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ARTICLE INFO ABSTRACT
Article history: Film protection has become a crucial means to improve the corrosion and wear perfor-
Received 20 June 2022 mance of key components in aggressive environment. In this study, the feasibility of using
Accepted 14 September 2022 MoS,-based modified films in artificial seawater (3.5% NaCl solution) was evaluated by co-
Available online 21 September 2022 deposition of Ti to produce Ti—MoS, composite and Ti/MoS, multilayer films. The micro-
structure, wettability, mechanical, tribological and corrosion behavior of the Ti-modified
Keywords: MoS,-based films was contrasted to pure MoS, film. The results show that the incorpora-
Ti-modified MoS, film tion of Ti not only improves densification, but also promotes a transformation from a
Tribological properties columnar to an amorphous film structure, leading to the improvement of mechanical
Corrosion resistance properties of Ti—MoS, composite film and Ti/MoS, multilayer film. The friction coefficient
Aggressive environment curves of all of the three MoS,-based film in 3.5 wt% NaCl solution show stable values

during the sliding process. The advantage of the preferential (002) growth orientation,
improved mechanical properties and reduced hydrophobicity for both of the Ti-modified
MoS, films caused the decreased friction coefficient and wear rate in NaCl solution. The
electrochemical results before and after friction show that the ranking of corrosion resis-
tance is Ti/MoS, multilayer > Ti—MoS, composite film > pure MoS; film, which is attributed
to the compact microstructure and the presence of surface passive films.
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1. Introduction

With the rapid development of modern industry, environ-
mental protection and long-term service of engineering
equipment became more changeable and demanding. For
example, when ocean platforms, steamships, offshore oil
and gas field equipment and other facilities are in service in
seawater environment, their key components such as bear-
ings, valves, and sealing rings not only face the mechanical
damage caused by external loading, but also often are sub-
jected to simultaneous corrosive degradation in seawater
medium, causing the rapid failure of metal components and
unnecessary economic losses [1—4]. Therefore, the develop-
ment of high-performance wear-resistant and anti-corrosion
film materials and the exploration of their corrosion and
wear mechanism in harsh environment have become one of
the research hotspots in the field of surface engineering and
new materials [5—7].

Recently, transition metal dichalcogenide (TMD) films such
as MoS,, have attracted extensive attention from researchers
in various applications due to their desirable wear and
corrosion resistance, and suitability for operation in environ-
ments (e.g. space) where conventional liquid lubrication is
impossible [8—11]. MoS, films are composed of sandwich
lamellar structure with high mechanical strength, good wear
resistance, environmental protection and low pollution,
which make them potential applications in aerospace, metal
processing and automobile industry to replace current coating
solutions for environmental reasons (e.g. growing legislation
to replace Cr®") [12—15]. However, the serious environmental
sensitivity of MoS; films restrict their applications in complex
service condition. When the MoS, films operate in humid
environment, the H,O and O, can easily captured by high-
energy dangling bonds on the surface to produce com-
pounds such as H,50, and MoOs, respectively [16—18]. The
relatively hard MoOj; particles will greatly increase the friction
coefficient of the film, while the strong acid H,SO, will
aggravate the corrosion damage of the film.

Among various modification methods, elemental doping
has been the most commonly used and effective way to
regulate the microstructure and tribological performance of
MoS, films for industrial applications [18—22]. For example,
Hudec et al. [21] found with N-doping Mo—S—N films showed
either an amorphous structure or a composite structure of
amorphous and nanocrystalline regions, which greatly
improved the hardness and wear resistance in humid air
compared with the undoped one. Xu et al. [20] reported that
the introduction of Si element could not only improve the
porous columnar structure of MoS, films to produce a
compact featureless morphology, but also capture the O, in
ambient air, resulting in the enhancement of tribological
properties. In addition to the non-metallic elements, the
doping of metallic elements can also inhibit the oxidation
reaction of MoS, by preferential oxidation. Zhang et al. [23]
showed that the silver molybdate can be produced when Ag
element is combined with MoS, film, which weakened and
prevented the reaction of MoS, and effectively reduced the
friction coefficient of the composite film in humid environ-
ment. Zeng et al. [18] indicated W-doped MoS, films maintain

lower temperature-sensitivity and better tribology perfor-
mance in the atmospheric environment attributing to the
improved mechanical properties and preferred growth
orientation of the (002) basal plane. Nevertheless, metal Ti-
doped MoS, composite films have attracted much attention
due to their denser structure and better oxidation resistance
than other doped composite films [8,17,24,25]. The introduc-
tion of Ti can not only change the structure of the MoS, into a
more disordered state and improve the density, but also
preferentially combine with oxygen to form a dense TiO,
surface layer, which prevents the further diffusion and
migration of atomic oxygen to the interior of the film, thereby
exerting a protective effect on the whole film.

Alongside this, in recent years multilayer structure design
has been another effective research strategy to improve the
oxidation resistance and tribological performance of MoS,
films [16,26—28]. When the second phase is introduced into
MoS, film to form a nano-multilayered structure, the stress
state and microstructure defects of the film can be effectively
improved. The interface effect of multilayer structure can
prevent large-area peeling and crack propagation of the film
during frictional sliding, and effectively block the diffusion
path of corrosive media such as water molecules and oxygen in
the film, improving the tribological properties of the films in
humid environment. Zeng et al. [26] prepared multilayer film
with compact structure and favorable (002) plane growth
orientation by combing two TMDs of MoS, and WS,. It was
found the MoS,/WS, multilayer film exhibited better tribolog-
ical properties and corrosion resistance than the composite
film as the interfacial effect improved the film hardness and
hindered the diffusion of corrosive medium. Similarly, the
multilayer structure formed by the alternating deposition of
MoS, and Ti can also effectively inhibit the growth of the
columnar structure of the film and increase the density of the
film, thus reducing the friction coefficient and improving the
wear resistance of the films. Li et al. [8] reported the Pb—Ti/MoS,
nanoscaled multilayer films exhibited excellent mechanical
and tribological properties than pure MoS, resulting from the
high basal plane oriented growth of film structure. The results
from Sun et al. [16] showed the improved adhesion strength and
the construction of multilayer structure promoted the
Ti—MoS,/Ti multilayer film to have lower friction coefficient
and longer friction life under atmospheric environment.

However, most of studies to date have only explored the
tribological properties of MoS,-based composite films in vac-
uum or atmospheric environment, ignoring the effect of cor-
rosive medium. The tribological properties of MoS,-based
films in corrosion solution are still far less understood, and the
wear mechanism is not clear. In particular, there is almost no
research on the corrosion resistance of MoS,-based films
before and after tribological experiments.

In this study, Ti—MoS, composite film and Ti/MoS, multi-
layer film were deposited on 304 stainless steel by unbalanced
magnetron sputtering. The microstructure, mechanical
properties, tribological performance and corrosive resistance
were systematically investigated and compared with the pure
MoS, film. The tribological experiments were conducted in
simulated seawater, while the corrosion resistance was
assessed before and after the tribological experiments. The
preliminary results obtained will act as a baseline to aid the
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ultimate development and utilization of high-performance
MoS,-based films for applications in aggressive corrosive
environments.

2. Experimental section
2.1. Film preparation

The closed field unbalanced magnetron sputtering system
(CF-800, Teer Coating Ltd., UK) was used to deposit pure MoS,
films, Ti—MoS, composite films and Ti/MoS, multilayer films
on the mirror-polished 304 stainless steel. Before deposition,
the steel substrates were ultrasonically cleaned in acetone
and ethanol for 20 min, separately, and then fixed in the
vacuum chamber with two Ti targets (purity 99.99%) and two
MoS, targets (purity 99.99%) positioned symmetrically. After
the chamber pressure was pumped down to below
1.0 x 1072 Pa, the working gas Ar was introduced to remove
the surface oxide contamination with a bias voltage of —500 V
for 30 min. After that, a Ti bonding layer was produced on the
substrate surfaces at 3 A Ti target current and —70 V bias
voltage to improve the adhesion strength between the sub-
strate and film. Finally, the Ti-modified MoS,-based films were
deposited with the Ti target current of 1.4 A and MoS, target
current of 2 A by changing the rotation rate of the sample
holder. For the Ti—MoS, composite film, the rotation rate of
sample holder was set to 10 r/min to make Ti uniformly
distributed in the MoS, matrix, while the rotation rate of 3 r/
min was used to produce different nanolayers for the Ti/MoS,
multilayer film. A pure MoS, film was also deposited with the
MoS, target current of 2 A.

2.2. General characterization

The crystalline structure of the films was determined in the 26
range of 5—80° by X-ray diffraction (XRD, D8-Discover, Bruker
Co., Germany) with Cu Ka ray. The surface and cross-sectional
morphologies of the films were observed by scanning electron
microscopy (SEM, XL-30, FEI Co., USA) at 20.0 KV, with energy
dispersive spectroscopy (EDS) used to analyze the elemental
distribution in the films. Surface roughness and morphology
of the films was assessed by atomic force microscopy (AFM,
Bruker Co., Germany) with an imaging area of 2 x 2 pm?. The
microstructure of the Ti—MoS, composite films and Ti/MoS,
multilayer films were also characterized by a high-resolution
transmission electron microscopy (HRTEM, Tecnai F20, FEI
Co., USA). The TEM samples were prepared by a focused ion
beam (FIB, Strata 400S, FEI Co., USA). Raman spectroscopy
(Alpha300R, WITec Co., Germany) was used to analyze the
characteristic peaks of MoS, by using an Ar * laser of 532 nm
in the range of 200—500 cm™". X-ray photoelectron spectros-
copy (XPS, Thermo Scientific K-Alpha, Thermo-Fisher Co.,
USA) was performed to measure the element and bonding
state of the films with monochromatic AlK« irradiation.

2.3.  Mechanical and wettability testing

The hardness (H) and elastic modulus (E) of the films were
measured by a calibrated nanoindentation system

(IMicronanoindenter, Nanomechanics Inc., USA) in contin-
uous stiffness mode with a Berkovich diamond indenter. The
maximum indentation depth was set to 200 nm less than 10%
of the film thickness to minimize the effect of underlying
substrate as much as possible. Each sample was retested 10
times to mitigate the effect of surface roughness and defects
in the films. Contact angle measurement on the films surface
were performed at room temperature by using a drop shape
analysis system (JC2000D1, POWEREACH, China). The droplet
of the deionized water placed on the sample surface is 3.0 pL.
Three repeated tests were carried out at different positions on
the sample surface to obtain the average value of water con-
tact angle to eliminate errors.

2.4.  Tribological and corrosion testing

The tribological experiments were conducted with a ball-on-
disc rotary tribometer in 3.5 wt% NaCl solution. ZrO,
ceramic balls with a diameter of 5 mm were chosen as the
counterparts due to their high hardness, good wear resistance
and potential application in water-lubricated components as
bearing and mechanical seals [29]. The applied load, rotation
speed and radius were 5 N, 180 r/min, and 4 mm, respectively.
Each test was repeated three times with a single test time of
35 min. The wear morphology on the films and the wear scars
on the ZrO, balls were observed by optical microscopy (OM,
MV3000, Jiangnan Novel Optics Co., China) and SEM (SN3400,
Hitachi, Japan). The specific wear rate was calculated by the
cross-sectional profiles of the wear track obtained by the
white light interferometer (HST-200, RTEC, USA).

The electrochemical experiments of the films were evalu-
ated by using CHI660E electrochemical setup (CH Instruments
Ins. USA) with an active area of 1 cm? The potentiodynamic
polarization and electrochemical impendence spectroscopy
(EIS) were obtained in 3.5 wt% NaCl solution before and after
the tribological testing. The three electrode cell was composed
of the films as the working electrode, an Ag/AgCl electrode as
the reference electrode, a platinum sheet as the counter
electrode. The stable open circuit potentials (OCP) were ob-
tained after the samples were immersed in 3.5 wt% NaCl so-
lution for 30 min. The range of scanning potential for the
potentiodynamic polarization curve was set from -1V to 1.5V
at a scanning rate of 0.5 mV/s. The EIS tests were conducted at
the frequency ranged from 0.01 Hz to 100 kHz. Each sample
was tested twice to verify the data repeatability.

3. Results and discussion
3.1. Composition and morphology of MoS,-based films

The composition of the three as-deposited films by EDS is
shown in Table 1. The data in the table refer to the atomic
percentage of each element in the films, where the total
compositions were normalized to 100 at.%. The atomic con-
tent of Ti element is about 8.63% and 8.23% for Ti—MoS,
composite film and Ti/MoS, multilayer film, separately, while
no Ti element was detected in the pure MoS, film despite of
the presence of Ti adhesion layer. The S/Mo atomic ratio is in
the range of 1.80—1.92 for the three films, which is a little less
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Table 1 — The composition of the as-deposited films.

Samples Mo (at. %) S (at. %) Ti (at. %) O (at. %) S/Mo

Pure MoS, film 32.70 +0.77 62.87 + 0.66 / 4.44 + 0.96 1.92 + 0.05
Ti—MoS, composite film 31.92 + 0.48 57.51+ 141 8.63 + 0.22 1.95 + 0.59 1.80 + 0.07
Ti/MoS, multilayer film 31.62 + 0.53 59.07 + 0.46 8.23 +0.22 1.09 + 0.89 1.87 +£0.03

than that of the ideal stoichiometric MoS,. The reason could
be attributed to the reverse sputtering effect of S element
caused by high-energy particle etching [30,31]. Moreover, the
activation of Ti targets would increase the energy of the
bombarding particles, leading to more deficiency of S atoms in
modified MoS,-based films than pure MoS, film. The presence
of O element in the films is mainly attributed to the residual
oxygen in the vacuum chamber and the adsorbed oxygen on
the surface of testing samples. The detailed difference will be
discussed later.

The surface, cross-sectional SEM morphologies and the
corresponding three-dimensional AFM topographies of the
three as-deposited films are shown in Fig. 1. It can be seen
the surface of the pure MoS, film showed typically
cauliflower-like structure composed of aggregated particles.
Obvious micro-pores and defects can be observed in the
boundary of the uneven mastoid structure. Although a
similar ‘island-like’ appearance is also observed on the sur-
face of Ti—-MoS, composite film and Ti/MoS, multilayer film,
the stacked particles are more uniform and denser with
smaller size and fewer defects. The cross-sectional mor-
phologies in middle of Fig. 1 show that the undoped MoS,
film is loose and porous, exhibiting typical columnar
morphology, while the Ti—-MoS, composite film and Ti/MoS,
multilayer film display a more featureless orientation and

(a) Pure MoS, film

+ Surface

2.20 pm

compact microstructure. The total thickness of the three
films is basically the same in the range of 2.15 + 0.05 um.
Consistent with the SEM results, the AFM topographies also
confirmed that the modified MoS,-based films exhibit more
smooth and compact island structure than the pure MoS,
film. The R, surface roughness is 8.94 nm, 4.51 nm and
5.14 nm for the pure MoS; film, Ti—MoS, composite film and
Ti/MoS, multilayer film, respectively.

According to the island growth model of MoS, films [26],
the sputtered adatoms could nucleate by colliding with each
other in the deposition process. The absence of high-energy
atomic bombardment of the last layer atoms leads to the
formation of cauliflower-like structure. For the Ti—MoS,
composite film, the introduction of metal Ti could react pref-
erentially with residual O in the chamer to form TiOy, which
could act as a nucleation barrier to suppress the formation of
MoS, columnar crystal structure [32]. Similarly, the growth of
columnar crystal structure for Ti/MoS, multilayer film could
abruptly interrupted by alternately deposited metal layers,
which can effectively reduce the defects and porosity through
the film thickness. These result in their more uniform and
compact surface and cross-sectional morphologies than the
pure MoS; film, so that they can play a positive role in blocking
the invasion of water and oxygen in the marine environment
and pledge the production life.

Cross section AFM ¥ Ra=8.94 nm

.

2.10 pm

(¢) Ti/MoS, multilayer film

Fig. 1 — The SEM surface, cross-sectional morphologies and AFM surface topographies of the films: (a) pure MoS, film, (b)

Ti—MoS, composite film, and (c) Ti/MoS, multilayer film.
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3.2. Crystal structure and bonding state of MoS,-based
films

The XRD patterns were obtained to analyze the crystal
structure of the three as-deposited films, as shown in
Fig. 2a. Besides the diffraction peaks from the substrate, two
peaks around 20 = 33° and 59° were observed for the pure
MoS, film, which are coming from the MoS, (100) and (110)
crystal planes respectively. However, the addition of metal
Ti led to the disappearance of the (100) and (110) diffraction
peaks. Instead, a new diffraction peak at around 26 = 13°
appeared in the film of Ti—MoS, composite film and Ti/MoS,
multilayer film, corresponding to the MoS, (002) basal
orientation. Compared with the evident diffraction peaks of
pure MoS, film, the diffraction peaks of Ti—MoS, composite
film and Ti/MoS, multilayer film were weaker and broader,
indicating the phase structure transformation from
columnar crystal to amorphous structure. This fact could be
caused by the lattice distortion due to the incorporation of
metal Ti [25]. Besides, the Ti/MoS, multilayer film showed a
stronger (002) diffraction peak than the Ti—MoS, composite
film, suggesting that the periodic multilayer structure is
favorable to the growth of MoS, (002) basal orientation.
Moser et al. [33] pointed that the structure of MoS, film near
the interface is (002) planes parallel with the substrate in the
first growth stage, and then develops to the orientation
perpendicular to the substrate. The alternately deposited Ti
nanolayers could interrupt the growth of the film perpen-
dicular to the substrate. In addition, it should be noted that
due to the relatively low element content, no Ti diffraction
peak is detected in the XRD pattern of the Ti-modified
MoS,-based films.

In order to deeper understand the microstructure of the as-
deposited films, Raman spectra were collected in the range of
300-500 cm~. As shown in Fig. 2b, there are two typical
characteristic peaks located at around 375 and 410 cm?,
corresponding to the E,g and A, vibrational modes of Raman
spectra for all of the three films. Compared to the pure MoS,
film, the characteristic peak intensity of the Ti-modified MoS,-
based films decreases dramatically, indicating that the crys-
tallization of the films decreased [21,34]. This fact coincides
with XRD results.

The chemical bonds of the three as-deposited films are
characterized by XPS, in which the Mo 3d, S 2p, and O 1s
spectra were fitted by Guassian-Lorentian function shown in
Fig. 3. For Mo 3d, three different bonding states are observed
for all of the three films. The peaks located at around 230.8 eV
and 232.5 eV are referring to the Mo 3ds/, and Mo 3ds,, for MoS,
[26,35,36]. Meanwhile, the peaks of Mo 3ds;, and Mo 3ds/,
belonging to MoS,.x are observed at around 229.1 eV and
232.1 eV, which could explain the EDS result of S/Mo atomic
ratio below stoichiometric value of 2 [37]. In addition, there are
two high-energy peaks located at around 232.9 eV and
235.5 eV, assigned to MoOs [38]. It can be observed that the
percentage of MoO; peak area of Ti-modified MoS, films is
obviously lower than the pure MoS,. Based the fitting results,
the percentage of MoO; peak area is 11.23%, 5.69% and 2.51%
for pure MoS, film, Ti—MoS, composite film and Ti/MoS,
multilayer film, respectively. To verify this result, the XPS

peaks of O 1s for the three films were fitted to two different
peaks of surface oxygen and lattice oxygen, at around 532.1 eV
and 532.8 eV [19]. The former is caused by the adsorption of
oxygen atoms on the samples surface, while the latter is
formed by the reaction of the metal (Mo, Ti etc.) with residual
oxygen in the chamber. Similarly, the lattice oxygen in the Ti-
modified MoS, films is lower than that in pure MoS; film. This
indicates that the addition of Ti inhibits the oxidation of MoS,,
and the multilayer structure is more effective in keeping ox-
ygen out of films. The S 2p peaks were also fitted to provide
more insight to the film structure. The doublet peaks at
around 161.9 eV and 163.2 are referred to the S 2ps/, and S 2p,/»
of MoS,.x, while the other doublet peaks of MoS, locate at
around 162.1 eV and 164.3 eV, respectively, consistent with
the analysis of Mo 3d spectrum [38]. For the Ti 2p spectrum,
there were no obvious peaks of both the Ti—MoS, composite
film and Ti/MoS, multilayer film due to the trace concentra-
tion of Ti and the low signal/noise ratio. However, it still can
be distinguished there are two peaks at about 458.5 eV and
464.9 correspond to Ti 2ps/, and Ti 2py/, in TiO, [24], which
evidenced the oxygen trapping ability of Ti element in humid
environment.

FIB/TEM was used to further analyze the crystal structure
of the Ti—MoS, composite film and Ti/MoS, multilayer film.
As shown by the High-Angle Annular Dark Field (HAADF)
image in Fig. 4a, large amounts of bright Ti stripes are evenly
distributed in the dark MoS, matrix for the Ti—MoS, com-
posite film, which is consistent with the morphology of
previous reported MoS,/Pb—Ti composite film [27]. The
selected area electron diffraction (SAED) pattern in the inset
of Fig. 4a indicates the weak crystallinity of the Ti—MoS,
composite film. The high-resolution TEM (HR-TEM) image in
Fig. 4b demonstrates the quasi-amorphous structure with
short-distance ordered nanocrystalline regions. The
measured d-spacing of about 0.612 nm confirmed the (002)
crystal plane of the grains. Although some growth is parallel
to the substrate, the (002) crystal planes oriented randomly
as a whole in the Ti—MoS, composite film. According to
HAADF image in Fig. 4c, the Ti/MoS, multilayer film displays
a distinct alternating light and shade multilayer structure,
corresponding to the Ti and MoS, layer, respectively. The
SAED pattern in the insert shows the same diffraction halo
with the Ti—MoS, composite film, indicating the nano-
crystalline/amorphous composite structure. The HRTEM also
shows the classic sandwich structure, where the Ti layer is
sandwiched by two MoS, layers. The thickness of Ti/MoS,
bilayer is about 10 nm, including 6 nm of MoS, and 4 nm of Ti
layer. Different to the disordered arrangement of (002) crystal
plane in Ti—MoS, composite film, most of that in Ti/MoS2
film is parallel to the substrate, which could be attributed to
the blocking effect of the film perpendicular to the substrate
by the periodic nanostructure [26]. This result is consistent
with the XRD analysis. Besides, Fig. 4e shows the
mapping scanning of the Ti/MoS, multilayer film in HADDF
mode to distinguish the element distribution. It can be
observed that the stratification of Mo and Ti element is
obvious, which is corresponded to the dark and while region,
respectively. The S element diffused throughout the whole
cross section.
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Fig. 2 — (a) XRD and (b) Raman spectra of the as-deposited films.

3.3.  Mechanical and hydrophobic properties of MoS,-
based films

The mechanical properties of MoS,-based films play an
important role in influencing their tribological properties,
with high hardness generally corresponds to improved wear
resistance [39,40]. Fig. 5 shows the hardness (H) and elastic
modulus (E) of the three as-deposited films. It can be seen the
hardness of Ti—-MoS, composite film is about 10.2 GPa, which
is over three times higher than the pure MoS,. Compared with
the composite film, the hardness of Ti/MoS, multilayer film
decreased slightly to about 9.3 GPa. The elastic modulus is
about 74 GPa, 130 GPa, and 118 GPa for the pure MoS, film,
Ti—MoS, composite film and Ti/MoS, multilayer film, respec-
tively. The nanocrystalline/amorphous composite structure
should be the most important reason for the improved me-
chanical properties of Ti-modified MoS,-based films, which

improved significantly the densification of the films shown in
Fig. 1. Besides, the transformation to an amorphous structure
could reduce the dislocation and inhibit dislocation move-
ment in films structure, which is also beneficial for the
improved hardness [17,28]. The H/E and H>/E? ratios can also
correlate with wear resistance. The former is an indicator of
the elastic strain to failure and resilience of hard films, while
the latter is related to their resistance to plastic deformation
[41,42]. The insert table in Fig. 5 show markedly higher H/E and
H3/E? value of Ti-modified MoS, than that of pure MoS, film.
Compared to the composite film, the H/E of Ti/MoS, multilayer
film is a little higher.

Besides the mechanical properties, the wettability
behavior is also generally required for some specific applica-
tions in conjunction with their good corrosion and wear
resistance, especially in the marine environment. To evaluate
the wettability of the three as-deposited films, the water
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Fig. 3 — Mo 3d, S 2p and O 1s decomposition of XPS spectra for the films: (a) pure MoS, film, (b) Ti—-MoS, composite film, and

(c) Ti/MoS, multilayer film.
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Fig. 4 — (a) HAADF, (b) HR-TEM image of Ti—MoS2 composite film, (c) HAADF, (d) HR-TEM image, and (e) the selected area

mapping of Ti/MoS, multilayer film.

contact angle (WCA) was measured by using a high-speed
camera, as shown in Fig. 6. It can be seen the MoS, film sur-
face is hydrophobic with a WCA of approximately 96.2°.
However, the introduction of Ti resulted in the formation of a
slightly more hydrophilic surface, with WCAs of about 85.6°
and 83.4° for the Ti—MoS, composite film and Ti/MoS, multi-
layer film, respectively. It is known the surface wettability is
influenced by the chemical composition, surface roughness
and surface contaminant [43]. The chemical composition de-
termines the surface energy of the material, which plays a
crucial role in evaluating the wettability of solid surface. As
reported in previous studies [22,44,45], MoS, film is a non-
polar material with low surface energy, which is supposed
to be responsible for the hydrophobic surface. The incorpo-
ration of Ti could improve the surface energy of modified
MoS, films, resulting in the enhancement of wettability

observed. Besides, the surface roughness and morphology
should be also related to the wettability of the films. Based on
Wenzel's equation: cosf* = rcos (r is the roughness ratio, 6*
and 6 is the apparent contact angle and young contact angle,
respectively) [43], when the contact angle is greater than 90°,
the hydrophobicity of the film increases with the increase of
surface roughness. Conversely, it decreases with the in-
creases of surface roughness. Shown in the AFM topography
of Fig. 1, the high surface roughness of the pure MoS, film
could be beneficial to the hydrophobic properties of the film.
The decreased WCA of the Ti-modified MoS,-based film could
be attributed to the disappearance of the cauliflower-like
microstructure. Moreover, the porous surface could increase
the adsorption of hydrocarbons onto the surface of the MoS,
film, which could also reinforce the hydrophobic behavior
[22,44].
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Fig. 5 — Hardness (H) and elastic modulus (E) of the as-
deposited films (The insert is the table of H/E and H*/E?).

3.4.  Tribological properties of MoS,-based films in
3.5 wt.% NaCl solution

Fig. 7 shows the friction coefficient curves of the pure MoS,
film and Ti-modified MoS, films as a function of sliding time in
3.5 wt% NaCl solution. After a short running-in period, the
friction coefficient of pure MoS, film increases rapidly to a
relatively stable value of about 0.055. The slight fluctuation of
the friction curve could be caused by the vibration of the
rotating sample stage. Differently, the friction curves of both
the Ti-modified MoS,-based films experienced a rapid decline
process to the sable value after the running-in period. It can be
seen the stable friction coefficient of the Ti—MoS, composite
film and Ti/MoS, multilayer film is basically almost identical
and are significantly lower than the MoS, film. Fig. 8 shows the
corresponding specific wear rate of the three as-deposited
films in NaCl solution. The pure MoS, film presents the
highest wear rate of about 9.09 x 10~®* mm?N m, while the
wear rate is approximately 7.55 x 107° mm*N m and
7.54 x 10~® mm®/N m for Ti—Mo$S, composite film and Ti/MoS,
multilayer film, respectively.

To investigate the wear mechanism of the MoS,-based
films in NaCl solution, the surface morphologies of the wear
track and the corresponding wear scar on the mating balls
were observed by SEM and OM, respectively. As shown in
Fig. 9, the wear track of the pure MoS, film is relatively
smooth, yet extensive ploughing grooves appear in the worn

@ v

CA=96.20

TR B -

. e W

surface, indicating significant abrasive wear. Besides, a large
amount of wear debris could be found stacked around the
wear track for the MoS, film. For both the Ti-modified MoS,
films, the ploughing grooves decrease significantly, instead
there is film peeling occurred at the edge of the wear trace
without wear debris accumulation. The cross-sectional pro-
files of the wear tracks perpendicular to the friction direction
shows the depth of the wear track, as well as the width,
declined with the introduction of Ti element. The optical im-
ages of the wear scar on the mating balls indicate that there is
almost no transfer film on the mating ball corresponding to
the pure MoS, film except for a large amount of debris around
the wear scar. In contrast, a clear transfer film surrounding by
the debris is observed in the middle area of the wear scar for
the Ti-modified composite and multilayer films.

As noted previously, the tribological performance of MoS,-
based films is related to their microstructure, composition and
mechanical properties. Muratore and Voevodin proposed [46]
that the preferred (002) orientation of MoS, film exhibits better
tribological performance than that of (100) orientation,
attributing to the easier shear of the oriented basal planes and
less chemical interaction of the sliding contacts. The XRD and
TEM results in Figs. 2 and 4 demonstrated that the dominant
growth orientation of Ti-modified MoS,-based films is the
MoS, (002) crystal plane parallel to the films surface, which did
not only make the microstructure more compact to reduce the
active sites of oxygen, but also make the surface easier to
shear in the sliding direction. Comparatively, the columnar
(100) and (110) crystal planes of pure MoS; film exhibited more
micro-pores and defects, which are sensitive to the oxygen in
the environment and react to produce the oxide particles of
molybdenum (e.g. MoOs, FeM0Q,). The hard particles give rise
to the serious abrasive wear on the film surface and the
damage of the transfer film on the surface of the matting ball
due to the local stress concentration under the applied normal
load, which resulted in the high friction coefficient and wear
rate. In contrast, the doped metal Ti could react preferentially
with oxygen to prevent the oxidation of molybdenum with the
dense microstructure of Ti-modified MoS, film, which seems
to be beneficial for the formation of transfer films, leading to
low friction coefficient and wear rate.

The different mechanical properties of the films may also
influence their tribological properties. The higher H*/E? of the
Ti-modified MoS,-based films provides more load support to
resist the plastic deformation of the film/substrate system,
which result in the decrease of the width and depth of the
wear trace [47,48]. The reduced contact area led to lower
friction and wear. However, it should be noted that the

CA=83.42

Fig. 6 — Surface contact angles of the as-deposited films with water: (a) pure MoS, film, (b) Ti—MoS, composite film, and (c)

Ti/MoS, multilayer film.
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Fig. 7 — Friction coefficient curves of the three as-deposited
MoS,-based film in NaCl solution.

significant difference in elastoplastic properties between the
Ti-modified MoS, films and stainless steel caused the film
exfoliation at the edge of the wear trace after the unloading of
the normal load. To mitigate this type of egg-shell effect, pre-
treatment of the stainless steel (e.g. S-phase, plasma nitriding
etc) should be done to increase the load support in the further
work. Moreover, the various wettability behavior of the films
could also influence their tribological performance in NaCl
solution. Compared to the literature studied in vacuum or
atmosphere environment [17,28], the friction coefficient of the
MoS,-based films in NaCl solution seems to be lower. This

18

result could be attributed to the effect of water lubrication.
The contact point in the hydrophilic Ti-modified MoS,-based
films is more lubricated than the hydrophobic pure MoS, film,
leading to the better tribological performance.

3.5. Corrosion properties of MoS,-based films in NaCl
solution

In order to investigate the corrosion resistance of the MoS,-
based films, the potentiodynamic polarization curves of the
pure MoS; film. Ti—MoS, composite film and Ti/MoS, multi-
layer film were obtained before and after friction tests in
3.5 wt% NacCl solution, as shown in Fig. 10. According to the
Tafel fitting of the polarization curves, the corresponding
corrosion potential (Ecry) and corrosion current density (Icorr)
of the samples are summarized in Table 2. Compared with the
pure MoS, film, the Ti-modified MoS,-based films show a
pronounced positive shift in corrosion potential, indicating
improved corrosion resistance of the Ti-modified MoS,-based
films [49,50]. The corrosion potential of Ti/MoS, multilayer
film is approximately —0.26 V, which is a little higher than
—0.31V of Ti—MoS, composite film. The value of I, is also an
important index to evaluate the corrosion properties of ma-
terials, with lower values generally indicative of better
corrosion resistance [1]. It can be seen the I, is 3.77 x 1076 A/
cm?, 2.54 x 107® A/cm?, and 1.46 x 10~° A/cm? for the pure
MoS, film, Ti—-MoS, composite film and Ti/MoS, multilayer
film, respectively, showing the improved corrosion resistance
for the Ti/MoS, multilayer film. The polarization resistance
(Rp) is commonly used to comprehensively judge the corrosion
resistance of protective films, which is calculated bases on the
I.orr, the anodic Tafel slope (b)) and cathodic Tafel slope (b.)
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Fig. 8 — The specific wear rate of the three as-deposited MoS,-based film in NaCl solution, the inset is the corresponding 3D

morphologies of the wear tracks.
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[51,52]. As shown in Table 2, both of the Ti-modified MoS,-
based films present higher R, than that of pure MoS, film. The
ranking of R, is Ti/MoS, multilayer film > Ti—MoS, composite
film > pure MoS; film, suggesting the best corrosion protection
for the multilayer film.

The effect of friction on the corrosion resistance of the
three MoS,-based film in artificial seawater solution was
investigated by recoding the polarization curves after friction
tests. The results are shown in Fig. 10b and corresponding
electrochemical parameters are summarized in Table 2.
Compared with the polarization curves in Fig. 10a, it can be
seen that the corrosion potential becomes more negative after
the friction tests for all of the three MoS,-based films. Like-
wise, the I, after the friction tests in Table 2 also show higher
values than that obtained without friction, indicating reduced
corrosion resistance. However, the variation of the E.,, and

I.orr before and after friction for the pure MoS, film is greater
than that of Ti—MoS, composite film and Ti/MoS, multilayer
film, suggesting that the Ti-modified MoS, films could provide
more effective corrosion protection under tribological
conditions.

To better understand the electrochemical properties of the
MoS,-based films, the measured electrochemical impedence
spectroscopy (EIS) before and after friction and the fitting re-
sults are shown in Fig. 11. The fitted equivalent circuit is
shown as an inset in Fig. 11a. The Nyquist plots (Fig. 11a)
reveal different behavior for the pure MoS, film, Ti—MoS,
composite film and Ti/MoS, multilayer film, with both Ti-
modified MoS,-based films exhibiting higher values of imagi-
nary and real components, suggesting higher capacitance of
the Ti-modified MoS, films [53]. Compared to the Ti—MoS,
composite film, the Ti/MoS, multilayer film showed higher
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Fig. 10 — Polarization curves of the three as-deposited MoS,-based film: (a) before friction, (b) after friction.
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Table 2 — Electrochemical parameters from polarization curves of the three films before and after friction.

Samples Pure MoS, film Ti—MoS, composite film Ti/MoS, multilayer film
before after before after before after

Ecorr (V) -0.81 —-0.94 -0.31 —0.37 —-0.26 -0.35

Lorr (A/cm?) 3.77 x 107® 7.88 x 107° 2.54 x 107° 2.58 x 107° 1.46 x 107° 2.76 x 107

b, (V/dec) 3.88 4.01 4.32 4.79 3.03 5.04

b. (V/dec) 6.41 10.75 4.47 3.63 6.28 2.89

R, (@) 2.78 x 10° 1.60 x 10° 3.76 x 10° 3.53 x 10° 6.08 x 10° 2.89 x 10°

radius of the capacitance arcs, which means the best charge
transfer resistance to prevent the penetration of corrosive
media [49]. The Bode plots also showed a difference between
the individual samples. The low-frequency impedance
modulus was about 323 kQ cm?, 568 kQ cm? and 980 kQ cm? for
pure MoS; film, Ti—MoS, composite film and Ti/MoS, multi-
layer film, respectively, indicating the best corrosion resis-
tance of the multilayer film among the three films [28].
Besides, the range of the phase angle at low and medium
frequency is in the order of Ti/MoS, multilayer film > Ti—MoS,
composite film > pure MoS, film, confirming the better anti-
corrosion ability of the Ti-modified MoS, films due to their
more uniform and compact microstructure. Fig. 11(c and d)
shows the Nyquist and Bode plots of the three MoS,-based
films after friction. Consistent with the results of polarization
curves, the capacitance arcs radii, impedance modulus and
phase angle of the three films after friction decreased in
varying degrees compared with those before friction, indi-
cating decreased reduction in corrosion protection of the
films.

The corrosion resistance of protective films is related to
their microstructure, composition and wettability behavior
[50,54,55]. In general, the better the film hydrophobicity, the
better the corrosion resistance. For example, Li et al. [50]

prepared a superamphiphobic MoS, film on steel substrates,
exhibiting long-term and stable anti-corrosion property.
Interestingly, the WCA in Fig. 6 decreased significantly with
the introduction of Ti element, while the corrosion resistance
exhibited opposite trend. The main reason for this contra-
dictory result may be attributed to the different microstruc-
ture of the films [26,28]. For ideal protective films, the dense
microstructure could prevent the penetration of corrosive
ions such as chloride ions and oxygen in corrosive medium, so
as to provide effective protection to the metal substrate.
However, the existence of the micropores and defects is
inevitable in the process of film deposition due to the sub-
strate defects and bombardment effect. The amount and size
of the pores and pinholes in the film structure determines the
migration rate of corrosive ions in the electrolyte. For the pure
MoS, film, the loose columnar structure provided more
diffusion pathways through the micropores and defects in the
film structure, resulting in worse corrosion resistance. For the
Ti—MoS, composite film, the tight nanocrystalline/amor-
phous composite structure could not only reduce the pene-
tration of corrosive ions, but also capture the transferred
electron between the substrate and the electrolyte according
to the preferential reaction of metal Ti. The better anti-
corrosion property of Ti/MoS, multilayer film should be
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attributed to the multi-interfaces between the alternating
nanostructure. The presence of interfaces can serve as an
effective barrier to keep media away from the substrate by
reducing the defects throughout film thickness and extending
the diffusion path of corrosive ions, thus proving better
corrosion protection for the stainless substrate [16,28].

Furthermore, the high corrosion resistance of the Ti-
modified MoS, films could attributed to the formation of a
compact passivated oxide layer on the top of the films [54].
Due to the incorporation of Ti in the film structure it is ex-
pected to produce passive film on their surfaces when
exposed in NaCl solution. When the normal load is applied,
the mechanical interaction would lead to the destruction of
the passivation film on the film surfaces [51,54]. In this case,
the corrosion resistance of the films is attributed to two parts
of the exposed surface, including the passive area outside the
track and the active area inside the wear track. The decreased
anti-corrosion properties for all of three MoS,-based films
after the friction tests should be ascribed to the reactivation of
the wear track due to the sliding effect. For the Ti—MoS,
composite film and Ti/MoS, multilayer film, the repassivation
of the friction area reduces the influence of friction on their
corrosion properties. Otherwise, the size of the active area
should also be considered to account for differences in
corrosion properties of the three MoS, films after friction. The
wider wear trace (Fig. 9) for pure MoS; film, corresponding to
larger activation area, results in lower corrosion resistance of
the total exposed surface.

4, Conclusion

Ti—MoS, composite film and Ti/MoS, multilayer film were
deposited on 304 stainless steel to explore their potential for
applications in marine environment by using closed-field
unbalanced magnetron sputtering system. The relationship
between microstructure, wettability and mechanical proper-
ties on their tribological and corrosion performance in 3.5 wt%
NaCl solution was investigated as a comparison with pure
MoS; film. The incorporation of Ti results in a change in the
film structure from columnar crystalline to amorphous, which
is associated with a reduction of defects and micropores in the
Ti—MoS, composite and Ti/MoS, multilayer films. The higher
density and decreased surface roughness of Ti-modified MoS,
films result in the enhancement of mechanical properties and
weakness of the hydrophobic performance, which is respon-
sible for the lower friction coefficient and wear rate compared
to the pure MoS; film in NaCl solution. However, the strong
deviation of elastoplastic properties between the substrate
and Ti-modified MoS,-based films leads to the exfoliation of
films at the edge of the wear track, while severe abrasive wear
occurred on the surface of pure MoS, film. The measured
potentiodynamic polarization curves and electrochemical
impedance spectroscopy indicate the more effective protec-
tion of Ti/MoS, multilayer film followed by the Ti—MoS,
composite film due to the improved compactness and the
presence of surface oxide film. The mechanical interaction
during the sliding friction would activate the wear track area,
resulting in the worse corrosion resistance after friction. The
repassivation of the Ti-modified MoS, films could effectively

reduce the negative effects. Overall, the better tribological and
corrosion behavior of Ti—-MoS, composite film and Ti/MoS,
multilayer film in simulated seawater indicate potential
development for applications as protective films in aggressive
corrosive environments.
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