectangular texture with a side length of 80 pm,
and the texture spacing was 200 pm.

2.2. The Preparation of Multilayer Composite Nanocoatings

Teer UDP-650 closed-field non-equilibrium magnetron sputtering equipment (Teer
Coatings Ltd., Droitwich Worcestershire WR9 9AS, UK) was used to prepare DLC/MoS;
multilayer composite nanocoatings on the surface of the textured sample. The deposition
system has four symmetrically placed sputtering targets, two of which are MoS, targets and
two of which are C targets. The substrates are textured TC4 titanium alloy and untextured
TC4 titanium alloy. The textured TC4 titanium alloy is mainly used for friction and wear
testing, and the untextured TC4 titanium alloy is mainly used for thin film analysis. The
specific deposition steps are as follows: the deposited sample is ultrasonically cleaned with
acetone (Teer Coatings Ltd., Droitwich Worcestershire WR9 9AS, UK) and absolute ethanol
(Teer Coatings Ltd., Droitwich Worcestershire WR9 9AS, UK) for 30 min and dried with
flowing nitrogen, and then the sample is clamped on the sample holder. Before thin film
deposition, the vacuum chamber was pre-evacuated until the background vacuum degree
was better than 1.0 x 1072 Pa, high-purity argon gas (purity 99.999%) was introduced, a
—500 V bias was applied to the sample holder, and glow discharge etching was used to
remove oxides and other contaminants on the sample surface. The alternate deposition
of composite films is controlled by alternately adjusting the start and stop times of the
sputtering target; the sputtering time of the C target is fixed at 40 s. By adjusting the
sputtering time of the MoS; target, a DLC/MoS; nanometer multilayer film is prepared,
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as shown in Figure 1 which indicates repeat operation. The magnetron sputtering process
parameters are shown in Table 1.

MosS, DLC

- Alternating

Deposition

Textured substrate

Textured substrate

2h

Figure 1. Schematic diagram of preparation of multilayer composite nanocoating.

Table 1. Magnetron sputtering process parameters.

Target Magnetron Time (s) Magnetron Current (A)
MoS, 40 0.8
DLC 40 0.6

2.3. Characterization of Structure and Properties of Textured Multilayer Composite Coatings

The roughness and morphology of the multilayer composite nanocoating were mea-
sured and observed using an Osparin OLS4000 laser confocal microscope (OLYMPUS,
Tokyo, Japan). The cross-section of the coating was observed and characterized using an FEI
Quanta 650FEG scanning electron microscope (FEI Company, Eindhoven, the Netherlands).
The surface hardness of the composite nanocoating was measured using an EM-1500L
microhardness tester. The NANOVEA T50 “ball-disk” multifunctional friction and wear
testing machine was used to study the synergy between a single texture, a single composite
coating, and the microtexture and composite coating at a relative humidity of 40% and a
temperature of 25 °C. A 304 stainless steel ball with a diameter of 6 mm was selected as the
counter friction material. The friction test was carried out under a constant load of 4 N, a
sliding stroke of 10 mm, a sliding speed of 20 mm/s, a sliding time of 15 min and a number
of reciprocating cycles of 900 times. The wear amount of the textured multilayer composite
nanocoating can be measured by scanning the cross-sectional area of the wear scar using an
OLS4000 laser confocal microscope. After the friction test, a scanning electron microscope
(SEM) was used to observe the surface micromorphology of the sample and the dual steel
ball, and an energy dispersive spectrometer (EDS) was used to analyze the composition
of the wear debris on the surface of the steel ball. In addition, the tribological properties
of textured composite nanocoatings under different friction cycles (such as Table 2) and
different temperatures (such as Table 3) were also studied.

Table 2. Friction test parameters under different friction cycles.

Worlfl?g Load (N) Sliding Speed Sliding Stroke Sliding Period Sliding ]?uratlon
Condition (mm/s) (mm) (min)

1 900 15

2 1800 30

3 20 10 3600 60

4 7200 120
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Table 3. Friction test parameters at different temperatures.
Working Sliding Speed Sliding Stroke ‘1. . Temperature

Condition Load (N) (mm/s) (mm) Sliding Period ©0)
1 25
2 100
3 20 10 900 150
4 200

3. Results and Discussions
3.1. Microstructure and Mechanical Properties of Textured Multilayer Composite Nanocoatings

The surfaces of the composite coating and the textured composite coating were ob-
served using a laser confocal microscope, and the roughness was measured as shown in
Figure 2. Figure 2a shows the surface morphology of the textured composite coating, and
the average roughness measured is 2.358 um. Figure 2b shows the surface morphology of
the composite coating, and the average roughness measured is 0.312 um. It can be seen
that the microtexture will increase the roughness of the surface to a certain extent.

1281

ELE —

Figure 2. The surface morphology of the DLC/MoS; composite nanocoating for the (a) textured
coating; (b) the coating was observed by an 0ls4000 laser confocal microscope.

Figure 3a shows the cross-sectional SEM image of the multilayer composite nanocoat-
ing. The thickness of the composite coating can be measured to be 1754 = 1 nm. The
rectangular microtexture shown in Figure 3b is an inverted trapezoid with a certain slope
on the edge. The multilayer composite nanocoatings mainly exist on the surface of textures,
and the geometric shape inside the rectangular texture causes shadow effects, reducing
the direct irradiation of the sputtering source on the internal area, thereby affecting the
deposition texture of the coating. There is no composite coating sputtered inside the texture.

Figure 3. The cross-section morphology of DLC/MoS, composite nanocoatings for (a) composite
coating cross-section and (b) cross-section of textured composite coating by SEM.
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An EDS energy spectrum analyzer was used to conduct an energy spectrum scan of
the multilayer composite nanocoating. As shown in Figure 4, it can be seen that the C, S and
Mo elements are mainly distributed in the composite coating, and the element distribution
has obvious overlap.

(a)

Figure 4. Element distribution of multilayer composite nanocoatings for (a) composite coating area;
(b) C element; (c) S element; and (d) Mo element by EDS.

The EM-1500L microhardness tester was used to measure the microhardness of the
composite coating surface. As shown in Figure 5, the average microhardness measured at
any five positions on the surface of the multilayer composite nanocoating was 511.72 HV,
while the average microhardness of the TC4 surface was 223.44 HV. It can be seen that the
multilayer composite nanocoating has the characteristics of high hardness and can improve
the wear resistance of the material surface.

600
511.72

500 - /
< i 364.25
= 400 T
é 4
S 300
<
-§ ] 222; A4
=
< 2001 /

100

0
TC4 Microtexture Textured coating

Figure 5. Microhardness of different samples.
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Friction coefficient

3.2. Influence of Different Conditions on Friction Coefficient
3.2.1. Effect of Surface Conditions on Tribology

The friction coefficient curves of a single texture, a single DLC/MoS; multilayer
composite nanocoating, and a textured DLC/MoS, multilayer composite nanocoating at
4 N, friction speed 20 mm/s and friction time 15 min are shown in Figure 6. Stage I is
the wear scar formation stage, and Stage II is the wear scar stabilization stage. The single
textured surface is greatly affected by the experimental conditions, and the texture wears
severely under reciprocating motion conditions [38] with a friction coefficient of around
0.4122 and significant fluctuations in friction coefficient. The surface of the coating and the
surface of the textured coating benefit from the action of the nanocoating, and the friction
coefficient remains stable at around 0.1094 and 0.0978 after the friction cycle reaches 400,
which is much lower than that of the textured surface, and the fluctuation of the friction
coefficient is relatively small. The friction coefficient of the coating surface gradually
increases in the early stage of wear, and the smooth coating surface itself experiences
coating wear and detachment in the early stage of wear. The detached coating powder
forms small abrasive particles, causing the initial friction coefficient to increase. As the
friction enters a stable phase, the friction coefficient remains at a relatively small level.
Compared to smooth surfaces, textured coatings can capture wear particles due to the
capture effect of microtextures [39,40]. Therefore, there is no significant increase in friction
coefficient during the initial stage of wear, and a low friction coefficient level with minimal
fluctuations can be maintained.

(b)

1.2 0.50
Textured surface J O 4 1 22
—— Coating surface 0.45 4 :
__________________________ \-emnmoo= Textured coating surface (7777 ]
1.0 ‘i ‘ S'nlllcphmci 0.40 4
i Leaa I il,ﬂsv debries s e : ;
054 j . / i 0.35 ]
f ) AP | 030
| i Lower sample 1
0s| | EECHEAHRE ‘ 1 BV IL | 0254
0.20
0.4 0.15 1
I II ] 0.1 994 0.0978
02 0:10%) / /
I -‘1"-45“-‘»'-41", AT Sl rstiimdibiatdld  0.05
0.0 T T T T T T T 1 0.00
0 100 300 400 500 600 700 800 900 Microtexture Coating Textured coating

Revolutions

Figure 6. (a) Friction coefficient curve and (b) average friction coefficient of different samples.

Figure 7 shows the three-dimensional morphology and cross-sectional area of the
wear scars of different samples. Figure 7a shows the three-dimensional morphology of the
wear scars under a single microtexture, and obvious wear can be seen. Figure 7b,c are the
three-dimensional morphology of the wear scars of single coating and textured coating
samples, respectively. The wear is significantly reduced after preparing the composite
coating. Figure 7d uses the average cross-sectional area of wear marks to represent the wear
amount of different samples. The wear area of the single coating is around 11.456 um? and
the wear area of the substrate after the preparation of the interlayer composite coating is
around 4.925 pmz, which is about a 57% reduction in the amount of wear. This indicates
that there is a synergistic effect between the weave and the composite coating to reduce the
wear more effectively and improve the wear resistance of the substrate.
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Figure 7. Wear trace morphology of different samples for (a) microtexture; (b) coating; (c) textured
coating by Olympus OLS4000; and (d) cross-sectional area of wear mark.

3.2.2. Effect of Friction Duration on Friction Coefficient

Figure 8 shows the average friction coefficient of the textured coating surface under dif-
ferent friction cycles. It can be seen that the friction coefficient has a decreasing trend as the
friction cycle increases. When the friction periods are 900, 1800, 3600 and 7200 revolutions,
the average friction coefficients are 0.09781, 0.08394, 0.08343 and 0.06883, respectively. It
can be seen that the textured coating can still maintain a good lubrication effect under high
friction cycles. According to the wear theory, the influence of the friction coefficient will be
affected by the change in three friction components, namely, adhesion, ploughing of wear
particles, and deformation of the rough surface [41]. The composite coating surface itself
initially has a certain degree of roughness, and its rough surface under the high friction
cycle is gradually smoothed out to make the friction coefficient show a decreasing trend. At
the same time, the accommodation of abrasive chips by the weaving structure during the
friction process reduces the ploughing influence of the coating wear particles and reduces
the three-body wear [42,43] of the abrasive chips and the friction contact surface.
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Figure 8. Average friction coefficient under different friction cycles.

3.2.3. Effect of Friction Temperature on Friction Coefficient

The textured coating samples were subjected to friction and wear tests at different
temperatures to obtain the average friction coefficient versus a temperature curve, as
shown in Figure 9. The coefficient of friction in the friction test at 25 °C was 0.0978; the
coefficient of friction decreased to 0.07065 and 0.04673 when the temperature increased to
100 °C and 150 °C, respectively; and the coefficient of friction slightly increased to 0.05112
when the temperature continued to increase to 200 °C. It can be seen that the textured
composite coating always exhibits a lower friction coefficient at different temperatures, and
as the temperature increases, the friction coefficient first decreases and then increases. The
friction coefficient is the smallest at a temperature of 150 °C. When the temperature exceeds
150 °C, the friction coefficient shows an upward trend, but the friction coefficient is still
smaller than that at a normal temperature. The curves of the average friction coefficient at
different temperatures illustrate that the textured composite coating still has good friction
performance in high-temperature environments.

o e

= =3

o0 =l
1 1

0.07 H {

0.06

0.05 {/// }

0.04 +

Average friction coeffcient

0.03
25°C 100°C 150°C 200°C

Figure 9. Average friction coefficient at different friction temperatures.

3.3. Wear Trace Morphology of Samples under Different Conditions
3.3.1. Wear Trace Morphology of Samples under Different Surface Conditions

Figure 10 shows the wear scar surfaces of different samples. In Figure 10a, the wear
scars on the textured surface show relatively severe wear scars and matrix peeling caused
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by adhesive wear, and the texture wear deformation is serious in the friction area. As
shown in Figure 10b,c, the surface of the composite coating shows lighter adhesive wear
and very little wear. This is because the hardness of the composite nanocoating is much
greater than the base material, so the wear is lighter during the friction process. It can be
seen from Figure 10c that the deformation of the fabrics under the same working conditions
is greatly reduced after the preparation of the composite interlayer nanocoatings compared
to the fabricated surface, indicating that the composite coatings are effective in prolonging
the life of the fabrics and thus the friction and wear reduction properties of the fabrics.

- u‘h‘--L (. b

Wear mark area ;

N

Furrow wear mark.
. Wear mark area

Deformed -micro textare f:_

Wear debris

i Abra.snvc pamcI@:

Figure 10. Wear mark surface of different samples for (a) microtexture; (b) coating; and (c) textured
coating by SEM.

The weaving composite coating specimen had a large amount of debris in the micro-
weave pits in the wear mark area (Figure 11), and the elemental composition of the debris
was analyzed using an EDS to find that the debris contained elements such as Fe, S and C.
The elemental analysis using the EDS proved that the abrasive debris was produced by the
detachment of the dyadic steel balls as well as the composite coating. This also shows that
the weave can indeed capture wear particles during friction and reduce the wear effect,
thus reducing the coefficient of friction.

Observation and analysis of the wear scar surface of dual steel balls with single coating
and textured coating (Figure 12) found that the steel ball showed obvious abrasive wear
and slight adhesive wear, and black can be seen in the wear scar area as wear debris. The
wear range of the dual steel ball of the single coated sample is smaller in comparison. This
is because the existence of the texture causes part of the steel ball to sink into the pit when
it passes through the pit, and the part that sinks in passes over the edge of the pit. This
expands the contact range and leads to an increase in the wear scar area. In Figure 12b,d, it
can be seen that, in addition to the Fe element itself, there is also the S element in the coating
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on the surface of the steel ball, indicating that the composite coating forms a transfer film
during the friction process, resulting in the transfer of elements in the coating. This also
explains the ability of the nanocoatings to improve the substrate friction performance by
means of solid lubrication, shown in Figures 6 and 7.

T

:

Intensity (eV)

:

T
8 10 12 14 16 18
Energy (keV)

Figure 11. Texture region in textured composite coating by SEM and EDS for (a) microtexture pit and
(b) EDS pattern of wear debris.
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Figure 12. The surface micrograph of the ball by SEM for (a) steel ball in contact with coating and
(b) steel ball in contact with textured coating; EDS pattern for (c) coating wear mark areas and
(d) textured coating wear mark areas.
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Wear mark area

3.3.2. Wear Trace Morphology of Samples under Different Friction Duration

By using a scanning electron microscope to observe the abrasion areas at 900, 1800,
3600 and 7200 friction cycles, respectively, as shown in Figure 13, when the friction cycle
is 900, it can be seen that the abrasion areas have some raised or concave areas, which
lead to higher friction coefficients when the friction cycle is lower. As the friction cycle
rises, the surface structure increases the contact area between the coating and the substrate,
and at the same time, the use of the ‘mechanical interlocking” structure improves the
adhesion between the substrate and the coating, preventing the coating from falling off
during friction [44], meaning the friction cycle in the 1800-3600 range within the friction
coefficient is always maintained at a stable level. With the further increase in the friction
cycle, when the friction cycle reaches 7200, it can be seen that the abrasion marks on the
surface of the tiny peaks are smoothed out to make the abrasion mark area more and
more flat. The reduction in roughness leads to a reduction in the coefficient of friction,
and at the same time, the surface layer of the coating wear and tear after consumption,
stored in the titanium alloy surface weave of the groove of the solid lubricant, can play a
‘self-compensatory’ effect, which explains the ability of the textured coating to maintain a
low coefficient of friction over long friction cycles.

Wear mark area

Coating peeling

.’_(‘

-
¥

Figure 13. Wear trace morphology of samples under different friction cycles of (a) 900; (b) 1800;
(c) 3600; and (d) 7200.

From the analysis of the coefficient of friction and wear marks, it can be concluded
that the woven composite nanocoatings are effective in achieving good lubrication under
long friction cycles. This is because the composite nanocoating has high hardness and a low
coefficient of friction, which makes it less prone to wear at high friction cycles. The existence
of microstructures can effectively reduce the large amount of abrasive debris generated
in the high friction cycle, reducing the generation of abrasive wear and preventing wear
intensification. At the same time, the nano-abrasive debris accommodated by the texture
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through the capture effect can continue to play a solid lubrication role after the surface
coating is worn out. Therefore, long-life lubrication can be achieved through the synergistic
effect of fabrics and composite nanocoatings.

3.3.3. Wear Trace Morphology of Samples at Different Friction Temperatures

As shown in Figure 14, the different temperatures under the weaving structure of the
coating specimen wear mark morphology, from Figure 14 a to ¢, can be seen in the weaving
structure of the surface and can still maintain a relatively intact rectangular structure, and if
the temperature is lower than the surface of its wear marks, it can still be relatively smooth.
The increase in temperature promotes the precipitation of more MoS,, which covers the
surface of the material and is more conducive to the formation of a lubricating transfer
film [45]; so, when the temperature rises, the coefficient of friction shows a downward
trend. When the temperature is 200 °C, the wear is most serious, which also explains
the reason why the friction coefficient rises after 150 °C. The wear of woven composite
coatings will intensify with the increase in temperature, and some coatings will peel off
in high-temperature environments, making the surface rough and uneven—generating a
certain amount of debris (as shown in Figure 14d). The generation of debris further leads to
the intensification of adhesive wear. This further explains the elevated coefficient of friction
at high temperatures in Figure 9.

Coating crack

Wear mark area

Furrow abrasion mark

X

Figure 14. Wear trace morphology of samples at different friction temperatures of (a) 25 °C; (b) 100 °C;
(c) 150 °C; and (d) 200 °C.

4. Conclusions

(1) Under the same friction conditions, the average friction coefficients of the three coat-
ings were 0.4122, 0.1094 and 0.0978. Through the EDS analyses of the dyadic spheres
and the abrasion mark area, the coatings produced certain abrasive debris during the
friction process, which could form a stable transfer film during the friction process
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thanks to the good lubrication performance of the nanocoatings, thus maintaining a
very low friction coefficient. Meanwhile, the trapping effect of the woven texture on
the abrasive debris makes the fluctuation of the friction coefficient smaller after the
treatment of the woven coating.

(2) The high hardness characteristics of multilayer composite nanocoatings result in
minimal deformation of the texture during friction. Combined with the capture effect
of microtextures on debris, the textured coating has the lowest wear under the same
conditions and the best wear resistance.

(3) In the long cycle friction experiment of textured coatings, the textured composite
coating still has an extremely low friction coefficient and less wear under high friction
cycles (7200 cycles) and has the characteristics of long-life lubrication.

(4) Textured composite coatings can achieve low friction coefficients at a high temperature
(200 °C), but their wear resistance has decreased. As the temperature increases, the
friction coefficient of the textured coating shows a trend of first decreasing and then
increasing, but all values remain relatively low.
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