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A B S T R A C T   

Investigations into effects of humidity and oxygen on a polymer-bonded MoS2-based dry film lubricant (DFL) 
coating, on grit-blasted Ti–6Al–4V using a cylinder-on-flat configuration, are reported. Sustained low friction and 
low wear occurred in both low-humidity air and low-humidity argon, producing significant extension of fretting 
wear lifetimes. A cracked-paved structure was observed in low-humidity air which was not observed in low- 
humidity argon. The Mo-DFL coatings were observed to be highly sensitive to humidity. As humidity 
increased, a notable rise of friction and wear ensued which reduced the system lifetime. Different friction evo-
lution was observed in high-humidity air and high-humidity argon before failure, with a short-lived but estab-
lished low friction phase in high-humidity air and a consistent high friction phase in high-humidity argon. 
Although oxidation of the MoS2 to MoO3 is a key process of degradation of DFLs of this type, this oxidation 
reaction does not operate in the absence of humidity.   

1. Introduction 

Fretting wear is associated with the removal of material from a 
contact between two contacting surfaces by small oscillatory movements 
which can vary in frequency, amplitude and applied normal load across 
the contact [1,2]. This form of material degradation remains a particular 
problem at the dovetail joints of aero-engine fan blades, where the ef-
fects of fretting can be particularly damaging due to wide variations in 
the operating conditions coupled with the poor tribological properties of 
the titanium alloys from which such systems are commonly fabricated 
[3]. To curb the damaging effects of fretting of aero-engine fan blades, 
blades and discs are commonly surface engineered via coating, with a 
polymer-bonded molybdenum disulfide, MoS2, based dry film lubricant 
coating as the outer layer of the coating system [4–6]. MoS2 solid lu-
bricants have however been reported to be highly sensitive to environ-
mental factors such as humidity and oxygen with increases in lifetime of 
the coatings of more than an order of magnitude being observed [7–10]. 
In some work, comparisons are made between humid air and vacuum, 
and in these, there is ambiguity as to whether the changes in behaviour 
observed are associated with oxygen level, humidity level or synergy 
between these [10]. The issue of environmental effects on coating 

performance is of particular concern given the varying atmospheric 
conditions in which aero-engine fan blades operate. 

The detrimental effect of increased humidity on MoS2 coatings has 
been attributed to water driven oxidation which causes the trans-
formation of MoS2 to molybdenum trioxide, MoO3 [11–13]; it has been 
suggested that MoO3 disrupts the shear properties of the MoS2 lubricant 
film, causing an increase of friction coefficient and high wear rates 
[13–15] whilst others suggest that whilst the oxidation product MoO3 
conferred a reasonably low friction coefficient (but not as low as that 
conferred by MoS2), the oxidation of MoS2 crystals is accompanied by an 
increase in coating brittleness, leading to increased rates of wear [16]. 
As sulfur is depleted, oxygen or other elements move in to fill the va-
cancies and the formation of molybdenum oxide occurs which disrupts 
the continuity of the MoS2 slip planes [17]. Non-oxidised, pristine, 
lamellae edges are thought to be relatively smooth, facilitating mutual 
sliding. However, after oxidation has taken place, crinkling and pitting 
of the edges occur which hinder lamellar movement [18,19]. Scharf 
et al. [20] ascribed the high friction and extremely short wear life of 
MoS2 in humid air to the dangling unsaturated bonds on the edge of the 
basal planes reacting with moisture and oxygen in the environment to 
form tribo-oxidation products such as MoO3. Bai et al. [21] also 
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supported the hypothesis that dangling bonds and interlayer edges on 
the surface of the MoS2 film easily react with water and oxygen in air, 
with the generated MoO3 hindering the interlayer slip of the MoS2. Thus, 
it exhibits a high coefficient of friction, and the wear resistance drops 
sharply in humid environments. However, these hypotheses need to be 
considered in light of the work of Windom et al. [22] who, through 
Raman spectroscopic studies, showed that humidity does not play a role 
in the oxidation of MoS2 as no effect or transformation to MoO3 was 
realised in the presence of water vapour as compared to dry air or O2 
under ambient conditions. Lince et al. [23] however found the reduction 
in MoS2 coating endurance to correlate with oxidation of lubricating 
MoS2 to non-lubricating MoO3 at the surface of the coatings through XPS 
line scans across wear tracks of MoS2 based sputtered coatings that had 
been stored in humid air. This supported the idea that the reduction in 
endurance is likely due to third body effects, specifically the flow of 
non-lubricating MoO3 wear debris back into the contact region during 
testing. 

This proposed mechanism of water-mediated oxidation of MoS2 has 
been disputed in other studies and different mechanisms have been 
proposed; these are more related to the physical bonding of water to the 
edge sites, and thereby, disruption of easy lamellae shear of MoS2, and 
therefore modification of the easy shear between the basal planes 
[24–26]. By investigating rubbed MoS2 films in dry argon, dry air and 
moist air, Fusaro [27] found that friction coefficient and wear rates were 
the highest in moist air, suggesting that water causes the reduction of 
MoS2 lubricity. Longer wear life, lower wear rates and lower coefficient 
of friction were observed in argon and dry air and higher wear rate, 
lower wear life and increased coefficient of friction were seen in moist 
air. 

Pritchard and Midgley [28] investigated the friction characteristics 
of unbonded MoS2 powder that was deposited on to the surface as a 
slurry. The resultant, adherent, polymer free surface film was approxi-
mately 1.25 mm thick. They tested this under different humidities and 
concluded that the friction is governed by the amount of water physi-
cally adsorbed onto the film. Indications that the water is physically 
adsorbed included the fact that the wear rate of the lubricant layer 
increased as more water is adsorbed, the reversible effects of humidity 
on the friction and the friction coefficient being a monotonic function of 
the volume of adsorbed water which was consistent with physical 
adsorption rather than chemical adsorption. It was thought that the 
water vapour affects the adhesion component of friction and therefore 
the inter-crystallite forces. 

Khare et al. [26,29] aimed to understand the role of water, oxygen 
and temperature on tribological behaviour of a sputtered MoS2 coating 
on 440C stainless steel. Sliding tests were performed in dry nitrogen 
(<300 ppm), humid nitrogen (24 % RH), dry air (<300 ppm), and 
humid air (60 % RH) at a range of temperatures (25–250 ◦C). It was 
found that water did not promote MoS2 oxidation at room temperature 
as the Energy Dispersive X-ray Spectroscopy (EDS) results were unable 
to detect any oxidation following sliding in the humid environment 
devoid of oxygen. This study concluded that water drives the increased 
friction coefficients through reversible physical-sorption below transi-
tional temperature of 100 ◦C by physically bonding to the near surface 
and directly impeding inter-lamellar shear. Increasing the temperature 
from ambient to the transition temperature improved the tribological 
response of the coating [26] in high humidity conditions. At high tem-
peratures above 300 ◦C, oxygen drives increased friction due to direct 
oxidation which can result in a rapid deterioration of tribological 
properties of MoS2 to MoO3 [30,31]. 

Zhao et al. [32] proposed a model to explain the tribological 
behaviour and instantaneous influence of humidity on magnetron 
sputtered MoS2 on stainless steel during reciprocating sliding tests with 
a ball-on-disk configuration at varying humidity levels from 10 to 70 % 
and under different atmospheric (inert and active) environments. Re-
sults showed increased humidity to be the driving force for an increased 
friction coefficient in all atmospheric environment including air, oxygen 

and nitrogen. It was suggested that water molecules are adsorbed on the 
active sites and dissociate into hydroxyl groups which exhibit a strong 
interaction with the counter-surface. The friction coefficient was 
thought to be largely dependent upon the adsorbed water which was 
determined by the environmental humidity level; as humidity increases, 
more water molecules are adsorbed onto the surface and dissociate into 
hydroxyl groups and the attraction from hydrogen bonds becomes 
stronger. In active atmospheres such as oxygen, more oxides are formed 
which provided additional active sites for water adsorption and further 
increase in the observed coefficient of friction. 

Upadhyay et al. [33] studied the tribological properties of epox-
y/MoS2/graphene as a function of relative humidity (40 %, 60 % and 80 
%). There was an increase in the coefficient of friction and wear rates of 
the binary epoxy/MoS2 composites as humidity increased. The effects of 
humidity were proposed to affect both the behaviour of the epoxy 
polymer base and the behaviour of the dispersed MoS2 particles them-
selves. Adsorbed layers of water and the presence of hydroxyl groups on 
the polymer surface increases the adhesion forces and thereby increases 
the friction coefficient and the wear rate of the epoxy binder. A reaction 
of the MoS2 with water molecules also produces trioxides of molybde-
num, which was proposed to restrict the lubrication ability of MoS2. It 
was recommended that the use of MoS2 in epoxy should be controlled to 
avoid the formation of molybdenum oxides in humid environments. 

The combination of physical adsorption of water and oxygen fol-
lowed by a chemical reaction and the formation of molybdenum oxides 
have also been suggested to be the driving influence in the tribological 
deterioration of MoS2 [34]. The study of surface contamination of mo-
lybdenum disulfide by Johnston et al. [35] suggested that MoS2 which 
has been exposed to damp air will contain, in addition to physically 
adsorbed water, sulfuric acid, molybdenum trioxide, and chemisorbed 
water as surface contaminants. 

As can be seen in this overview of the literature, there are a wide 
range of hypotheses which describe the mechanisms by which humidity 
and oxygen negatively the friction reduction capabilities and durability 
of molybdenum disulfide coatings; however, the behaviour and under-
lying mechanisms will depend upon the tribological conditions, the 
specific nature of the MoS2 and the and the test or service environment. 
Accordingly, additional insights are required into the influential role 
atmospheric environmental factors have on the frictional and wear be-
haviours of MoS2 coatings and particularly, on polymer bonded MoS2 
based dry film lubricant, DFL, coatings under conditions that are 
representative of their application in aerospace dovetail joints. 

2. Experimental methodology 

A cylinder-on-flat fretting contact configuration was employed as 
indicated in Fig. 1 where the intention is to generate reciprocating 
translation of the cylinder (with no rotation) across the surface of the flat 
sample under an applied load. This resulted in a contact length (w) of 10 
mm (determined by the width of the flat sample) with the cylindrical 
sample having a radius, R, of 15 mm. Fretting tests were conducted with 
samples fabricated from Ti–6Al–4V to represent the material comprising 
the fan blade and disc in an aero-engine dovetail joint. Accordingly, both 
cylindrical and flat samples for the fretting pairs were machined from 
rolled plate which is reported to have an elastic modulus of 115 GPa and 
a Poisson’s ratio of 0.342 [36] and were grit-blasted with aluminium 
oxide grit (Airblast, UK) with a grit size of 0.125–0.149 mm and a blast 
pressure of 3 bar in a manual grit-blast cabinet which resulted in a 
roughness (Sa) of 0.9 μm. Surface characterisation and profilometry was 
obtained by focus variation microscopy using an Alicona G4 Infinite 
Focus system. A defined area of 710 × 539 μm was measured for 
determination of the surface roughness (Sa) which were calculated in 
accordance with ISO 25178 using a cut-off wavelength of 250 μm for S-L 
filters. 

Following surface preparation, a DFL paint was spray deposited on 
the working surfaces of both the cylindrical and flat fretting samples to 
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provide alignment with industrial practice. The DFL was a commercially 
available epoxy-based paint (procured from Indestructible Paints Ltd, 
Birmingham, UK under the trade name PL237-R2), in which the primary 
solid lubricant phase is MoS2. This coating system is termed Mo-DFL 
from hereon. To cure the Mo-DFL coated specimens, they were placed 
in a circulatory air oven at 100 ◦C, with the temperature then being 
increased by 6 ◦C min− 1 to 190 ± 1 ◦C followed by holding at this 
temperature for 2 h. Once removed from the oven and cooled to room 
temperature, the target Mo-DFL coating thickness (t) of 50 ± 10 μm 
coating thickness was confirmed via an eddy current method using a 
DeFelsko PosiTector 6000. The MoS2 particle size in the DFL has been 
measured at 2–4 μm through examination of high magnification SEM 
images. 

Fretting wear tests were carried out using a servo-hydraulic fretting 
testing machine; a schematic diagram of the test setup is presented in 
Fig. 2. As described by Aldham et al. [37], the rig employs spherical 
bearing seats with a seat locking system to facilitate alignment of the 
line contact employed. In this arrangement, two pairs of identical 
specimens are fretted simultaneously on the same fixture; this 

arrangement ensures no damaging lateral load is carried by the hy-
draulic actuator whilst also facilitating an efficient replication of test 
contacts exposed to a given set of conditions. A linear variable 
displacement transducer (LVDT) is mounted to the base of the hydraulic 
actuator to provide the control signal for the applied (far-field) 
displacement amplitude (Δ∗) whilst a load cell measures the total shear 
force (i.e., the sum of that associated with the two individual fretting 
contacts, Q). The fretting test conditions were selected in light of the 
work of Kim and Korsunsky [38] where it was indicated that these are 
representative of those experienced by aerospace components where 
DFLs of this type are employed; in addition, these conditions allow direct 
comparison with other work conducted at the University of Nottingham 
on these DFLs [36,39,40]. A summary of the fretting test parameters and 
conditions are presented in Table 1. 

The control and data acquisition system used an NI USB 6000 
multifunction I/O device along with a written program in LAB-VIEW™ 
which permitted real time monitoring and continuously recorded the 
tangential force and applied relative displacement at 500 Hz sampling 
rate garnering 200 sampling points per fretting cycle. An assumption 
was made that the tangential force associated with each of the two 
fretting contacts was equal, and therefore the tangential force on each 
specimen was assumed to be a half of the total tangential force measured 
by the load cell. The tangential force-displacement data were plotted in 
the commonly-employed form of fretting loops of the type presented in 
Fig. 3 (see Ref. [41] for further details). The coefficient of friction (CoF) 
(μ) is given by: 

μ=
Q∗

P
(1)  

where Q∗ is the maximum tangential force per specimen recorded in 
each cycle and P is the constant normal load applied. The slip amplitude 
(δ∗) observed at the contact itself is smaller than the applied (far-field) 
displacement amplitude (Δ*) as there is compliance in the system, 

Fig. 1. Cylinder-on-flat specimen configuration used in fretting tests where P is 
the applied normal load, and Δ is the applied displacement. 

Fig. 2. Electro servo hydraulic fretting rig operating schematics and environmental set up (1) Ti–6Al–4V flat specimen with contact length w = 10 mm (2) Ti–6Al–4V 
cylindrical specimen with radius R = 15 mm (3) Fixed position hydraulic cylinder for applied normal load P = 575 N (4) Vertical controlled actuator for applied 
displacement amplitude Δ* = 0.3 mm (5) Load cell (6) LVDT (7) Mounting block (8) Dry air or argon cylinder (9) Flow meter (10) Water bubbler (11) Humidity 
sensor (12) Environment chamber. 

Table 1 
Fretting test conditions employed.  

Normal Load (P)/N 575 
Displacement amplitude Δ*/μm 300 
Frequency (f)/Hz 2.5  
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associated with elastic deformation of the specimen, the fixture and the 
test rig as indicated by the system stiffness S in Fig. 3. Previous work 
looking at the behaviour of DFLs with this test geometry had shown that 
the CoF increased rapidly towards the end of the test and that this was 
associated with the failure of the coating system [36]. In light of that 
work, failure of a test pair in the current work was defined to have 
occurred when μ ≥ 0.7 and for each material pairing type examined, 
tests to failure (i.e., to completion) were automatically terminated when 
that condition was first satisfied. 

It is known that alongside the coefficient of friction itself, geomet-
rical evolution of the contact also affects the maximum force recorded in 
a fretting cycle [42]. Accordingly, in this work, the energy coefficient of 
friction (ECoF) (μE) [43] has been derived in post-test analysis of the 
data as follows: 

μE =
Ed

4 P δ∗
(2)  

where Ed is the energy dissipated over a fretting loop and δ∗ is the slip 
amplitude (as distinct from the applied displacement amplitude, Δ∗). 

Once the number of cycles to failure of the various fretting pairing 
types had been determined, interrupted tests (i.e., tests which were 
stopped before failure took place) were conducted on selected sample 
pairing types from the test matrix. Such tests were conducted to facili-
tate a better understanding of the wear process in the various stages of 
fretting degradation of these systems by permitting examination of the 
samples prior to final failure. 

Fretting wear tests were first conducted in atmospheric ambient 
conditions and were then repeated in different controlled environmental 
conditions made possible by outfitting the fretting wear rig with envi-
ronment control capabilities as illustrated in the fretting rig schematic 
Fig. 2. This was implemented with dry compressed air and argon gas 
cylinders which were purged into a purpose-built sealed environment 
chamber at a constant flow rate of 2 L/min to maintain a consistent gas 
environment. A Honeywell HIH-4000 series humidity sensor was used 
for the duration of the tests to measure the relative humidity inside the 
chamber. The NI USB 6000 and written LAB-VIEW™ program was also 
used for the humidity data acquisition and meant the simultaneous 
acquisition of the fretting wear rig data and the humidity data occurred. 
During selected tests, the constant flow gas purge was switched off and 
the environment chamber was opened to monitor the effects of the 
increased relative humidity during ongoing fretting tests. Further ex-
aminations on the effect of humidity required the identification of the 

dominant environmental mechanism that affects the wear behaviour of 
the coating, and thus, it was needed to isolate the effects of oxygen and 
that of humidity on the performance and wear behaviour of the Mo-DFL 
coating. In order to test the influence of water vapour without the 
presence of oxygen, humidified argon was employed by passing dry 
argon gas at 2 L/min through a water bubbler to increase its humidity 
before directing it into the environment chamber. This achieved a hu-
midity level of around 60–75 % inside the chamber. This was repeated 
for dry air to obtain an oxygen-containing high humidity environment. 
A summary of the environmental fretting test conditions can be seen in 
Table 2. 

Additional 3D measurements (also with the Alicona system) were 
employed in this work to carry out surface profilometry of the wear scars 
from the flat and cylindrical specimens after fretting tests. These data 
from the Alicona system were processed using MountainsMap™. Before 
analysing the cylinder samples, the cylindrical surface form was first 
removed. From these measurements, average depth profiles across the 
scars were derived by taking the average of 50 individual profile lines 
across a scar. The key damage parameter used in this paper is the 
maximum wear depth derived in this way from the surface profilometry; 
this parameter is employed (rather than other commonly used measures 
of wear) since the critical issue here is the penetration (total removal) of 
the coating which can be most readily seen by comparing the depth of 
wear with the coating thickness. Where the depth of maximum wear is 
presented, data for the flat and cylindrical specimens are presented 
separately. 

After fretting tests, scanning electron microscopy (SEM) was utilised 
for the analysis of the wear scar features, using an FEI Quanta600 MLA 
SEM operating with an accelerating voltage of 20 kV. Wear scars were 
examined both in plan-view and in cross-section; metallographic cross- 
sections were prepared by cold-mounting to ensure that potential 
degradation of the DFL that might have been associated with hot- 
mounting was avoided. Whole scar SEM cross-sections are presented 
with different magnifications in the horizontal and vertical directions to 
allow the characteristic features of the scars to be better presented to the 
reader; however, it is noted that this leads to image distortion of which 
the reader needs to be aware. Energy dispersive X-ray (EDX) analysis 
was performed in the SEM for quantitative chemical characterisation of 
the various features of the fretting wear scars. The EDX results are based 
on multiple measurements, with representative results being reported. 

The BSE cross-sections presented in Fig. 4 confirm that the as 
deposited DFL was approximately 50 μm thick. This is clearly seen in 
both cross-sections in the regions adjacent to, but outside of, the wear 
scar. The cross-sections also show the uniformity of the distribution of 
MoS2 throughout the layer and the low surface roughness of the exterior 
surface, Sa <0.1 μm. 

The cross-sections also confirm that the Mo-DFL coatings tested here 
are behaving in line with the three stage lifetime previously observed by 
the authors [36,39,40]. This prior work used a combination of 
cross-sectional SEM micrographs, profilometry results and fretting re-
sults to demonstrate that for the vast majority of the coating lifetime, 
stages I & II, the wear depth is within the coating. It is only in stage III 
when the significant increase in ECoF is seen, that wear penetrates 
beyond the coating into the underlying material. The main, useful, 
lifetime of the DFL is stage II. In the current work, wear depths were 
simply measured in order to be able to correlate the progress of wear 

Fig. 3. Annotated schematic diagram of fretting loop (from Ref. [42]).  

Table 2 
Environment fretting test conditions.  

Environment conditions Relative Humidity (%) Temperature (T)/◦C 

Dry Argon 0.5–3 ± 3 30 ± 5 
Humidified argon 60–75 ± 3 30 ± 5 
Dry air 0.5–3 ± 3 30 ± 5 
Ambient air 25–40 ± 3 25 ± 5 
Humidified air 60–75 ± 3 30 ± 5  
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with these previously established lifetime stages. Such wear depths were 
measured for both the flat and round counter body. 

3. Results 

3.1. Friction evolution and coating degradation in low-humidity 
conditions 

Fig. 5a shows the evolution of ECoF against test duration for tests 
conducted in the various environments. In atmospheric conditions (air 
with ambient humidity of ~30 %), failure was reached at ~ 65 k cycles; 
the three distinct stages of wear behaviour as outlined in previous work 
[36,39,40] were again observed where the beginning of the test (Stage I) 
featured an initial period of high friction followed by a low friction 
phase (Stage II) which lasts for approximately 40 k cycles and subse-
quently leads to failure phase of the coating (Stage III) which is char-
acterised by instability and the increase of friction until the imposed 
limit (μ ≥ 0.7) was reached. 

To investigate behaviour in Stage II, the test conducted in low- 
humidity air was deliberately stopped at 600 k cycles, before failure 
was reached. The test conducted in a low-humidity, oxygen-free envi-
ronment (dry argon gas purge) was similarly stopped at 600 k cycles, 
before failure occurred. In the low-humidity conditions (with or without 
oxygen), a low stable friction dominated the test exposure where an 
ECoF of ~0.13 was maintained until the tests were stopped (this is much 
lower that ECoF at any stage in the test conducted in air with ambient 
humidity). In Fig. 5b, wear depths taken from averaged wear profiles on 
the flat and cylindrical specimens are shown; upon failure at ~65 k 
cycles, the test conducted in ambient atmosphere has worn to depths of 
>50 μm on both the flat and round specimen, indicating that the full 
thickness of the DFL had been removed (this being 50 ± 10 μm). In low- 
humidity conditions, the flat and cylindrical samples have worn to 
depths of <15 μm in both air and argon environments, despite the test 
exposures being more than nine times longer than that of the test 

conducted in ambient atmosphere; the small wear depths indicate that 
the DFL layer has not been penetrated during the test. 

Plan-view BSE SEM images of the flat wear surface tested in low- 
humidity air (stopped at 600 k cycles) are shown in Fig. 6 where a 
cracked-paved structure is present on the wear surface. EDX point 
analysis of this surface details a high composition of Mo (~42.5 wt %), S 
(~17.2 wt %) as well as a high oxygen content of ~40 wt % with no 
titanium detected. 

Plan-view BSE SEM images of the flat specimen wear surface tested 
in low-humidity argon (and stopped at 600 k cycles) are shown in Fig. 7. 
Here, a very different surface appearance is evident; the cracked-paved 
structure seen after testing in low-humidity air condition was absent. 
EDX point analysis (Fig. 7b) indicated a relatively low oxygen content of 
12.5 wt % on the wear surface with high Mo (48.3 wt %) and S (38.8 wt 
%) content and again no evidence of titanium. It is assumed that the 
oxygen detected was due to reaction of the surface following testing 
when the samples were brought into an air atmosphere. 

Results shown in Fig. 8 detail traces of the evolution of friction 
against cycles alongside the recorded relative humidity for fretting tests 
that were conducted in low-humidity air conditions and stopped at both 
300 k and 600 k cycles to assess the wear evolution of Mo-DFL coating 
system in low-humidity conditions and gain additional insight into the 
influence of humidity on the wear performance. Here, a steady-state low 
friction is maintained until the point of interruption. A further test was 
conducted where which was stopped at 815 k cycles; the dry air gas 
purge was maintained until 720 k cycles but then turned off whereupon 
the humidity increased slowly due to air exchange with the laboratory 
atmosphere driven by the movement of the servo-hydraulic ram. As the 
humidity increased from 0.5 to 6.7 % (at a rate of approximately 0.6 % 
per hour), a rise in ECoF from 0.1 to 0.15 was observed. As is highlighted 
in the enlarged section of the graph included in Fig. 8a, there is a lag of 
approximately 20 k cycles, 2 h 12 min, between the measured humidity 
starting to increase and the observed increase in ECoF. During this time 
lag, the humidity had risen to about 1.7 %. It is thus proposed that this is 

Fig. 4. BSE images of specimen cross sections, in each case the sliding direction is horizontal. a. Mo-DFL low humidity argon sample after 600 kcycles. b whole scar 
image for Mo-DFL high humidity argon sample interrupted after 27 kcycles, note the different scales used in x and y directions. 
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a maximum humidity below which the low friction-low wear state can 
be maintained. 

In Fig. 8b, wear depths of the corresponding tests are presented, it 
shows that the low-humidity tests that were stopped at 300 k cycle and 
600 k had very similar wear depths of between 12 and 15 μm on both the 
flat and cylindrical specimens. In the test where the humidity had been 
allowed to rise, it is noted that ECoF began to rise after 765 k cycles and 
that the test was terminated at 815 k cycles (before failure was deemed 
to have taken place). Thus, it ran for only 50 k cycles at the end of the 
test with the elevated ECoF and yet the observed wear depths were much 
larger, being ~19 and 29 μm on the flat and cylindrical specimens 
respectively. In Fig. 9, plan-view BSE SEM images of the flat specimens 
from the three tests are presented. Here, a cracked paved-like structure 
is present in all these surfaces tested in low-humidity air (with oxygen), 
irrespective of duration; however, the surface following the extended 
tests with rising humidity shows much more surface damage (with 
coarser features) than the surfaces seen following the other two tests. 

In light of these observations, a test was conducted where the first 
416 k cycles were performed in low humidity air (dry air gas purge), 
whereupon the gas purge was turned off and the humidity was rapidly 
raised to that of ambient laboratory air (~38 %) by opening the envi-
ronmental chamber to the air. As can be seen in Fig. 10, a sharp rise is 
relative humidity occurred (blue line) which directly correlated with a 
sharp rise in friction coefficient from 0.1 to 0.38 (orange line). It is also 
noted that upon the exposure of the surface which had been tested in low 
humidity condition to the higher ambient humidity (~38 %), the 
ensuing fretting wear behaviour closely emulates the wear behaviour of 
a sample which had been tested in that ambient environment from the 
start (also included as the red line in Fig. 10 for comparison). Specif-
ically, it is noted that the three wear stages are observed in both tests 
once they are exposed to humid air. For the sample initially tested for 
416 k cycles in dry air and then exposed to humid air, failure occurred 
after 483 k cycles. The period in humid air was therefore 67 k cycles, and 
it is noted that this was very similar to the failure lifetime of the sample 

Fig. 5. Performance of the as-received MoS2 bonded DFL coating (Mo-DFL) in tested ambient (~30 % RH) air and in low humidity air and argon. (a) ECoF evolution 
against test exposure of self-mated grit-blasted Mo-DFL coating system in different atmospheric conditions (b) The maximum depths of the averaged wear profiles 
taken from the wear surface upon failure for the Mo-DFL upon failure at 65 kcycles in atmospheric air and at 600 k cycles upon test interruption in different at-
mospheric conditions. 
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tested in humid air alone (65 k cycles), suggesting that the damage 
incurred by the DFL during fretting in very low humidity was almost 
negligible. 

3.2. Friction evolution and coating degradation in high-humidity 
conditions 

Fretting wear behaviour in atmospheric, low-humidity air and low- 
humidity argon conditions have been shown in Fig. 5 where the water 
content in the environment can be seen to have considerable effects on 
the friction and wear durability of the polymer-bonded MoS2-based DFL 
(Mo-DFL) coated fretting system. To gain additional insight into how the 
increase of humidity in the surrounding environment further influences 
the wear behaviour of the Mo-DFL fretting system, tests were conducted 
with increased humidity levels of 60–75 %. Increased humidity condi-
tions in both oxygen-containing and oxygen-free environments were 
established by passing the compressed dry air or dry argon gas flow 

through a water bubbler system before directing the mixture into the rig 
environmental chamber. In Fig. 11, the evolution of ECoF in fretting 
tests in ambient laboratory air and in high humidity air and argon are 
presented. In ambient atmosphere (~25–40 % RH), a fretting lifetime of 
65 k cycles was observed before failure (μ ≥ 0.7). As noted previously, 
the three distinct stages of wear were observed in this system [36,39,40] 
whereby, stages; I, II and III are ascribed to the initial high friction phase 
followed by a low friction period and finally rising friction to failure. 

By increasing the humidity levels to 60–75 % in air, similar fretting 
wear behaviour was observed, with the three stages again being 
observed, but with a reduced lifetime of 44 k cycles (Fig. 11). Most 
notably, the low friction phase (Stage II) when ECoF drops to ~ 0.25 
exhibits a considerably shorter duration of only ~ 8 k cycles compared 
to the 40 k cycles observed in ambient atmospheric conditions. A very 
different evolution of ECoF is observed in high humidity (60–75 % RH) 
argon with the low friction steady state phase (Stage II) previously 
observed in ambient atmosphere and high humidity air being absent. In 

Fig. 6. Plan-view BSE SEM images of the flat specimen of the Mo-DFL coating in low-humidity air conditions which was interrupted at 600 k cycles, sliding direction 
was horizontal with respect to orientation of the images (a) Low magnification image (b) High magnification image with EDX point analysis. 

Fig. 7. Plan-view BSE SEM images of the flat specimen of the Mo-DFL coating in low humidity argon conditions which was interrupted at 600 k cycles, sliding 
direction was horizontal with respect to orientation of the images (a) Low magnification image (b) High magnification image with EDX point analysis. 
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this test, an initial increase of friction from ~0.24 to ~0.43 takes place 
which is then maintained for the majority of the fretting test until failure 
is reached at 54 k cycles. 

To examine the development of wear occurring in ambient atmo-
spheric air and high-humidity argon environments, additional tests, as 
shown in Fig. 12a, were conducted which were interrupted before the 
failure; specifically, these were interrupted at 23 k cycles (during the 
low-friction Stage II phase) in the test in ambient air and at 27 k cycles in 
the test in high-humidity argon when ECoF was 0.4. Wear depths (taken 
from the averaged wear profiles) of the resulting flat and cylindrical 
wear samples following interruption can be observed in Fig. 12b. In all 
cases, the wear depths were greater than 40 μm, with the wear on the 
cylinder in the ambient air test being just about 50 μm. These depths 
indicate that the majority of the ~50 μm thick DFL had been penetrated 

by the time the tests were interrupted, despite the interruption point 
being around a third and a half of the total lifetime for the ambient at-
mosphere test and high humidity argon test respectively. 

In Fig. 13, plan-view BSE SEM images of the flat specimens tested in 
atmospheric air (Fig. 13a and b) and high-humidity argon (Fig. 13c and 
d) which were stopped before their failure point (at 23 k cycles and 27 k 
cycles respectively) are shown. The micrographs along with the EDX 
point analyses show different phases on the wear surfaces on both of the 
tests. There are regions rich in Mo and S (indicating that the DFL remains 
here) and rich in titanium from the underlying alloy substrate, indi-
cating that the DFL has been removed in places. A high oxygen content 
was found to be present in all cases. Perhaps most notably, the cracked- 
paved like appearance of the worn surfaces observed in the low hu-
midity conditions (see Fig. 6) is not observed here at all, indicating a 

Fig. 8. Performance of the as-received MoS2 bonded DFL coating (Mo-DFL) which were interrupted and failure had not occurred at test duration intervals of 300 k 
cycles, 600 k cycles in low-humidity air and at 815 k cycles at low humidity to atmospheric air transition. (a) Friction evolution against cycles of fretting tests of self- 
mated grit-blasted Mo-DFL coating system in low-humidity air at 300 k cycles, 600 k cycles and 815 k cycles (in low-humidity to atmospheric transition) (b) The 
maximum depths of the averaged wear profiles taken from the wear surface upon interruption at 300 k cycles, 600 k cycles in low-humidity air and at 815 k cycles in 
low humidity to atmospheric humidity transition. 
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different mechanism of material degradation operates in the two cases. 

4. Discussion 

The evolution of friction of Mo-DFL in low-humidity conditions 
(0.5–3 % RH) and system durability as observed in Fig. 5a indicate that 
very different wear mechanisms operate when compared to ambient 
atmospheric air conditions (25–40 % RH). A steady state low friction 
phase was maintained at an ECoF ~0.13 in low-humidity conditions (in 
both air and argon environments) until the tests were deliberately 
stopped at 600 k cycles. In ambient atmospheric air (–5–40 % RH), a 
dynamic wear behaviour was initiated whereby three distinct wear 
stages of MoS2 wear [17,39] occurred before the coating failed at 65 k 
cycles. These results are in accord with those observed in literature with 
the majority of studies maintaining the narrative that MoS2 has low 
friction and low wear characteristics in low-humidity conditions [7,8, 
11]. 

The driving wear mechanism that spurs this humidity-dependent 
behaviour of MoS2 however remains a point of contention in literature 

where two main mechanisms have been proposed [8]. This includes the 
tribo-oxidative degradation of the MoS2 to MoO3 in a moist environment 
as a product of oxidation to disrupt the shear properties of the MoS2 
lubricant film, causing an increase of friction coefficient and high wear 
rates [13–15,44]. This disrupts the basal layer during sliding and limits 
the effectiveness and lifetime of MoS2 as a solid lubricant [23,22]. The 
second proposed mechanism is physisorption which entails the adsorp-
tion and physical bonding of water molecules to the edge sites which 
increases the adhesion forces between the sliding interfaces and disrupts 
the easy lamellar shear [28,29,35]. In this work, the effects of oxygen in 
low-humidity conditions have been observed to be marginal in regards 
to the influence of friction, wear durability and lifetime of the Mo-DFL 
coating. As shown in Fig. 5a, a steady state low friction and low wear 
phase is preserved for the duration of the tests (before the tests were 
deliberately stopped at 600 k cycles) in low-humidity air and in 
low-humidity argon environments. The low friction and low wear ca-
pabilities of Mo-DFL are evident irrespective of the oxygen content in the 
environment. This leads to the conclusion that it is the water content in 
the environment and not the oxygen which is the driving factor behind 

Fig. 9. Plan-view BSE SEM images of flat specimen of Mo-DFL low-humidity air tests interrupted at various test duration intervals, sliding direction was horizontal 
with respect to orientation of the images. (a) 300 k cycles (b) 600 k cycles (c) 815 k cycles which was terminated after a period of continuously increasing humidity 
had been imposed. 
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the friction and wear behaviours of the MoS2-based lubricant coating 
which is in agreement with previous studies [27,26,45]. 

Although oxygen has been shown not to affect the low friction and 
low wear capabilities of the Mo-DFL coating system in low-humidity 
conditions (Fig. 5), it is clear that oxygen does have an effect on the 
wear surface chemistry and subsequently, the tribo-oxidative mecha-
nism as seen when analysing the plan-view BSE-SEM images of the flat 

wear specimen tested in low-humidity air environment (Fig. 6) which 
shows a cracked-paved structure at the surface interface. On the surface 
of the test conducted in low-humidity argon (Fig. 7), the cracked-paved 
structure was absent. The gravimetric ratio of Mo:S in MoS2 is 1.5:1. 
After testing in dry argon, the ratio at the surface is 1.25:1 whereas after 
testing in dry oxygen, it is 2.47:1. This increased ratio of Mo:S along with 
the high oxygen content (Fig. 6b) suggests that the surface is composed 

Fig. 10. Friction evolution against cycles showing fretting tests of self-mated grit-blasted Mo-DFL coating tests in atmospheric air conditions and a test initially 
conducted in low-humidity air and transitioned to atmospheric air condition. 

Fig. 11. Friction evolution against cycles showing fretting tests of self-mated grit-blasted Mo-DFL coating in atmospheric air, high-humidity air and high-humidity 
argon conditions. 
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of molybdenum oxide when tested in dry air, which indicates that whilst 
the extended low friction and low wear characteristics of Mo-DFL are not 
affected by oxygen in low humidity conditions, different tribo-chemical 
interactions are apparent. 

Further evidence of the sensitivity of Mo-DFL to moisture is pre-
sented in Fig. 8a where fretting tests conducted in low-humidity air 
conditions until the point of interruption at testing durations of 300 k 
cycles and 600 k cycles maintain a steady state low friction phase (ECoF 
~ 0.13) and low wear depths <15 μm (Fig. 8b). Low-humidity air 
conditions were maintained until 720 k cycles whereupon the dry air gas 
purge into the environmental chamber was stopped and the humidity 
increased from 0.5 to 6.7 % (at a rate of approximately 0.6 %/hour). 
ECoF was observed to also rise from 0.1 to 0.15 and the wear depth had 
increased to ~19 and 29 μm on the flat and cylindrical specimens 
respectively upon interruption at 815 k cycles. An additional test was 
conducted where the first 416 k cycles were performed in low-humidity 
air with the environment then being changed to ambient laboratory air 
(~38 %) by opening the environmental chamber to the air as seen in 
Fig. 10. This resulted in a rapid rise of ECoF from 0.1 to 0.38 with the 
following progress of friction and wear closely following that in a fret-
ting test that had only been conducted in an ambient atmospheric air 

environment (Fig. 10), approximately 67 k cycles after the low-humidity 
air test was exposed to the ambient air which is also a similar lifetime to 
a test solely conducted in ambient atmospheric air which failed at 65 k 
cycles. This indicates that, prior to ambient air exposure, limited damage 
had occurred on the Mo-DFL coating system and it is only after air with 
increased humidity was introduced to the system that the progression of 
fretting wear damage resumes. 

The demonstrated sensitivity and the observed behaviours of the Mo- 
DFL in low and high humidity conditions (with and without the presence 
of oxygen) suggests a water driven physisorption as proposed in previ-
ous studies [26,32,35,46], is likely to be a driving factor which causes 
increased friction, increased wear and degradation of the 
polymer-bonded MoS2-based DFL coating and not an effect of oxygen. 

As observed in Fig. 11, further increasing the humidity from ambient 
atmospheric air (25–40 % RH) to high-humidity air (–0–75 % RH) led to 
further reduction in the overall fretting lifetimes from 65 k cycles to 44 k 
cycles respectively. Although, similar fretting wear behaviours were still 
maintained, the increase of humidity led to a shorter duration of the low 
friction (Stage II [40]) phase (~8 k cycles) when compared to the 
extended low friction duration of ~40 k cycles observed in ambient 
atmospheric air. This suggests that increasing humidity in the Mo-DFL 

Fig. 12. (a) Interrupted friction evolution against cycles of fretting tests of self-mated grit-blasted Mo-DFL coating in atmospheric air which was stopped at 23 k 
cycles and high-humidity argon environment stopped at 27 k cycles before the point (b) Wear depths of corresponding interrupted tests. 
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coating system further limits the overall lifetime and the maintenance of 
a low friction phase. 

In high-humidity argon environment a different wear mechanism 
was perceived to be active where the low friction phase (Stage II) was 
absent from the evolution of friction as was observed in the ambient and 
high humidity air (Fig. 11). To chart the friction evolution and the 
physical wear evolution of the Mo-DFL coating occurring at the con-
tacting surfaces during the fretting wear tests, interrupted tests before 
failure were conducted in ambient atmospheric air conditions which 
was stopped during the low friction phase (Stage II) at 23 k cycles (at an 
ECoF ~ 0.25), and, in high-humidity argon environment which was 
stopped at 27 k cycles (at an ECoF ~ 0.4) as shown in Fig. 12a. 

Diverging paths of the evolution of friction in atmosphere air and 
high-humidity argon conditions can be observed as well as the compa-
rable wear depths presented in Fig. 12b which suggests similar pro-
gression of wear was occurring in the two different environments, 
despite the differences in evolution of friction traces shown (Fig. 12). 
Further evidence of the comparable wear evolution is presented through 
plan-view SEM micrographs of the interrupted flat specimens of tests 
conducted in atmospheric air (terminated at 23 k cycles) shown in 
Fig. 13a and b and in high-humidity argon (terminated at 27 k cycles) 

shown in Fig. 13c and d. Regions of molybdenum and titanium were 
observed at the wear interfaces (as confirmed by EDX point analysis) on 
both fretting wear scars indicates that although differing evolutions of 
friction are active in the two different environments, the physical wear 
process of the Mo-DFL coating in both environments are comparable. It 
is also noted that inhomogeneous wear scar surfaces are a feature of both 
the specimen tested in atmospheric air and in high-humidity argon 
(Fig. 13). This is evident from both the contrast in the BSE images and 
the EDX results, and is quite different to the comparatively featureless 
wear scar surfaces seen for the low humidity tests (Fig. 7). However, the 
differences in evolution of friction (in particular, the absence of Stage II 
in the test conducted in argon) indicate that oxygen plays a role in 
enabling the low friction phase (Stage II) within the wear process of the 
polymer-bonded MoS2-based coating system in higher humidity envi-
ronments; however, the mechanism behind this difference remains un-
clear at the present time. 

In this work, different types of Mo-DFL low friction behaviours have 
been identified. Firstly, an extended, steady state low friction (<~0.15) 
is exhibited in low-humidity conditions (0.5–3 % RH) which is active 
throughout the thickness of the bulk DFL coating thickness (Fig. 8) 
which generates a cracked-paved oxygen-rich interface in air (oxygen 

Fig. 13. Plan-view BSE SEM images of flat specimen of interrupted Mo-DFL tests, sliding direction was horizontal with respect to orientation of the images. (a) Low 
magnification of interrupted atmospheric air test (b) high magnification and EDX point analysis of interrupted atmospheric air test stopped at 23 k cycles. (c) Low 
magnification of interrupted high-humidity argon test (d) High magnification and EDX point analysis on interrupted high-humidity argon test stopped at 27 k cycles. 
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containing) environment (Fig. 6); however, it is also observed in oxygen- 
free dry environments, although the oxygen-rich interface is not 
observed in this case. The second type of low friction behaviour (>~0.2) 
is observed only when the Mo-DFL was worn so that the surfaces in 
contact are made up of a mixture of Mo-DFL and titanium (Stage II [40]); 
this type of low friction behaviour is only observed in air conditions (i.e. 
not in argon) as observed in Figs. 12a and 13a & b. 

5. Conclusion 

In this study, the effects of humidity and oxygen on the tribological 
performance of a polymer-bonded MoS2 based DFL coating system (Mo- 
DFL) were examined to better understand the mechanisms that drive 
fretting wear behaviours in oxygen-rich (air) and oxygen free (argon) 
environments at both low and high humidity. The following conclusions 
could be made:  

• The Mo-DFL coating was observed to be highly sensitive to the water 
content in the surrounding atmosphere. With the exposure to 
ambient atmosphere (humid air), the wear progression follows three 
distinct wear stages; a rapid increase of ECoF, followed by a short- 
lived low friction phase which is different to the low friction phase 
experienced in low-humidity conditions before the onset of coating 
failure.  

• In low-humidity air, (0.5–3 % RH), a steady-state low friction and 
low wear phase is active and maintained for the entire fretting 
duration until tests were stopped at 600 kcycles (this interruption 
already being approximately x10 the lifetime attained in ambient 
humid air).  

• Minimal damage was incurred on the ~50 μm thick DFL during 
fretting in very low humidity conditions (both oxygen-rich (air) and 
oxygen-free (argon)) even with an extended test period of 600 k 
cycles. 

• Whilst oxygen was observed to not significantly affect the low fric-
tion and low wear capabilities in low-humidity conditions, a cracked- 
paved surface is formed on the Mo-DFL coating in low-humidity air 
but not in low-humidity argon. Lower oxygen content was recorded 
on the surface sample of tests conducted in low-humidity argon 
environment which suggests different tribo-chemical interactions 
occur at the interface.  

• In atmospheric and high-humidity conditions, oxygen appears to 
contribute to the formation of a low friction phase (Stage II) within 
the evolution of friction of Mo-DFL. 
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