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1 Introduction

Titanium alloys, especially TC4, find their wide application in

MoS,/Ti Co-Deposited Coatings
and Their Fretting Wear
Properties at Elevated
Temperatures

Fretting wear refers to the damage phenomenon experienced by the mechanical compo-
nents undergoing micro-amplitude relative slip at their contact region due to vibration.
Titanium alloys find their extensive application in aerospace industry components such
as splines and dovetail joints, where they experience fretting wear phenomenon. This
research work investigates the effect of MoS,/Ti co-deposition coatings with varying Ti con-
tents, deposited on the TC4 titanium alloy substrate using magnetron sputtering. Fretting
wear tests were conducted at room temperature, 100 °C, and 200 °C, using a specially
designed fretting test fixture with a ball-on-flat contact configuration, mounted on a
servo-hydraulic fatigue testing machine. The results indicated that the coating becomes
denser with an increase in the Ti content. The coating exhibited the highest hardness and
better anti-fretting wear performance at room temperature. However, the effect of Ti
content on the fretting wear behaviors changed at elevated temperatures. At the highest
Ti content coating, excessive oxide particles were found on the worn surface at elevated
temperatures, inducing an abrasive effect and localized cracks. However, coatings with
moderate Ti content (9.62 at%) effectively protected the substrate from significant wear
at room temperature and maintained a low coefficient of friction at high temperatures
without failure. [DOI: 10.1115/1.4067042]

Keywords: MoS,/Ti composite coating, magnetron sputtering, fretting wear, TC4 alloys,
high temperature, abrasion, coatings, friction

vibration results in fretting wear and other damage phenomenon,
leading to transmission system failures [3—-6]. Therefore, adequate

several industries including aerospace and naval, due to their attrac-
tive mechanical properties like high strength-to weight ratio and
good corrosion resistance. However, like other light metals, such
as aluminum and magnesium alloy, they exhibit inferior tribological
properties [1,2]. Fretting wear phenomenon is experienced by
several mechanical components in aerospace industry like transmis-
sion splines and turbine engine disk and blade dovetail joints. The
relative slip of micro-amplitude between the mating surfaces due to
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treatments must be taken to improve the fretting wear resistance
of the titanium alloy parts. Several methods have been applied by
the researchers to improve the fretting wear performance including
shot peening [7-9], rolling [10,11], micro-arc oxidation [12,13],
and solid lubrication coatings [14-16].

Molybdenum disulfide (MoS,), a typical two-dimensional mate-
rial with an S—Mo-S sandwich structure, has drawn great attention
in recent years due to its unique physicochemical properties [17—
20]. MoS, coatings prepared by physical vapor deposition (PVD),
notably magnetron sputtering, leverage the technical merits inherent
in vacuum sputtering techniques [21]. These coatings demonstrate
exceptional uniformity, robust adhesion, and enhanced stability
[22,23], rendering them highly effective in lubrication under
severe conditions, including nitrogen atmospheres and vacuum

JUNE 2025, Vol. 147 / 061401-1

quy/z8901 ¥2/10%1.90/9/ L L /ipd-ajonse/ABojoquy/Bio-awse uoios|joojebipawse//:dyy woly papeojumoq

9 LYl

Gz0z ¥snbny L& uo Jasn soineuol)sy % solneuoay JO Ausiaaiun BullueN ayl Aq jpd L0y 190


mailto:Liangsl@nuaa.edu.cn
mailto:daiqingwen@nuaa.edu.cn
mailto:huangwei@nuaa.edu.cn
mailto:xlwanggo163@163.com
https://crossmark.crossref.org/dialog/?doi=10.1115/1.4067042&domain=pdf&date_stamp=2024-11-26

environments [24]. Xu et al. [16] deposited MoS, coatings on 1045
steel substrates using radio frequency (RF) sputtering after ion-
plated tin and shot peening pretreatment. They found that the fret-
ting wear performance of MoS, coatings is correlated with the prop-
erties of the substrate. Yin et al. [25] investigated the fretting wear
behavior of MoS, films deposited on AISI 304 stainless steel and
found that their lamellar structure, which promotes slip and
plastic flow mechanisms, contributes to achieving low friction
and wear. However, many researchers [26—29] have demonstrated
that the surface of pure MoS, coating exhibits porous structures,
which are prone to react with moisture and oxygen in the atmo-
spheric environment, to form MoOs. This severely limits its appli-
cations due to the reduction in load-bearing capacity and wear
resistance.

To overcome the issue of loose coating structure and oxidation,
elemental doping methods are usually employed, and the elements
of Ti, Au, Pb, and Al are the common choice [30-34]. The doped
metal element can inhibit the grain growth of MoS,. Therefore,
the density of MoS, coating increases while the porosity of the
coating decreases as well. As a result, the oxidation behavior of
MoS, in atmospheric environments can be suppressed effectively.
Lu et al. [35] used multi-target magnetron co-sputtering method
to fabricate MoS,—(Cr, Nb, Ti, Al, V) composite coatings with
varying metals doping. It was found that the higher doping levels
improved the density and the tribological properties of the coatings.
Hu et al. [36] investigated variation in Ti contents in MoS,/Ti
coatings using magnetron sputtering, leading to enhanced hardness,
elastic modulus, and wear resistance. Serpini et al. [37] investigated
the tribological behavior of RF magnetron sputtering MoS, films
by using a ball-on-disc tester at different humidities and tempera-
tures. They found that water may cause the deterioration of the
lubricating properties of the films, and film oxidation plays only a
marginal role.

However, a few researchers [16,36] have also investigated the
fretting wear of MoS,/Ti composite coatings with Ti doping. Can
excellent anti-fretting wear be achieved with increased Ti contents,
and what is the corresponding wear mechanism at elevated
temperatures? There is not much literature available about this phe-
nomenon. In this research work, MoS,/Ti co-deposited coatings
with varying Ti contents were deposited on TC4 titanium alloy
substrates, using magnetron sputtering technology. The coating
was also deposited on the silicon wafer to facilitate the acquisition
of cross-sectional SEM images. The composition, morphology,
hardness, and elastic modulus of the coatings were investigated.
More attention was paid to the fretting wear behaviors of the coat-
ings at different temperatures.

2 Experimental Procedures

2.1 Fabrication. The pure MoS, coating and MoS,/Ti com-
posite coating were deposited on TC4 titanium alloy and silicon
wafers (for capturing cross-sectional SEM images), using a closed-
field unbalanced magnetron sputtering system. Figure 1 illustrates
the principle of magnetron sputtering. High-purity targets of
MoS, (purity: 99.99%) and Ti (purity: 99.99%) were employed
for the sputtering. RF magnetron sputtering was utilized for the
MoS, target, while DC magnetron sputtering was applied for the
Ti target. The distance between the target and substrate was fixed
at 10 cm. Before deposition, the TC4 titanium alloy substrate under-
went meticulous polishing to achieve a mirror-like surface, fol-
lowed by sequential ultrasonic cleaning in acetone and anhydrous
ethanol for 20 min each. Additionally, a Ti interlayer was deposited
on the substrate via DC magnetron sputtering to enhance the adhe-
sion between the final coating and the substrate. The specific
deposition process consisted of the following steps: first, the high-
purity argon was introduced as a working gas, after the chamber
reached the vacuum of 1x 107 Pa and the substrate underwent a
30 min glow-cleaning process, using a Hall ion source to eliminate
oxides and other impurities. Then, the DC magnetron power supply
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was engaged, and a titanium interlayer was deposited over 20 min.
Finally, the RF and DC power supplies were activated simulta-
neously for co-sputter deposition. The flowrate of argon was main-
tained at 30 cm*/min. The DC power supply was adjusted to
achieve the deposition of MoS,/Ti composite coatings with
varying Ti contents. Detailed parameters can be found in Table 1.

The cross-sectional appearance of the coatings was observed by a
scanning electron microscope (SEM) equipped with an energy-
dispersive spectrometer (EDS) (QUANTAX 200, Bruker, US).

vacuum
f TC4 specimen \
chamber —
o —a
< _

A A A A A

1 ] ! 1 ]

1 [} ! 1 '

1 1 ! 1 1

MoS, target

Fig. 1 Schematic diagram of the coating deposition system

Table 1 Deposition parameters of the MoS,/Ti composite
coatings
Power (W)
Procedure Ar — Temperature  Deposition
Sample (cm®> min™") Ti  MoS, (°C) time (min)
Ti Interlayer 50 210 0 150 20
Pure MoS, 30 0 200 150 120
MoS,/Ti-1 30 25 200 150 150
MoS,/Ti-2 30 50 200 150 180
MoS,/Ti-3 30 100 200 150 240
Tangential displacement & (t)
Friction sensors
Normal force
measured

Spring

Heating
device

Ball

Fig. 2 Fretting wear test fixture

Table 2 The composition and thickness of MoS,/Ti composite
coatings

Atomic percentage (at%)

Sample Mo S Ti Thickness (um)
Pure MoS, 29.51 67.18 3.31 3.8+0.05
MoS,/Ti-1 30.30 62.27 7.43 3.7+0.05
MoS,/Ti-2 28.75 61.63 9.62 3.4+0.05
MoS,/Ti-3 19.19 4751 33.30 3.1+0.05
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Fig. 3 The SEM micrographs: (a) MoS,, (b)
coatings

Hardness can be regarded as a resistance to material’s plastic
deformation, and it is also closely related to wear resistance.
Thus, the hardness H and elastic modulus E of the coatings were
evaluated using a nano-indenter G200 (KLA-Tencor Co. Ltd.)
equipped with a Berkovich-type diamond indenter. To eliminate
the effect of the substrate, the indentation depth was fixed at
about 300 nm, which was less than one-tenth of the coating thick-
ness. Each sample was measured five times to ensure the reliability
of the data.

2.2 Experiment and Characterization. Fretting wear tests
were carried out using a specially designed test fixture having a
ball-on-flat contact configuration and capable of testing at various

o
1 Top view !

i
1

) MoS,/Ti-1

| e
|T0pv1ew:

2um
(o5 Smoowy ¥ Yomm S5iuns ikm i Susdia teoss |

MoS,/Ti-1, (c) MoS,/Ti-2, and (d) MoS,/Ti-3

temperatures, as depicted in Fig. 2. This fixture was mounted on
a servo-hydraulic fatigue testing machine, which actuated the ball
to generate displacement. At the same time, the surface temperature
of the specimen was regulated by a pre-buried ceramic plate below
the substrate (temperature measured using a J-type thermocouple
with a sensitivity of +0.5 °C). A TC4 ball with a diameter of
@10 mm was selected as the counterpart. The displacement ampli-
tude was maintained at 50 #m and the normal load (preload) of 20 N
was applied, corresponding to the Hertzian contact stress of
863.1 MPa. The frequency was kept constant at 10 Hz, with the
fretting wear cycle of 10,000. Experiments were conducted at
room temperature, 100 °C, and 200 °C, respectively. Each experi-
ment was repeated at least three times to determine the repeatability
of the friction and wear data.

(a) (b) 6 80
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104 —M—Pure MoS, < —A— Elastic modulus J6o ©

5] —A—MosyTicl 5 41 1s0 3
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Fig. 4 (a) Nano-indentation load versus indentation displacement curves for the coatings, (b) hardness (H) and

elastic modulus (E), and (c) H/E and H3/E?
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Fig. 5 Variation in COF for the four coatings at room
temperature

After the fretting wear tests, the worn surface was evaluated by
SEM, and the volumetric material loss was measured using a 3D
profilometry (Contour GT, Bruker, USA) in the VSI model (an
objective with a magnification of 2.5). The wear-rate was estimated
by dividing the wear volume loss by the normal load and sliding
distance. Moreover, Raman spectroscopy (LabRAM HR Evolution,
Horiba, France) with a 532 nm Ar + laser was employed to analyze
the wear debris composition on the worn surface.

3 Results and Discussion

3.1 Compositions and Morphologies. Table 2 presents the
chemical composition and thickness of pure MoS, and MoS,/Ti
composite coatings. A certain amount of Ti element was also
found in pure MoS, specimens. Due to the sputtering of the Ti inter-
mediate layer, a small amount of Ti remaining in the vacuum
chamber body participates in the subsequent sputtering process of
MoS, coating.

Based on Tables 1 and 2, it was observed that the thickness of the
pure MoS, and MoS,/Ti-1 coatings was closer, while the specimen
with the highest Ti content (M0S,/Ti-3) needed a longer depositing
time and exhibited the least thickness. This phenomenon exhibits
that the doping Ti element may enhance the compactness of the
MoS,/Ti composite coatings.

Figure 3 shows the cross-sectional morphologies of the MoS,
and MoS,/Ti composite coatings. The columnar structure of the
pure MoS, coating was observed to be relatively loose and suscep-
tible to damage under external forces. Moreover, oxygen and water
molecules in the air can easily enter the interstitial lattice, resulting
in a serious oxidation phenomenon [38]. In contrast, with the
increase of Ti content, the cross-sectional structures as well as
the surfaces of MoS,/Ti composite coatings became denser and
smoother. While the orientation consistency of the columnar struc-
ture also improved. Similar results have been reported in previous
studies [36,39].

3.2 Hardness and Elastic Modulus. Figure 4(a) presents the
nano-indentation load versus indentation displacement curves of
the coatings. According to the standard Oliver and Pharr approach
(Egs. (1)—(4)) [40], the contact area between the indenter and the
tested material during indentation (A.) and the elastic contact stiff-
ness (S) can be calculated.

P =B(h—he)" (1)

where B and m are the fitting parameters obtained by measurement
and Ay is the displacement after complete unloading.

dpP
s=(-
(i),...

he = hinax — €

= B(hax — hy)"™! 2

P max
N

Here, ¢ is a constant dependent on the shape of the indenter; A, is
the contact depth, and A,y is the maximum indentation depth.

Ac=f(he) “

3

Pure MoS, MoS,/Ti-1

MoS,/Ti-3

OM images

MoS,/Ti-2

3D profiles

= Pure MoS;——MoS,/Ti-1
——MoS,/Ti-2=——MoS,/Ti-3

T 201
8 fm—
= K- -
o | & 07 "2
o | Aa
=10
2 2201
O - —
5|% , ;

T T T
0.0 0.2 0.4
Distance (mm)

Fig. 6 The optical microscope (OM) images, 3D, and cross-sectional profiles of the wear
scars observed for the four coatings, under room temperature
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Fig. 7 Variation in COF for the four coatings: (a) at 100 °C and
200 °C and (b) average COF at different temperatures

The hardness and elastic modulus of the coating can be calculated
by using A, and S in Egs. (5)—(7).

()

7S

b= ©
2 2

1 _1-v 1-y o

E- E | E

Here, f is related to the shape of the indenter and E, represents
the reduced elastic modulus, used to account for the elastic defor-
mation of the specimen. E and v are the elastic modulus and Pois-
son’s ratio of the tested material, respectively, E; and v; are the
elastic modulus and Poisson’s ratio of the indenter, respectively.

The mean values of hardness (H ) and elastic modulus (E) for the
MoS,/Ti coatings were calculated and shown in Fig. 4(b). An
increase in the Ti content leads to a significant increase in the hard-
ness. The pure MoS, coating exhibited the lowest hardness of about
0.2474 GPa, while the MoS,/Ti-3 composite coating exhibited the
highest hardness of 4.902 GPa. Since the structure densification
depends on the Ti content, the increased hardness may be explained
by the solid solution hardening effect [41]. Figure 4(c) presents the
relationship between H/E and H>/E> for the four coatings since they
are the plastic deformation resistance index of the coating, which
reflects the wear resistance of the coating [42,43]. It was observed
that the values improve significantly with the increment in the Ti
content.

3.3 Fretting Wear Behavior of the Coatings. Figure 5 pre-
sents the variation in the coefficient of friction (COF) for the four
coatings during the fretting wear test at room temperature. For

MoS,/Ti-1

MoS,/Ti-2 MoS,/Ti-3

100°C

OM images

200°C

100°C

300pum 300pm

3D profiles

200°C

Cross profiles
Wear Depth (um)

A g

—— Pure MoS,;—— MoS,/Ti-2

-0.4 0.2

00
Distance (mm)

—— MoS,/Ti-1=—MoS,/Ti-3
T T o T

0.2 0.4

Fig. 8 The optical microscope (OM) images, 3D, and cross-sectional profiles of the wear

scars at 100 °C and 200 °C
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Fig.9 Wear volume and wear-rate of MoS,/Ti coatings after fret-
ting wear tests at 100 °C and 200 °C

pure MoS, coating, the friction coefficient remained stable at
around 0.2 in the first 1000 cycles of the fretting wear process.
However, a sharp increase was observed at about 1400 cycles,
and it continued to increase up to 0.8 with an increase in number
of cycles.

Specimens with a lower Ti content (MoS,/Ti-1 and MoS,/Ti-2),
exhibited a similar behavior to that of the pure MoS,. The only dif-
ference was in the increased number of cycles till a sharp increase

20pm

%

200°C-3 | 14% 33% 46% %
200°C-2 | 16% 23% 40% 21% — ]
200°C-1 | 12% 32% 51% bod & |
2]
: [72]
100°C-3 | 14% 32% 48% 6 5
=
) P
100°C-2 |11% 29% 44% 16% 1
100°C-1 | 22% 29% 44% 5%
0 20 40 60 80 100 100 200 300 400 500 600 700 800 900 1000 1100

Normalized quality (%)

was observed and it was at about 2000 cycles for MoS,/Ti-1 and
at about 3500 cycles for MoS,/Ti-2. Since it is known that the
MoS, atomic planes can slip easily because of the low shear
strength. However, the loose structure tends to absorb water and
oxidize in a humid atmospheric environment, leading to an
increased COF [37]. Moreover, during the wear process, the oxida-
tive product of MoOj; played an anti-lubricating role, resulting in an
abrasive effect [44]. Therefore, the COF increased and the service
life decreased.

However, MoS,/Ti-3 coating exhibited a stable COF throughout
the 10,000 fretting cycles and no obvious mutation was observed.
Moreover, the MoS,/Ti-3 coating exhibited the lowest COF. The
highest hardness with a compact structure of MoS,/Ti-3 and the
highest Ti content may relate to its best anti-fretting wear behavior.
Ti and MoS, react with oxygen during the wear process, as shown
by Egs. (8) and (9) [45]:

Ti+0; — TiOy;  AG™ = —888.8 kJ/mol ®)

MoS; +0 — MoOs;  AG™ = —668.1 ki/mol )
where AG*® is the reaction Gibbs free energy at 298 K. Since the
Gibbs free energy of forming TiO, was lower, the oxidation of Ti
might have occurred preferentially at room temperature. It means
that the incorporation of Ti can protect MoS, from oxidizing. The
MoS,/Ti-3 coating with the highest Ti content exhibited the best
protective capacity and the lowest COF.

Wear

debris

'

Furrow

Spm

Raman shift cm/"!

Fig. 10 (a) SEM of wear scars, (b) EDS, and (c) Raman spectra of MoS,/Ti-1 coating after 100 °C and 200 °C tests
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Fig. 11 (a) SEM of wear scars, (b) EDS, and (c) Raman

Figure 6 presents the optical microscope (OM) images, 3D, and
cross-sectional profile curves for the four worn coatings. Relatively
large wear scars were observed for coatings with low Ti content
(MoS, and MoS,/Ti-1), and due to the low hardness, large wear
debris forms, repeatedly crushed, refined, and oxidized in the
contact area. The agglomeration and sintering of the wear debris
lead to the formation of the compacted third-body abrasive dust,
which hardly swept away. Such abrasive dust was evident by the
protruding cross-sectional profiles. MoS,/Ti-2 coating exhibited a
relatively smaller wear scar, and the wear depth was more than
three times of the coating thickness. Based on the wear morphology,
it was found that the sudden increase in COF (Fig. 5) resulted from
the abrasive dust and the breakthrough of the coating.

However, the MoS,/Ti-3 coating with the highest Ti content
remained relatively intact. The worn surface presented no com-
pacted wear debris and showed the lowest wear depth. Considering
the increased ratio of H/E and H>/E? (presented in Fig. 4(c)), the
coating of MoS,/Ti-3 demonstrated better anti-fretting wear proper-
ties at room temperature.

Figure 7(a) presents the variations in the COF for the four coat-
ings at 100 °C and 200 °C. Unlike the room temperature, all the
friction curves were found to be stable at high temperatures and
exhibited a lower value of COF. Figure 7(b) presents the summa-
rized average COF under different temperatures (for the room tem-
perature condition, the friction coefficients before mutation were
used). Moreover, MoS,/Ti coatings with increased Ti content
exhibited improved lubrication performance at higher temperatures.
The oxidation behavior of MoS, was inhibited effectively since the

Journal of Tribology
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Raman shift cm/”!

spectra of MoS,/Ti-3 coating after 100 °C and 200 °C tests

Ti is prone to oxidize. More importantly, the water absorbed
between the lamellar structure of MoS, was volatilized [46,47],
which facilitated the slip behavior of the individual thin atomically
planes. Thus, better lubrication behavior of the coatings was
achieved at elevated temperatures.

Figure 8 presents the optical microscope images, 3D, and cross-
sectional profiles of the wear scars at 100 °C and 200 °C. Coatings
with lower Ti content (MoS, and MoS,/Ti-1) exhibited a consider-
able reduction in wear area and depth at elevated temperatures.
However, coatings with higher Ti content exhibited no significant
change in wear area and depth. MoS,/Ti-3 coating, which had the
highest Ti content, exhibited film damage at 200 °C.

Figure 9 presents the wear volume and wear-rate of various coat-
ings at 100 °C and 200 °C. A decrease in the wear volume was
observed with an increase in temperature for MoS, and MoS,/
Ti-1 coatings. However, the coatings with higher Ti content demon-
strated the opposite behavior when compared to the results at room
temperature.

The worn scars of MoS,/Ti-1 and MoS,/Ti-3 coatings were
observed by scanning electron microscope (SEM) to further under-
stand the wear mechanism at high temperatures. Figure 10(a) pre-
sents the microscopic images of the worn surfaces of MoS,/Ti-1
coating with a low Ti content, while the coating presented
uniform and complete wear with visible furrows along the sling
direction. Occasional delamination and cracks were also found in
the image at a high magnification. For the specimen tested at
200 °C, some tiny fretting particles were found randomly scattered
over the worn surface. The sliding of asperity contacts against the
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Fig. 12 Schematics of the wear mechanism of MoS,/Ti coatings with varied Ti contents and

temperatures

opposite surface resulted in the breakup of the mechanical interlock-
ing of points on the fretted surfaces. Thus, the fretting debris was
generated, which acted as micro-rollers to reduce the COF.

Figure 10(b) presents the EDS results at three different positions
of the wear scar. Compared with the initial elements Mo, S, and Ti
(Table 2), element O was detected on the worn surface, indicating
the oxidizing reaction. As can be seen, the Ti content at the
center of the wear scars was significantly higher than in the outer
regions. This may be attributed to the transfer and accumulation
of Ti from the TC4 ball during fretting wear. In addition, the
wear scar at the center was deeper and closer to the Ti interlayer.
Furthermore, the S content and the ratio of S/Mo in the wear scar
showed a slight reduction, as compared with the original coated
specimens. Figure 10(c) presents the Raman spectroscopy of the
wear scars. It exhibited distinct MoS, peaks at 377 cm™' and
405 cm™', corresponding to the E2g and Alg vibrations of MoS,
layers, respectively [48]. It can be deduced that at elevated temper-
atures, the improved anti-wear property for MoS,/Ti-1 coating was
mainly attributed to the self-lubricating property of MoS,.

Figure 11(a) presents the worn images of the MoS,/Ti-3 compos-
ite coating with the highest Ti content. Significant scratches and
grooves appeared on the wear scar at the 100 °C temperature condi-
tion. Under the action of mechanical and thermal stresses, cracks,
wear debris, and delamination were observed, which became more
intense as the temperature increased up to 200 °C. The presence of
severe plastic deformations, larger cracks, and more extensive spall-
ing were observed, as compared with MoS,/Ti-1. These cracks
formed at the surface, penetrated normally to the surface at a short
distance and/or subsurface cracks might nucleate and propagate par-
allel to the surface as suggested by Sporles and Duquette [49].
Another feature of the fretted surface at 200 °C was the presence
of shallow pits at the center of the wear scar containing smaller
debris. The worn surface outside the pit presented a grooving parallel
to the sliding direction, whereas the pit bottom presented no groov-
ing. The boundary between the pit and grooved surface was sharp,
typically 3—4 pm in height.

EDS results indicated that the wear scar after the 200 °C test pre-
sented more Ti and O contents than 100 °C condition. However,
fewer Mo and S elements were also detected, which is quite differ-
ent from the MoS,/Ti-1 (Fig. 10(b)). From the SEM and EDS

061401-8 / Vol. 147, JUNE 2025

analysis, mechanical wear and tribo-oxidation wear were found to
be the predominant wear mechanisms. Since MoS,/Ti-3 contained
the highest Ti content and an abundant formation of TiO, particles
was inevitable at high temperatures according to the Gibbs Free
Energy (Eq. (8)). The Raman spectroscopy (Fig. 11(c)) presented
the characteristic peak of TiO, (around 144 cm™Y) [50], which
depicts the oxidation behavior.

At elevated temperatures, the formation of the oxide debris in
fretting occurred due to the oxidation of the fretting surface, fol-
lowed by the scraping away of this surface oxide or by the oxidation
of metallic wear particles. The large number of TiO, particles in the
frictional interface resulted in abrasive wear and fatigue cracks, pro-
moting the failure of the coatings. Meanwhile, the oxidation was
experienced in MoS,, which can be confirmed by the characteristic
peaks of MoOs (Fig. 11(c), around 159 and 819 em Y [51]. A sig-
nificant reduction in element S was caused by its escape in the form
of SO, [38] and the consumption of MoS, aggravated the wear of
the coating.

The effects of the Ti content and temperature on the fretting wear
behavior of the MoS,/Ti coatings are briefly summarized in Fig. 12.
The coatings became more denser with an increase in the Ti content
and their hardness as well as the H/E (hardness to elastic modulus)
ratio improved. At room temperature, the coating with higher Ti
presented better-fretting wear protection based on the decreased
wear scar and debris. At elevated temperatures, ambient humidity
decreased and H,O absorbed in the layers of MoS, evaporated.
Sliding between the MoS, layers occurred more easily, while the
coatings with moderate Ti content presented better lubrication per-
formance. However, the coatings with the highest Ti contents pre-
sented severe wear with poor protective capacity at higher
temperatures. Due to the excessive tribo-oxidation, the oxide parti-
cles at the frictional interface induce abrasive wear and fatigue
cracks.

4 Conclusions

In this research work, the MoS,/Ti co-deposition coatings were
fabricated by using the magnetron sputtering method. The compo-
sition, hardness, and elastic modulus of the coatings were evaluated.
Fretting wear tests were conducted on the specimens coated with
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four coatings, with varying Ti contents and at different tempera-
tures. Following conclusions can be drawn from this research work:

(1) Increase in Ti contents in MoS,/Ti coatings, results in struc-
ture densification, improvement in hardness, and the H/E
(hardness to elastic modulus) ratio.

(2) At room temperature, the doped Ti protects the oxidation of
MoS,, and the MoS,/Ti coating with the highest Ti content
maintains a low friction coefficient for the whole test time
and exhibits better fretting wear behavior.

(3) At high temperatures, a moderate Ti content of the MoS,/Ti
coating shows better anti-fretting wear properties. However,
the coatings with the highest Ti content presented severe
wear with poor protective capacity at higher temperatures.
Due to the excessive tribo-oxidation, the oxide particles at
the frictional interface induce abrasive wear and fatigue
cracks.
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