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Abstract

Molybdenum disulfide (MoS,) is used extensively in aerospace applications, where liquid lu-
bricants are not suitable. MoSy has excellent tribological properties in vacuum, however,
further research is required to fully understand the mechanisms taking place when exposed
to varying temperatures in ambient atmosphere due to storage and on-ground testing. MoS,
coatings were deposited on AISI 440C steel substrates, friction and wear tests were conducted
at increasing temperatures, up to 75°C, determining the effect of temperature on wear mech-
anisms in air. It was found that the detected surface oxides do not impact tribological
properties in MoS, at temperatures around 75°C. The water molecules at room temperature
hinder the alignment of MoS, layers leaving some active edge sites exposed to contacting
surfaces, leading to high friction and wear. Desorption of water molecules promote parallel

alignment of layers, reducing shear strength, friction and wear.
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1. Introduction

MoS, has been used extensively in aerospace applications [1] due to its excellent tribo-
logical properties in vacuum and ultra-vacuum environments [2]. The effect of humidity on
MoSs has been extensively researched, [3, 4] linking humidity and exposure to molecular oxy-
gen, to formation of oxides such as molybdenum trioxide (MoO3). MoS, coated mechanical
systems can be stored in terrestrial environments for extended periods of time [5], leading up
to 3.5% of MoS; to be oxidised, which can be much higher in porous MoS, coatings [4]. The
formation of oxides due to humidity has been disputed, where Khare el.al [6] states that ox-
ide formation is independent on oxygen exposure and the high friction in room temperature
is only driven by the presence of water, where water molecules adsorb and diffuse through.
Curry et al. [7] has observed that the extent of oxidation depends on the structure of MoSs,
where crystalline structure limits oxidation to the top 0.5 nm, in comparison to amorphous
structure, where the oxidation depth can reach the bulk of the coating. Other studies [§],
have suggested that water and oxygen, which are present during storage, causes the reaction

(1) to occur:

2MOSQ + 4HQO + 02 — 2M003 + 4HQS (1)

Contaminants such as oxygen and water molecules can be incorporated in MoSy during
various stages, including deposition [9], storage [10] and operation, such as friction [6, 11].
During or after deposition process by physical vapour deposition (PVD), water vapour can
be present in the chamber [9], leading to formation of MoS, Oy phase [12], with varying x
value. This is caused by oxygen substitution, however, oxides do not form during deposition

stage. MoSs.,O, phase is not detrimental to tribological properties, as it has been reported



that substitutional oxygen helps to maintain low coefficient of friction (CoF) by facilitating
intercrystalline slip [12]. From literature, it has been established that oxygen can interact
with MoS, in two ways, it either substitutes suflur in a sulfur vacancy site, or it can form
MoOj3, where O bonds with Mo [12], as per reaction (1). Recent studies [13] have also shown
that partial oxidation leads to the formation of MoS,Oy phase, where oxygen substitution
is accompanied by edge site oxidation. Colas et.al [14, 15] has shown that the new phase
formation is friction induced as the 3" body film is composed of M0S,O, assisting easy shear
between the contacting surfaces.

MoS; maintains low CoF at humidity levels below 5% relative humidity (RH) [8], above
which significant reduction in coating lifetime has been observed. In another study, however,
it was suggested that the humidity resistance is increased in Mo rich MoS,, where the lifetime
of the coating does not differ when exposed to the relative humidity of up to 20% [16].

However, on-ground testing of mechanical systems, such as solar arrays, can take place in
ambient conditions, to ensure the integrity of the system before launch [17]. The coefficient
of friction (CoF) of MoS, as a coating in ambient atmosphere ranges between 0.1-0.18 [6, 18].
Khare et al. [6] states that CoF increases with adsorbed water content, where water molecules
are mostly physisorbed, which can be reversible with temperature increase, leading to reduced
CoF.

Some conflicting studies exist when analysing the effect of high temperature on MoS,
tribological properties. Meng et al. [19] states that excess oxide formation starts at tem-
peratures between 300-350°C, where the rate of oxidation is higher than the oxide removal
upon friction. On the contrary, it has been observed by Khare et al. [6] that excess oxide
formation can start from 100°C and the accumulation of surface oxides starts to accelerate

further at 200°C. Similar conclusion was provided by Serles et al. [20].



The effect of humidity on MoS, has also been well researched [21, 22, 6, 18, 23]. It has
been established that CoF increases with the presence of humid air. In sputter deposited
MoSs, the increased CoF' at temperatures below 100°C is not due to oxide formation. Instead,
the increase is caused by physisorbed water molecules, leading to increased lamellar shear
[9]. In the environments where high water content is present in the air, MoOs and HsS
are formed [8], degrading the tribological properties. Kubart et al. [24] suggested adhesion
between interlayers takes place with water adsorption and diffusion through the structure,
however, no chemical analysis was conducted to support this.

Overall, there is lack of chemical analysis that could help to explain the wear mechanism
taking place at temperatures below 100°C, and as a result, some uncertainties exist in de-
termining the effect of water molecule interaction with MoS,;. The majority of on-ground
tests take place at room temperature (RT), which is approximately 25°C. Due to lack of
chemical analysis in the literature, the failure mechanisms in air are unclear. Also the role
of increasing temperature is unclear as it has always been assumed that temperature up to
100°C leads to desorbed water molecules, however, in-depth chemical analysis is lacking to
confirm this.

In this study, Raman analysis was used to monitor structural changes in MoS, by analysing
Ej, (in-plane) and A, (out-of plane) peak shifts. Testing temperatures ranging between 25°C
- 75°C have been chosen to determine the presence and the role of oxides. This will allow to
determine the failure mechanisms in ambient environment and the optimisation of operating

conditions in air to maintain low friction and wear.



2. Methodology

2.1. Friction and wear

The experiments were conducted on dry contact reciprocating pin-on-plate tribometer
equipped with a heating element located underneath the sample holder, as shown in Figure
1. The temperature of the sample was measured using a thermocouple connected to the
sample holder. The materials used for the friction test is summarised in Table I, where the

roughness was measured from three different locations for each sample.

Applied
load
. Pin
Screw holding the Wear scar
sample in place

Sample holder
Thermocguple

connection
Heater

Figure 1: Reciprocating pin-on-plate tribometer set-up

Table I: Material properties

Body Material Dimensions Roughness (nm)
Pin EN31 40mm radius curvature 73.12 £26.07
Plate AISI 440C  30mm diameter, 6mm thick 20.57 £0.76
MoS; coating MoS, 1pm thick 30.65 +0.65

Each pin was sonicated in acetone for three minutes to remove impurities and debris, after
which, isopropanol was used to rinse off the acetone and air gun was applied to dry the pin
before installation. The coated plate was rinsed with heptane to remove any contamination
without degrading the coating. The maximum contact pressure was 530 MPa, the sliding

speed was set to 20 mm/s with 10 mm stroke length for 1800 cycles for all the tests, which



is equivalent of 30 minutes of testing. Friction tests were conducted in air at 25°C, 40°C and
75°C in ambient humidity. The laboratory air humidity was measured using a hygrometer
and it was ranging between 35-50% RH. Each test was repeated at least three times to ensure
repeatability. The average steady state CoF was calculated using the data points from 1200
- 1800 cycles (from 20-30 minutes of testing), for all the repeats. For every test, one CoF
value was obtained per cycle, which is the average of forward and backward stroke for each

cycle.

2.2. Coating

The MoS, coating was deposited by Teer Coatings Ltd (Droitwich, UK) using Physical
Vapour Deposition (PVD), where DC closed-field unbalanced magnetron sputtering was used
to deposit MoS, on AISI 440C steel substrates. After polishing, the substrates were sonicated
in acetone for five minutes, followed by ethanol rinse and drying using an air gun. The
substrates were stored in vacuum desiccator to avoid the formation of surface oxides.

Prior to deposition, the substrates were cleaned by sputtering Ti under argon atmosphere
to remove any surface contaminants and to reduce water vapour. 100-200 nm of Ti was
then deposited as an interlayer, followed by mixture of MoSs and Ti to further improve the
adhesion of MoS,, followed by pure MoSs coating with total thickness of 1 um, using a recipe
developed by Teer Coatings Ltd [25]. The deposition temperature is kept below 100°C with

chamber base pressure of 5x 107 mbar.

2.3. Characterisation

Raman spectroscopy was conducted in ambient conditions using a Renishaw InVia spec-
trometer (UK) with spectral resolution of 800 nm equipped with an Olympus objective lens.

The argon ion laser at wavelength of 488 nm was focused using a 50x magnification objec-



tive lens, yielding laser diameter of 400 nm at laser power of 0.5 mW. Low laser power was
selected to avoid laser induced oxidation of MoS,;. Raman maps were obtained by scanning
an area of 24 x 20 pm? with laser step size of 2 um. The exposure time for each scan was
8 s with two accumulations. Each map consisted of 13 x 11 Raman scans located in the
middle of each wear scar, the edge of the wear scar and outside of the wear scar, which is
an unworn area as illustrated in Figure 2. Each dot in Figure 2 represents a position of
laser, where spectra is obtained. All the measurements within the wear scar (worn) were
taken approximately 5 mm along the wear scar, which is the centre. The structure of the
coating is analysed by obtaining the Raman peak shift of Eég and A, modes, which are the
in-plane (shear) and out-of-plane (stacking) vibrations respectively. Raman peak shift is used
to determine structure distortion. This method is not used to determine number of layers as
the coating contains over 6 layers and is considered as bulk. Raman was calibrated using Si

crystal, ensuring the position of the Si peak remains 520 cm™. The average Si position was

520.0829 + 0.254 cm™.
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Figure 2: Raman mapping locations across the wear scar

The lattice structure of the coating and powder (molybdenum disulfide powder, Sigma
Aldrich, US) was analysed using X-Ray Diffraction (XRD) PANalytical X’Pert PRO by
Phillips, equipped with a secondary graphitic monochromator. The samples were scanned
using nickel filtered Cu K« radiation (A = 1.54 A) with Bragg angle (20) ranging from 5-80°.
The interlayer spacing was measured by analysing the (002) peak. The effect of temperature
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increase on the coating structure was analysed by placing the sample in a hot stage, where
temperature increase was set from 25°C to 200°C at rate of 2 °C/min. Each scan was taken
at 10°C increments. The cooling rate was set to 10°C/min and the final scan was taken at
25°C. The crystallite size (D) along 002 plane, which is in ¢ direction, was calculated using

Debye-Scherrer equation [26] as per Equation 2:

Kooz X A
Doy = ——— 2
002 5002 X cost ( )

Where k=0.76 [27] and is the shape factor for MoS, particles. A is the wavelength of
X-Ray particles, 6 is the diffraction angle and 3 is full width at half maximum (FWHM).

Wear analysis was conducted using NPFlex, non-contact white light interferometer by
Bruker (USA) using vertical resolution of <0.15 nm. Three areas of each wear scar were
scanned, ensuring repeatability. The data was analysed using Vison64 software and specific

wear rate (W) was calculated using Archard’s wear equation [28], as shown in Equation 3:

V L(mm?)
F(N) x D(m) )

W:

Where VL is the volume loss of the plate, F is the load applied and D is the sliding
distance.

Surface morphology was analysed using scanning electron microscopy (SEM) by Carl
Zeiss Evo MA15-SEM equipped with 80mm X-Max SDD detector. SEM is coupled with
energy dispersive X-ray spectroscopy(EDX) with AZtecEnergy EDX system and CZ STEM
detector, used for elemental analysis. Accelerating voltage of 20kV was used for elemental

analysis and 5kV was used to improve the deconvolution of Mo and S peaks.



3. Results

3.1. Wear scar analysis

The average steady state CoF at RT is 0.17. When test temperature is increased to 40°C,
the average CoF is 0.06 and it drops further to 0.04 when the test temperature is increased
to 75°C, which is in an agreement with literature [18, 20]. Clear distinction between friction
behaviour at small temperature increase is observed in Figure 3(a). It has been suggested
that increased temperature reduces friction due to desorbed water molecules [18], restoring
the low interfacial shear. The wear rate is in agreement with the friction curves, where the

wear rate is lowest at 75°C and highest at 25°C as shown in Figure 3(b).
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Figure 3: (a) Friction coefficient curves in MoSy coating at 25°C (RT), 40°C and 75°C, (b) average steady
state CoF and specific wear rate of MoSs at increasing test temperatures

Wear scar profiles in Figure 4 show the wear depth at RT (Figure 4(a)) and at 75°C
(Figure 4(b)), where the grey area show the thickness of the coating. At RT, wear depth
increases with cycles without build-up of loose debris and therefore, very minimal amounts
or no tribofilm is formed. In this study, a tribofilm is referred to as an altered layer of MoS,
which forms during friction and wear. This layer consists of debris that is trapped between

contacting surfaces as well as transfer film that has been re-adhered to the wear scar from



the counterbody. The formation of this film is dependant on various parameters, such as the

contact pressure applied, environment and contaminants present.
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Figure 4: (a) Wear scar profiles of RT test after 600 cycles (black) and 1800 cycles (red) and (b) 75°C wear
scar profiles after 600 cycles (black) and 1800 cycles (red), the grey area illustrates the thickness of the

coating

White light interferometer images of the wear tracks are illustrated in Figure 5. It is clear

that at RT, very little debris remains within the wear scar and significant material loss in

seen after 1800 cycles (c). At increased temperature, wear particles are re-distributed across

the wear scar due to agglomeration (d). These particles then contribute to the formation of

tribofilm.
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Figure 5: 3D wear scar profiles of wear scars after 600 cycles generated at (a) RT and (b) 75°C, and after
1800 cycles generated at (c) RT and (d) 75°C

When test temperature is increased to 75°C, after 600 cycles, the roughness of the wear
scar decreases with increasing cycles. This is shown in Figure 6(b), indicating that the valleys
created during run-in stage are being sealed, forming a tribofilm, therefore, yielding low shear
between MoS, and the counterface. This is also seen in wear rate measurements at 600 cycle

increments (Figure 6(a)), where the wear rate decreases due to efficient tribofilm formation.
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Figure 6: (a) Specific wear rate of MoSy coated plate and (b) wear scar roughness measurements after 600
cycle increments for tests conducted at RT and 75°C

It has been suggested by Colas et al. [29] that at RT, large 3' body particles are formed,
which are too large to get trapped between the contacting surfaces. Instead of forming a
tribolayer, these particles migrate outside of the wear scar, leading to material loss. This has
been observed in RT wear scar profile, where valleys are seen, whereas at increased temper-
ature, the valleys are refilled, forming tribofilm. This supports the 3" body wear hypothesis
[29, 30], where large particles lead to increased wear and small particles agglomerate together,
without being ejected out of the wear scar. Large debris particles are seen in RT generated
wear scar in Figure 7(a) and very small particles are seen at 75°C in Figure 7(b). The dif-
ference between worn MoS, at RT (c) and at 75°C (d) shows that at increased temperature,
the re-distributed debris forms a 3rd body film. This supports the white light interferometry

images of particle re-distributiuon and agglomoration.
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Figure 7: SEM image of (a) debris at RT, (b) wear scar tip at 75°C, (c) wear scar tip at RT and (d) wear
scar at 75°C

The crystallite size of MoS,, which was obtained by using Debye-Scherrer equation, does
not change significantly at RT as shown in Figure 8. With exposure to increased temperature,
in unworn MoS,, small increase in crystallite size is seen, however, after 600 cycles at 75°C,
the crystallite size decreases, indicating reduction in long range order. Also no significant

layer re-orientation takes place at RT.
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Figure 8: Crystallite size of unworn (at 0 cycles) and worn coating after 600 and 1800 cycles at RT and 75°C

Raman analysis of each wear scar on the coated plate provides the analysis of the Eég
and Aj, peak shift which are shown in Figure 9 (a). Only the mean peak position is plotted,
which is obtained by taking the mean and standard deviation of all the scans per Raman
map. This ensures that the peak shifts are statistically significant.

The peak positions were compared between worn and unworn coated plate, shown in
Figure 9. The average peak shifts of unworn MoS, were analysed to determine the chemical
changes that are only induced by heat. The standard deviation of unworn peak shifts is

shown within the shaded area for each peak.
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Figure 9: E3, and A;; Raman peak position shifts with increasing temperature, the shaded area is standard
deviation at increasing temperature, with analysis conducted on (a)the edge and (b)the middle of the wear
scar

Raman analysis has been conducted on the edge and the middle of the wear scar, as
shown in Figure 2. At the edge of the wear scar, A, and Eég peaks shifted upwards. Distinct
differences in peak shifts are seen in the middle of the wear scar (Figure 9(b)) at increased
temperatures. At RT, both peaks have shifted by 1.3cmcm. At 40°C both peaks start
to shift at different increments, with the largest shift difference seen at 75°C, where A,

has increased by 3.6cm™

and Eég peak has decreased by 0.30cm™, in comparison to unworn
coating at 40°C and 75°C. The peak shift, where A, and Eég mode increased and decreased,
respectively, is consistent with defect formation. The most favourable defect is loss of sulfur
[31], which can be detected by Raman as both Aj; and Ej, vibrational modes rely on the
vibration of S atoms.

Ayg and Ej, peaks of unworn coating and tribofilm (FigurelO(a)) located at the tip of

the wear scar show a clear shift between test temperatures. The structure of the tribofilm

was analysed by comparing the distance between A;, and Eég Raman peaks. Average peak
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distance is shown in Figure 10(b), where the error bars show standard deviation of all the
scans per Raman map. Only a small amount of Raman scans were taken from a tribofilm to
ensure all the scans are focused, as the tribofilm at the end of the scar is rigid and uneven.
The RT generated tribofilm does not differ significantly from untested coating, as it was
already confirmed that only small amount or no tribofilm was formed at RT. The structure
of a tribofilm generated at 75°C matches the structure in the middle of the wear scar, as

shown in Figure 9(b). This confirms that tribofilm is present across the wear scar at increased

temperature.
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Figure 10: (a) Raman peak shift of Eég and A, modes of coating and tribofilms, generated at RT and 75°C,
(b) average Eb, and A, peak separation distance

Full width at half maximum (FWHM) of A;; mode is shown in Figure 11, as A;, peaks
are more defined. FWHM with standard deviation of unworn coating for each temperature
is shown within the shaded area. Significant FWHM difference is seen between coating and
powder MoS,, where the untested coating has FWHM of 7.93cm™ and in powder MoS, it is

3.51cm™.
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Figure 11: FWHM of A, mode in the middle of the wear scar and the transfer film on the counter body. The
shaded area is the standard deviation of FWHM, taken outside the wear scar at increasing test temperature

This difference is due to impurity incorporation into the structure of the coating during
deposition process [32], leading to reduced crystallinity of MoSs. This has also been confirmed
by XRD, where significant peak shift is seen in coating, indicating the distance between the
layers is increased and the crystallinity is decreased. The largest increase in FWHM is seen
in the middle of the wear scar at increased temperatures. 2.40cm™ increase is seen at 75°C
in the middle of the wear scar, in comparison to the unworn area outside the wear scar.
The transfer film on the counter surface is more distorted than the coating and therefore, no
significant changes between temperatures in the transfer film is seen.

To gain further understanding of the structural changes of MoSs, the difference in layer
interspace distance of the coating in (002) plane was analysed using XRD with increasing
temperature. Some tensile stress is present in the coating as the layer distance increases from
6.15A4 in powder MoS, to 6.46A4 in MoS, as a coating. It has been previously suggested that
MoS, forms tensile stress due to incorporation of impurities during deposition [33], which

can lead to crack growth. It has also been confirmed that the strain is not reduced with

17



increasing temperatures, where Figure 12(a) shows whether the interlayer distance changes
when temperature is increased to 200°C. The error bars indicate the standard deviation of
three separate test runs. No significant changes in the interspace are observed, confirming
that the reduction in friction and wear at increased temperature is not due to decrease in
strain, which has been introduced during deposition stage. The distance between the S-Mo-S

layers can also be increased by exposure to water molecules, as shown in Figure 12(b).

6.60 6.60
(a) (b)

6.55 ~

o
[¢)]
(9]

1
.

o

0

)
N

(002) d-spacing (A)
2
|
(002) d-spacing (A)
i
o

o

B

IS
N

o

'S

a
|

6.35

30 60 9 120 150 180 210 6.40 . .
Temperature (°C) Dry With water

Figure 12: Interlayer spacing evolution of (002) plane in MoS, coating with (a) temperature increase from
25°C to 200°C and (b) before and after exposure to water

It is clear that water alone does not induce oxidation, as shown in Figure 13, where
Raman spectrocsopy analysis was used to map the distribution of molybdenum oxides on
unworn coatings, therefore the increase in layer distance is not formed due to the presence of
oxides. It has also been shown that water molecules do not favour intercalation between the
layers [34]. Tt is, however, possible that the layer distance increase is due to the formation
of MoS,. Oy phase [35]. In the case of O substitution, the layer distance increases as the
distance between S-S decreases, forming compressive strain in the direction perpendicular to

the layers and as a result, tensile strain is formed between the layers.
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Figure 13: Raman map of 820 cm™ peak intensity, mapping oxide distribution in (a) dry MoS; and (b) after

the addition of water to the surface of unworn MoSs

The migration of elements during friction test at various temperatures is shown in Figure

14, obtained by EDX, where large amounts of Fe is observed in RT friction tests and least

amount at elevated temperatures, which is due to efficient tribofilm formation. Slight increase

in oxygen is observed at 75°C, however this increase has not hindered the reduction of CoF

and wear. Ti was also monitored in worn coatings, as Ti is used as an interlayer. It is clear

that Ti does not increase with wear and therefore is not significantly exposed after wear.
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Figure 14: EDX elemental analysis of MoS, wear scar

19



EDX was also used to obtain the atomic weight % ratio between S and Mo, as shown in
Figure 15, where the ratio of 2 indicate defect free structure. It is clear that the ratio has
been reduced after high temperature wear, confirming loss of sulfur, as suggested by Raman
analysis. As the analysis of S and Mo is semi-quantitative by EDX, the ratio was compared

between accelerating voltage of 20 and 5kV, as suggested by Ehni and Singer [36].

20

S:Mo

25 40 75
Test temperature (°C)

Figure 15: The ratio between S and Mo in worn MoSs using EDX, where the ratio of 2 indicates no loss of S

3.2. Transfer film analysis

The low CoF is achieved due to the efficient transfer film formation, which is observed
on the pins in Figure 16, showing the optical microscope image of each pin in 600 cycle
increments. MoS, is present on all pins, however, the distribution of MoS, varies with
temperature. At 75°C, instead of forming a uniform film throughout the contact area, it
appears that the transfer film forms through accumulation of loose debris first, which then
is distributed throughout the contact area. Very small amounts of MoS, are found in the
middle of the counter body wear scar after 600 cycles, where weak MoS; Raman signals are

detected (Figure 16(d)), in comparison to uniform coverage after 1800 cycles (Figure 16(f)).
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Figure 16: Optical microscope image of the counterbody and Raman analysis of the transfer film or debris
at RT after (a) 600 cycles, (b) 1200 cycles, (c¢) 1800 cycles and transfer films generated at 75°C after (d) 600
cycles, (e) 1200 cycles and (f) 1800 cycles

After a uniform transfer film is formed, valleys in the wear scar are sealed, maintaining
low friction and wear. This has been confirmed in Figure 6, where the wear starts to reduce
after 1200 cycles at 75°C, which is when the accumulated debris is distributed. To confirm

the distribution of MoS,, normalised intensity of A, peak is mapped in Figure 17. The

transfer film at 75°C show a significant intensity increase after run-in in Figure 17(d).
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Figure 17: Raman maps of RT (a,b) and 75°C (c,d) transfer films, visualising the normalised intensity of A,
peak

The presence of MoQOj in transfer film is visualised in Figure 18 by mapping the intensity
of dominant Raman peak for MoOj3 at around 820cm™, where very minimal amounts of oxides
are present in RT transfer film after 600 cycles (a) and after 1800 cycles (b). However, at
increased temperature, significant increase in oxide formation is observed, only after run-in

and steady state. The increase in oxygen is also supported by EDX analysis.
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Figure 18: Raman maps consisting of 820cm™ peak intensity visualising the presence of MoQOs in transfer
film at RT after (a) 600 cycles and (b) 1800 cycles, and transfer film at 75°C after (c) 600 cycles and (d)

1800 cycles

The structure of the pin transfer film is analysed by examining Raman peak shift. The

mean distribution of each peak is shown in Figure 19. Increase of 4.6cm™ in A;, mode and

decrease of 2.1cm™ in Eég mode at 75°C is seen. The large peak separation is due to breakage

of Mo-S bonds, leading to loss of S and formation of defects in the structure [37, 38, 31].
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Figure 19: Raman analysis of the pin wear scar with peak difference between untested MoS, coating and
the pin taken from the middle of the pin, with shaded areas representing standard deviation of unworn peak
positions at increasing test temperatures

4. Discussion

It is clear that the structure distortion of MoSs begins with deposition process, where
impurities, such as oxygen, are incorporated within the structure, leading to increased dis-
tance between layers, which was confirmed by XRD. It has been suggested that oxygen can
be incorporated between the layers during deposition, which increases the layer distance of
MoS, [39], leading to tensile stress formation. This can also lead to crack growth where the
shear between the layers is disturbed due to misalignment and S-S interlocking [40]. Wahl et
al. [41] has also proposed that the large interlayer distance is due to some defect formation.

During sliding, the top layer is deformed, where wear depth can reach up to 1um at RT,
which is almost the entire thickness of the coating. This is in agreement with EDX analysis,
where Fe increases significantly within RT wear, indicating some substrate and interlayer
exposure. Despite the large increase in Fe after RT wear, only minimal amount of Ti was
detected, with negligible Ti increase at RT in comparison to increased temperature wear. It

is possible that Ti is removed with wear, without affecting tribological properties of the film.
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The CoF increases during run-in stage, and maintains the increase in the steady state.
The unstable CoF generates deformed 3'4 body particles which are brittle [29] and are ejected
out of the wear scar, forming valleys which are not sealed. It has been suggested by Martin
[42] that upon sliding, lattice rotation takes place, causing mismatch between the lattices,
leading to a pile-up of superimposed crystallites. Therefore, a build up of transfer film is seen
on the pin. However, despite the formation of transfer film, lack of tribofilm was observed at
RT due to material loss. Tribofilm was detected at 75°C by Raman, where Eég peak starts to
downshift and A, peak up-shifts. This has not been observed on the outside and the edge of
the wear scar and is in agreement with structural defects [31] being introduced during heating
and wear. The presence of defects within the wear scars was also supported by EDX, where
S:Mo ratio was obtained. Despite the increased density of defects, the CoF and wear remain
low at 75°C. Defects aid the re-orientation of planes, leading to formation of dense films. At
increased temperature, less energy is required to break S-Mo-S bonds [43], leading to more
loose debris being generated in comparison to RT generated wear. The source of defects in
the wear scar originates from transfer film re-distribution, forming dense amorphous film.
It has been suggested that low shear at increased temperature is due to thermal expansion
of interlayers [20], however, XRD results (Figure 12(a)) show that thermal expansion does
not take place at temperatures up to 200°C. Therefore, thermal effects on their own do not
contribute to weakening of Van der Waals forces between the layers.

It has been suggested that the increase in crystallinity is shear induced [44]. However,
the XRD measurements of untested MoSy at RT and MoS, that has been exposed to 75°C,
illustrate some increase in crystallinity at 75°C, due to the appearance of (100) plane, which
is absent in RT coating, as shown in Figure 20(a). The broad (002) peak indicates lack

of crystallinity, which can be compared to a crystalline MoS; powder structure, where a
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sharp peak is shown in Figure 20(b). The emerging (100) peak in Figure 20(a) indicates
increased order, where more than one orientation can be detected [45]. This crystallinity is
then reduced after wear at 75°C, where (002) peak has reduced in intensity and (100) peak
is less distinct. This is also supported Raman spectroscopy (Figure 11). At RT, a mixture

of parallel and perpendicular orientated layers are present.
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Figure 20: (a) XRD of unworn MoS, coating at RT, 75°C and worn coating at 75°C, (b) XRD of MoS; as a
coating and crystalline powder

The layers that are perpendicular to the substrate have active edge sites exposed to the
uncoated steel surface [46], leading to high adhesion between MoSy and the steel pin. The
reorientation of lattice planes at increased temperature is possibly due to water desorption,
leading to realignment of layers. Water desorption at increased temperatures is supported
in previous studies [6, 20]. Furthermore, it was observed in this study, that the exposure of
MoS, to high temperatures in air leads to oxygen substitution, which can have atomically
'smoothing’ effect [12]. Therefore, it has been assumed that water desorption can lead to

26



layer re-orientation. On contrary, without the increase in temperature, the physisorbed water
molecules, form H bonds with sulfur [47], leading to lack of layer re-orientation upon friction.

Very small amounts of oxides were detected in RT wear scar, which were confirmed by
Raman and EDX, therefore the oxygen content in the coating is not responsible for high
friction and wear. Similarly, oxides were found in transfer film at increased temperature
but reduction in friction and wear were seen, confirming that the surface oxides which do
not get removed during friction, do not affect tribological properties of the coating. This is
in agreement with Serles et.al [20] and Khare et.al [6], where the friction and wear is not
dependent on oxide formation below 100°C as the surface oxides get removed. However,
in-depth Raman spectroscopy in this study shows defect formation, which leads to oxygen
substitution and oxide formation at 75°C, which is not removed with wear. It was also
shown in Figure 9, that increased temperature on its own induces very minimal changes,
where some strain can be induced, however this is negligible. The lack of detected structural
changes support oxygen substitution, which has restored the structure. Upon friction, further
substitution leads to excess oxide formation. Due to the strong oxygen bonding energy [48],
the excess oxides in the transfer film improve the adhesion of the transfer film and due to
the debris re-entry and formation of tribofilm, no significant abrasive wear was observed, in

comparison to RT wear.

5. Conclusion

Tribological properties of MoSs coatings have been determined in air to gain full under-
standing of the optimal conditions that contribute to low friction and wear. Test temperature
ranged from RT to 75°C in order to analyse formation of oxides and its influence on shear

strength.
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e At RT, surface oxides are removed during friction due to large debris formation and
material loss. However, the removal of oxides does not reduce the shear between the
layers. In contrast, at 75°C these oxides are not removed. This is due to the formation
of small particles that are re-introduced between the contacting surfaces, forming a

tribofilm that contributes to low shear.

e Transfer film structure on the pin consists of defects, as shown by Raman analysis.
This is due to Mo-S bond breakage during shear. At 75°C, this film is re-deposited
on the wear scar and therefore, defects are detected on both surfaces. Due to these

defects, the adhesion of transfer film to the counter-body is improved.

e At RT, some layers are orientated perpendicular to the substrate, exposing active edge
sites to steel surface leading to high adhesion of particles. This is avoided at 75°C,

where layers are orientated parallel to the substrate.

e During friction at 75°C, small wear particles are formed that agglomerate together and
they are small enough to remain between the contacting surfaces. The agglomeration
can be observed in transfer film formation where a build up of debris starts around the

contacting area and gets distributed across, during steady-state.

Overall, it can be concluded that the excess surface oxides in MoS, are generated in small
quantities, and therefore it does not impact tribological properties at temperatures around
75°C. Desorption of water molecules can lead to re-orientation of MoS, layers, restoring low
shear strength and improving the formation of transfer film. At RT, these contaminants are
present in the structure, leading to exposure of active edge sites that adhere to the counter
surface causing high friction and wear as well as material loss. Therefore, small temperature
increase can be beneficial to the tribological properties of MoS, in air.
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