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Abstract

Duplex coatings comprising MoS,/Sb,0s/graphite layer burnished on top of plasma electrolytically
oxidised AA6082 alloy enhanced fretting wear resistance against alumina and steel whilst reducing
friction from ~0.6...0.9 to ~0.08...0.1 in dry nitrogen and humid air. Transitions to stick-slip (~3 um),
partial slip (5-10 um) and gross slip (>10 um) showed an order of magnitude improvements over
single-layer PEO coatings. In the latter mode, high initial contact pressures (~1.1 GPa) with steel
counterpart under oxidising atmosphere increased friction due to generation of Fe/Al/Cr
oxides/hydroxides in the contact region, leading micro-cracking in PEO coating followed by fatigue
damage of aluminium substrate. Reducing contact pressure <1 GPa, retained topcoat lubricating
behaviour, high wear resistance and eliminated fatigue damage after 10* cycles.
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1. Introduction

Aluminium and its alloys have been widely used in the aerospace and automobile industries due to
outstanding properties, such as a high strength-to-weight ratio, an excellent thermal conductivity and
a relatively low density [1, 2]. Despite these advantages, low hardness and poor wear resistance have
severely restricted the industrial applications of aluminium alloys in mechanical engineering
applications where surface load-bearing capacities are crucial. Hard ceramic coatings may effectively
increase the wear resistance of aluminium alloys. Therefore, various surface treatments such as
thermal spraying [3], physical and chemical vapour deposition [4, 5] have been considered to enhance
their surface mechanical properties. However, challenges of adhesion, high processing temperatures
up to 500-1000 °C, and low thickness (in some cases) reduce their applicability for wear protection of
aluminium alloy substrates [6, 7]. A viable alternative to these techniques is Plasma Electrolytic
Oxidation (PEO), which has now become a well-established technology to produce coatings with
relatively high hardness and thickness [6-10], good corrosion resistance [8] and excellent adhesion to
the Al substrate [9]. During PEO treatments that are carried out at near to ambient bulk substrate
temperatures, aluminium alloy surfaces undergo a series of localised plasma-assisted electrochemical
conversions resulting in formation and growth of oxide ceramic layers with complex composition
based on crystalline a and y Al,03 phases. Since the hard a-alumina phase usually appears once the
oxide layer has grown to a certain thickness and becomes relatively dense, it is generally considered
that only relatively thick (50 to 150 um) PEO coatings would provide adequate hardness and load
support to enhance the abrasion resistance of aluminium alloys in sliding wear under moderate loads
[9, 10]. However, recent advances in PEO technology [11, 12] enable accelerated formation of -
alumina under controlled conditions of pulsed reverse polarisation, where impact of plasma discharge
on the coating growth is reduced. Consequently, it becomes possible obtaining thin (20 to 30 um) yet
dense and hard PEO coatings suitable for load-bearing tribological application.

A group of relevant applications, for which the protective capacity of PEO coatings has so far been
poorly understood, includes situations where material integrity can be compromised due to fretting.
In contrast to sliding, fretting wear normally occurs between two contacting surfaces under small-
amplitude vibration causing displacements in the order of 1-10 um [13, 14]. It is typically encountered
at bolts, joints and bearing races in many vital industrial structures, such as the gas turbine engines
[15], power plant machineries [16], cables [17] and even some biomedical implants [18]. The
oscillatory tangential displacement that occurs during fretting wear degrades the surface quality and
leads to the surface material removal as well as fatigue crack nucleation and propagation [14]. Three
distinct main fretting regimes have been defined. The stick-slip fretting regime occurs in very low
displacement amplitudes (typically below 5 pum) with no visible surface wear damages but
accumulation of fatigue due to the repeated elastic stressing; stick-slip sliding occurs in higher
amplitudes (around 2-10 um) with a central no-slip region and a slip-annulus damaged region; gross
sliding occurs in the highest amplitudes (above 10-20 um) with full wear track and extensive plastic
shear [19-21]. In the pure stick fretting regime, the fatigue induced cracking may lead to catastrophic
failures with little warning by observable wear and this mode is especially dangerous for aluminium
alloys which, unlike steels, do not have a fatigue stress limit. In the mixed stick-slip sliding regime, the
tangential force increases as adhesive contact regions form, and wear debris is released due to



accumulation of both wear damage and development of fatigue micro-cracks [22]. Hard particles
originated from either the counterpart material or the outer layer of the coated sample lead to
accelerated wear, precipitating catastrophic surface failure [23, 24]. Under gross sliding regime, the
extensive plastic shear leads to the contact surface deformation and formation of tribofilms, so that
the modified top surface layer is usually described as a tribologically transformed structure (TTS) which
is hard but fragile [25]. The TTS layer would gradually disintegrate and release wear debris in the
contact areas [25, 26]. Since the occurrence of fretting appears inevitable in most mechanical
engineering applications under vibration and cyclic stress, efforts are made to reduce fretting wear
and extend the lifetime of engineering structures. Among promising approaches, application of solid
lubricants on susceptible contact areas is considered to avoid catastrophic fatigue failure under pure
stick and stick-slip contact regimes.

For aerospace applications, where aluminium alloys are widely used, the additional challenging aspect
of the fretting wear protection are variable working environments, such as harsh external
atmospheres, pressures and temperatures. Liquid lubricants in this context are liable to significant
performance degradations. Solid lubricants, in turn, constitute a viable alternative to provide sufficient
tribological performance over a wider range of working environments. To overcome the variable and
cycled environmental challenges of aerospace applications, adaptable duplex chameleon/PEO
coatings were recently introduced [27]. The majority of chameleon materials are composed of
transition-metal dichalcogenides and graphite, while some may have inclusions on low shear strength
metals and oxide phases [28]. Transition-metal dichalcogenides, for which the most well-known
compound is MoS,, have been proved to provide low friction and great lubrication in vacuum.
However, MoS; has also been reported to be sensitive to ambient temperature and humidity. It has
moreover been found that MoS; deteriorates and breaks down under elevated temperatures and is
highly susceptible to water adsorption and oxidation during friction [29]. In contrast, graphite has
been demonstrated to offer effective lubrication in humid ambient environment while losing its
superior properties in dry or vacuum atmosphere. Combining those two solid lubricants provides a
beneficial blend of self-lubrication [30, 31], long wear lifetime [31] and high-wear resistance under
various environments [28]. Many multiphase chameleon coatings have been investigated and
reported. WC/DLC & TiC/DLC & WC/DLC/WS; coatings (where DLC signifies hydrogen-free diamond-
like carbon) were prepared onto stainless steel substrates and showed low friction both in dry nitrogen,
vacuum and humid air environment [31]. Al,O3/DLC/Au/MoS; coatings were prepared on different
substrates using hybrid magnetron sputtering/pulsed laser deposition (MSPLD) and showed low
friction both in dry nitrogen and humid air environment [32]. Multi-layered YSZ/Ag/MoS, coatings
(where YSZ stands for yttria-stabilised zirconia) also maintained low friction for more than 2.5x10*
cycles, with significant increases in wear lifetimes [33]. SiC/Ag and HfC/Ag films deposited by
magnetron sputtering showed good wear resistance and low friction coefficient for over 10* cycles
[34]. However, some of the chameleon coatings deposited by magnetron sputtering demonstrated a
relatively poor adhesion to the substrates [28]. The relatively compact structure of PEO coatings and
their excellent adhesion to the aluminium alloy surfaces can greatly enhance the attachment of solid
lubricant coatings [9]. In recent years, several solid lubricants have been applied onto PEO-coated
alloys [35, 36]. A multi-layered PEO/Ag/MoS; coating was deposited on Ti6Al4V, and its tribological
properties were evaluated by ball-on-disk tribometry at elevated temperatures [35]. The effective
MoS; and Ag lubricants resulted in reduction in friction coefficient and high wear resistance both
under ambient and moderately elevated (350 °C) temperatures. At the same time, the investigations



of PEO combination with chameleon solid lubricants under fretting regimes of aluminium alloys are
largely unexplored. We recently reported that such combination can indeed provide a significant
reduction in fretting wear of aluminium alloys [27], but the understanding of surface evolution and
the adaptation mechanisms of the chameleon/PEO coated aluminium surfaces under different fretting
wear conditions is still lacking.

To address this issue, the present study was focused on the evolution of a duplex coating comprising
a chameleon (graphite/MoS,/Sb,0s) layer burnished on the top of a PEO layer grown on 6082 series
aluminium alloy during fretting tests performed in ambient humid air and dry nitrogen atmosphere
against alumina and steel counterparts, at displacement amplitudes (3 pm to 100 um) corresponding
to fretting regimes ranging from stick to gross slip mode.

2. Experimental

2.1 Material and coatings deposition

The plasma electrolytic oxidation (PEO) coating was grown to a thickness of approximately 20 um on
a 6082 series aluminium alloy plate with dimensions of 50 mm by 50 mm by 1.5 mm in the aqueous
electrolyte solution containing 1-2 g/l of KOH, 1-2 g/| of Na,SiO3 and 2-3 g/l of NasP,07-10H,0. A pulsed
reversed polarisation was applied at 1.7 kHz frequency with positive and negative bias amplitudes of
+530 V and -180 V respectively, resulting in an initial RMS current density of 30 A/dm?. Powders of
pure graphite, MoS; and Sb,0s were subsequently mixed in a 2:2:1 weight ratio and burnished onto
the surface of the PEO coating using a lint free cloth under hand pressure. Further details of the
coatings preparation can be found elsewhere [9, 37].

2.2 Fretting wear tests

The duplex chameleon/PEO coatings were tested at room temperature (22 °C) using a ball-on-plane
reciprocal fretting tribometer operating at 3 Hz. Two different counterpart materials were utilised: a
12 mm diameter 440 stainless steel ball (58-60 HRC, E ~ 200 GPa) and a 16 mm diameter alumina ball
(HV =~ 12-15 GPa, E ~ 280 GPa), both with surface roughness Ra = 0.08-0.1 um. Following our former
report [27], a full gross-slip fretting regime of the PEO coating could be induced at >60 um
displacement amplitudes and with a 75 N normal load which provided the initial Hertzian contact
pressure of about 1.6 GPa. The fretting wear tests of the duplex coatings in the present work were
divided into two parts with different experimental parameters and goals, as explained below.

To identify surface evolution under fretting regimes, in the first group of tests, displacement
amplitudes were increased in steps from 3 um, 5 um, 10 um, 20 um to 100 um. These tests were
conducted in a humid air environment for 1x103 cycles, which was deemed sufficient to pass initial
stages where major structural transformations in materials usually take place [38] and reach steady-
state fretting regimes. Normal loads of 15 N and 20 N were applied on steel and alumina balls
respectively; these provided corresponding estimates of initial contact radii at 86 and 99 um, resulting
in a similar initial contact pressure of ~0.96 GPa. Critical transition between pure stick fretting, partial-
slip sliding and gross-slip sliding regimes were observed and the conditions under which they occurred
were characterised.



Additionally, a load bearing capacity of the hard PEO layer in the duplex chameleon/PEO coating
system was evaluated in the gross slip sliding mode (100 um displacement amplitude) by increasing
the initial contact pressure to about 1.1 GPa when applying a 20 N normal load on the steel ball. In
the second group of tests, environmental adaptability of the duplex coatings in humid air and dry
nitrogen atmosphere was investigated. The gross slip conditions were maintained for 1x10* fretting
cycles at initial contact pressures of 973/980 MPa.

2.3 Coatings characterisation

Surface and cross-sectional morphology observation of the as-deposited PEO coating, as-deposited
duplex chameleon/PEO coating and fretting wear scars were explored using scanning electron
microscopies (SEM) - Zeiss Ultra 55 (FEG-SEM), FEI Magellan HR (FEG-SEM) and Tescan Mira3 (FEG-
SEM), all equipped with energy-dispersive X-ray (EDX) analysis facilities. A FEI Quanta 3D equipped
with a focussed ion beam (FIB) facility was employed to prepare a cross-section of the duplex coating,
avoiding the detrimental effects of mechanical polishing on the integrity of the interface. A trench of
about 40 um width and 30 um depth was milled using an accelerating voltage of 30 kV, with currents
of 65 and 15 nA for rough milling. lon currents of 5 and 0.3 nA were then used for final polishing. To
prevent surface charging and improve the conductivity of the specimens, a carbon layer about 10 nm
thick was sputtered on all SEM samples.

Phase composition of the as-deposited chameleon/PEO coated sample and the wear scars were
analysed using X-ray diffraction (XRD). A Rigaku SmartLab instrument 3kW with Cu Kq1 (A=0.1542 nm)
was employed at a scanning rate of 0.01°/min over the 20 angular range of 10° to 120° at a grazing
angle of 3°. The XRD machine was aligned and calibrated against a pure silicon cylinder before each
measurement. 0

Nanoindentation testing was performed on the coatings with a Hysitron Ti950 instrument with a
Berkovich diamond indenter. The duplex coating cross-sections were first prepared by mechanical
grinding with up to 4000 grit sandpapers followed by polishing with up to 0.25 um diamond pastes.
Two hundred indents were made distributed across the whole coating thickness with 50 nm maximum
indent depth and 10 s dwell time.

Surface roughness of the as-deposited duplex coating, PEO coating and wear scars was evaluated using
a Keyence X200K laser confocal microscopy profilometer. Double scanning with 10% ND filter was
used to maximise signal-to-noise ratio and evaluate the surface baseline and the apparent volume of
the wear scar which was determined using methodology described in [27]. Based on the latter values
and corresponding displacement amplitudes, nominal wear coefficients were then derived for the
given number of fretting cycles and normal load applied during the tests.

Raman spectra of the duplex coatings and wear scars were collected using Renishaw System 1000
instrument with an Argon-ion laser (A = 514.50 nm) as the excitation source. During the experiments,
30 s exposure times in the 200-1800 cm™ spectral range were set. The instrument was calibrated
against Si peak (520 cm™) of a pure silicon wafer before each measurement. The Raman spectra were
taken from several 1 um? size areas positioned within the wear scars and the as-deposited duplex
coating with an in-situ optical microscope. The intensity ratio of E;, and A, peaks located respectively
at about 383 cm™ and 408 cm™ were utilised to account for the content of the basal and edge-plane
MoS; crystals which could further stand for the crystallisation of the MoS; after the wear tests [39].



The average size of in-plane crystallite size L, (hnm) in graphite represents the graphitisation degree
of the graphite in the top chameleon coating and is derived from the intensity ratio of D and G peaks
(Ip/Iz) by the following equation [40, 41]:

I
L, (nm) = (2.4 X 10—10),14(1—’3)—1
G

Where L, (nm) is the average size of sp? crystallite clusters in graphite, I,/ is the intensity ratio
between the D and G peaks located respectively at around 1355 cm™ and 1580 cm™, and A (nm) is the
excitation laser wavelength.

3. Results and discussion

3.1 Morphology and chemical composition of as-deposited coatings

SEM micrographs in Fig. 1a demonstrates a surface morphology typical of PEO coatings on Al alloys [9,
42]. A large number of micro-pores and micro-cracks can be observed within the surface. The micro-
pores result from gas bubbles generated during the deposition process and the micro-cracks from the
temperature gap and thermal stress between molten oxides and cold electrolyte [43]. In contrast, the
chameleon-topped duplex coating (Fig. 1b) shows a compact and smooth appearance with grain-like
structures across the surface. Several tens of microns long micro-cracks and visible thickness variations
are also observed. Debris detached from the surface of the chameleon coating can be found around
the grain-like structure boundaries (inset in Fig. 1b). The surface roughness evaluated by a laser
confocal microscopy yielded values of R, = 2.5 + 0.5 um for the as-deposited PEO coating. After being
burnished with chameleon topcoat layer, the surface roughness decreased to R, = 0.5 £ 0.2 um.

Oxide layers formed via PEO typically exhibit a bilayer structure comprising a porous external layer
and a denser internal layer [1, 2], which thickness ratio may vary in a wide range. In our case, the inner
dense region was about 80 % of the overall PEO coating thickness as determined from the sample
cross-section prepared by the standard metallographic polishing technique (Fig. 1c). The 2-3 um thick
outer porous layer exhibited large amounts of open micro-pores as can also be observed in Fig. 1a.
This porous structure acts as a reservoir for the chameleon coating mixture which fills in these surface
pores and provides a good adhesion of the top chameleon layer to the underlying PEO coating. In turn,
the dense internal layer prevents any further penetration of the chameleon mixture and helps to keep
its lubrication properties concentrated within the top of the duplex coating.

Lateral cracks were observed deep within chameleon solid lubricant layer, which could be caused by
both burnishing process and sample preparation by polishing. Another cross-section was therefore
prepared using FIB milling techniques (Fig. 2) in order to observe the chameleon/PEO interface and
study the affected region. The milling location was chosen across the grain-boundary like feature of
the chameleon coating (Fig. 2a). The surface morphology visible near the surface was caused by the
ion beam damage. The presence of lateral cracks was confirmed within the chameleon layer,
originating from the surface near the grain-boundary features (Fig. 2b) and indicating that they are
likely to be caused by shear stress introduced during the burnishing process. The thickness of the
burnished chameleon coating was 6.7 £ 1.6 um and that of the PEO coating was 20.3 £ 0.5 um. These
estimates were consistent when assessed from the measurements on the FIB section (Fig. 2b) as well
as from standard metallographic cross-sections prepared by mechanical polishing (Fig 1c).
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The cross-sectional elemental distribution of Al, O, Si, Mo, S, Sb and C (Fig. 2c) shows a detail of the
chameleon/PEO coating composition. The Al signal in Fig. 2c represents the distribution of Al,O3; and
the PEO coating extent. Oxygen, whilst generally following the Al distribution in the lower part of the
map, also continues in the top chameleon layer, reflecting the presence of Sb,0s in it. The distribution
of graphite could not be clearly determined due to the relatively low atomic mass and the unavoidable
presence of adventitious carbon. In spite of the porosity (size <1 um) the elements originating from
the chameleon mixture have reached a uniform lateral distribution. The EDS elemental mapping
furthermore reveals a re-distribution of MoS, and Sb,0s across the layer (Fig. 2c). Sb, representing
Sb,0s, is more concentrated near the chameleon/PEO interface, while the Mo and S of MoS; are
mostly confined to the upper region of the chameleon coating. A similar distribution, with superficial
MoS; and a deeper Sbh,0s-rich layer, was reported in the previous research evaluating the commercial
40 % Sh,03 - 60 % MoS; films on 440 C stainless steel substrates [44]. The Mo- and S- depleted regions,
triangular in shape, are furthermore populated by Si-rich particles which might have been embedded
during the coating deposition or the sample preparation process.

3.2 Crystal structure and mechanical properties

Fig. 3 shows the X-ray diffraction patterns for the as-deposited PEO and duplex coatings. The PEO
coating material can be identified as a mixture of crystalline a/y-Al,0s, with y-Al,O3 being the
dominant phase according to relative peak intensities. Some minor metallic Al diffraction peaks are
observed, and are believed to stem directly from the substrate. This explanation is supported by the
rough penetration depth evaluation in the HighScore Plus software using compact alumina for the
simulation, while the depth was given out as between 22 and 40 um, i.e. thicker than the duplex
chameleon/PEO coating. Moreover, as opposed to the ideal compact alumina, the underlying porous
PEO coating would allow a larger penetration depth in the duplex coating.

The X-ray diffraction pattern of duplex coating demonstrates the presence of hexagonal MoS; (main
peak at 14°) and cubic Sb,03 (at 27° and 32°) phases. The former shows a (002) preferred orientation
with easy-shearing basal planes located parallel to the sample surface; the latter does not appear to
have any preferred orientation, which could be due to a higher stiffness of the cubic structure of Sb,0s,
featuring less separated easy-shearing planes. Al and o/y-Al,O; peak patterns originating from the
underlying PEO coating and Al alloy substrate are also identified. No graphite signal is observed in the
XRD pattern, suggesting that the carbon in the as-deposited chameleon layer may not form a specific
crystalline structure with crystal sizes detectable by XRD.

The values of hardness and Young’s modulus for PEO and duplex chameleon/PEO coatings evaluated
by nanoindentation are summarised in Table 1. The results demonstrate that the hardness and
Young’s modulus of PEO coating are noticeably higher than that of the duplex chameleon/PEO coating.
This is consistent with the presence of a-Al,0s in the PEO layer, and the coating’s intrinsically high
microporosity which is a known source of significant variation seen in both hardness and elastic
modulus data [9]. The duplex coating displays a lower composite hardness and stiffness, which can be
linked to the presence of the chameleon top layer comprising soft phases, such as graphite, MoS; and
Sb,0s. The high variability in elastic modulus of the duplex coating might owe to the embedded Si-rich
particles (Fig. 2c). The cross-section hardness of the duplex coating is confirmed to be relatively low,
as expected for the solid lubricating material on its surface.



3.3 Tribological behaviour

3.3.1 Critical transition conditions of the stick slip, partial slip and gross slip regimes

The volume loss was measured to assess the fretting wear behaviour at each fretting regimes obtained
by the varying displacement amplitudes against the steel ball in humid air environment. The results
are summarised in the fretting map (Fig. 4), along with derived nominal wear coefficient and
corresponding graphite crystallite size, L, (Raman spectra used for calculation are discussed in Section
3.4.2) for each displacement.

Three characteristic fretting regimes can be distinguished in the map (Fig. 4), as confirmed by fretting
loops (Fig. 5), wear scars and corresponding wear depths. (Fig. 6): (i) stick at ~3 um amplitude; (ii)
partial slip in the 5-10 um amplitude range and (iii) gross slip at amplitudes >10 um. There is limited
wear in stick regime and accordingly a low volume loss is observed (Fig. 6a). Partial slip appeared with
amplitudes reaching 5 um (Fig. 6b). The distinctive central stick zone with surrounding slip annulus
can be observed in the scars, becoming more pronounced at 10 um amplitude (Fig. 6c). Above 10 um
and up to around 80-100 um, the fretting is in the gross slip regime. Full slide occurs in the gross
regime, where wear debris appear on the surfaces (Fig. 6d and 6e). Debris generation is more evident
at larger fretting amplitudes and they visibly accumulate at the wear scars’ edges. Average scar depths
increase with displacement amplitude (Fig. 6f) up to a maximum of 3 um which is less than the mean
average thickness of chameleon layer, 6.7 um. However relatively large scatters of both values imply
that under high displacement amplitudes, ridges of underlying PEO coatings may become exposed,
affecting the wear of chameleon coating.

Despite the fact that increases in the scar depth slow down at displacements >20 um, the wear volume
increases steadily from ~107 to ~4x10* mm?3 throughout the whole range of displacement amplitudes
(Fig. 4). It appears that at greater displacements, the wear volume becomes additionally contributed
by widening the scar, which is indicative of progressive development of the steel ball wear in the gross
slip regime [19]. However, the nominal wear coefficient of the duplex coating does not follow this
trend, while exhibiting a maximum at the 20-um displacement. When operating in terms of the
nominal wear coefficient, it should be noted that the sliding distance is increasingly overestimated
towards lower displacement magnitudes [20], so the actual wear coefficient becomes underestimated
accordingly, and the maximum wear rate would be likely to correspond to a lower displacement. Such
behaviour in the partial slip regime is inconsistent with [19] and resembles that of lubricated fretting
contacts [45, 46], where it is commonly attributed to the increased coefficient of friction due to
lubricant starvation regime developed at displacements corresponding to the stick-slip mode under
dry fretting conditions [47, 48]. However, lubricant starvation is unlikely situation in the case of a solid
lubricant which is always present in the contact zone. A plausible explanation to this controversy can
be found considering a correlation which can be traced between the wear coefficient and the in-plane
crystalline size (L,) of graphite in the matrix of chameleon layer, which decreases from 17.6 to 14.8
nm when displacement amplitude increases from 3 to 100 um (Fig. 4). Noticeably, a region of
displacement magnitudes <10 um where the increased wear occurs is likely to coincide with a rather
gradual increase in the defect density of graphite basal planes. Beyond that, at amplitudes >40 um,
wear minimises when L, values become as low as in the burnished chameleon layer (represented by
the dashed line at 15.15 nm in Fig. 4) and practically independent of displacement. This indicates that
at intermediate displacements (10 to 40 um), shear between basal planes of graphite is activated,



which results in a reduced wear. This may to an extent be affected by rotation and shear of MoS;
grains in graphite matrix, however existing evidence is insufficient to made definitive judgements on
the significance of this effect. Thus graphite appears to offer beneficial lubrication and wear reduction
in the gross slip regimes, the transition to which is facilitated by the application of the solid lubricant
chameleon layer.

It is also important to note that amplitudes of transitions to stick and stick-slip regimes (most
detrimental regimes for contact fatigue) summarised in Fig. 4, were reduced by about an order of
magnitude for the chameleon/PEO coating as compared to single layer PEO coating, which showed
about 42 um onset of stick regime and 56 um onset of stick-slip regime from earlier reported tests
against steel ball under similar contact pressures in air [27].

3.3.2 Fretting wear behaviour in gross slip regime

With an amplitude set at 100 um, the fretting behaviour is fully in the gross slip regime. The coefficient
of friction (CoF), or tangential force to load ratio, was measured for the PEO and the duplex
chameleon/PEO coatings under 20 N load against alumina balls in N, and air, for 10* cycles as shown
in Fig. 7. The CoF variation data is originally coming from our previous work [27].

The CoFs of PEO coating in both nitrogen and air are much higher than those of duplex chameleon/PEO
coatings. By adding a chameleon top layer, the CoF is reduced from about 0.88-0.92 to 0.07-0.09 in N,
and from 0.58-0.62 to 0.10-0.12 in air. Such reduction in CoF on duplex coatings is linked to the known
lubrication properties of the top graphite/MoS,/Sb,03 chameleon coating. For the single layer PEO
coating, the lower CoF in air as compared to that in dry N;, can be explained by the formation of a thin
aluminium hydroxide lubricating film between the interface of the alumina counterpart and the PEO
coating [42]. The CoF behaviour in identical conditions against steel counterparts in air is shown in Fig.
8, along with an additional fretting test as a lower 15 N load on the duplex coating.

The CoF exhibited by the PEO coating is generally much higher than that of the duplex chameleon/PEO
coating, just like in conditions described previously for alumina counterpart. However, under a 20 N
load the CoF of the duplex coating shows a sharp increase against the steel ball in air after about 6x10°
testing cycles. The CoF values are stable until that stage, at 0.11-0.12, yet raise by factor of close to 4
to about 0.40-0.41 by 10 cycles and the end of the test. Generation and accumulation of debris
between the sliding surfaces described in the previous section might augment contact stresses and
explain this increasing trend in CoF values for steel counterparts [26].

At the lower 15 N load, the CoF also exhibits fluctuating values, but the onset is at the later stage of
8x103 cycles and the increase is significantly more limited, from 0.1 to 0.15 approximately (Fig. 8).

3.4 Characteristics of the wear scars

3.4.1 Surface topography

Laser confocal microscopy images of surface topography of wear scars produced after 10* fretting
cycles in the gross slip mode, at 100 um amplitude, are shown in Fig. 9-13 (with upper and lower parts
showing respectively unfiltered and filtered topology images, as described in Section 2.3), together
with corresponding SEM images and EDS maps of the main chemical elements, whereas the total
values of volumetric wear are summarised in Table 2.



The data of Table 2 indicates that under 20 N normal load, the two scars produced against steel exhibit
relatively large volume losses comparing to those produced against alumina. With steel counterparts,
the cumulative volume loss of the scar tested in N> ((13.94 + 0.08) x10* mm?) appears larger than in
air ((7.92 + 0.40) x10* mm3). In contrast, the two scars produced against alumina balls exhibit smaller
volume losses in N ((1.41 +0.18) x10* mm3than in air ((4.98 £ 0.09) x10* mm?3). Furthermore, volume
loss of the scar produced under a lower 15 N load ((4.73 + 0.06) x10* mm?3) is less than those tested
under 20N in air ((7.92 * 0.40) x10* mm3) and in N, ((13.94 + 0.08) x10* mm?3) with the same
counterpart material.

Surface topographies of wear scars produced against alumina (Fig. 9 and 10) show smaller wear
volume thanin the case of steel counterparts (Fig. 11 and 12). Smooth structures with less debris could
be observed in the scars tested with alumina balls. It is worth noting that the presence of Al in those
two scars may be a mixed contribution of the underlying layers, and wear debris from the alumina
counterpart balls. The top chameleon layer shows minor stripping in both scars, similar to the damage
found in the wear scar produced against steel under a lower 15 N load (Fig. 13).

Compared to the wear scars produced with the alumina ball under 20 N load, scars produced against
steel balls show much more complex and disordered wear patterns when the fretting wear test was
conducted in air (Fig. 12a) and in N, (Fig. 11a). The corresponding SEM/EDS images indicate that the
chameleon coating was almost entirely removed from the contact area in the former case, and large
amounts of entrapped debris appear at the surface of the scar. The debris dark-brown in colour is
composed mainly of iron oxide and alumina, which may originate from oxidation of the counterpart
steel and from the underlying alumina PEO coating. This may have led to underestimation of the actual
coating volume loss reported in Table 2. The wear profile along the sliding direction (Fig. 12a) further
substantiates the existence of wear debris in the scar, supporting the debris-based interpretation of
irregular CoF increases observed in Fig. 8. Meanwhile, the abnormal CoF indicated that even with
severe fretting damage to the top chameleon layer, parts of it entrapped in the outer porous region
of PEO coating still offer lubrication properties and the duplex coating retains its protective function.

Surface topography shows that significantly smoother scars are produced under lower normal loads
in air and against steel counterparts (15 N, Fig. 13a,b vs 20 N, Fig. 12a,b). The corresponding SEM
images and EDS maps indicate that the top chameleon layer was partially removed from the contact
area even at the lower load. Strong Al signal on the surface further shows that the underlying PEO
alumina is exposed where the chameleon top layer was stripped off the coating by fretting wear after
10* cycles. Some minor distribution of Fe could also be found in the EDS maps, possibly originating
from the steel counterpart. These elemental distributions are consistent with debris from both the
duplex coating and the steel counterpart participating in the increases in CoF reported in Fig. 8.

It could therefore be concluded that the duplex coating offers better lubrication properties against
steel counterparts in N than it does in air. The humidity of air environments and high normal load of
20 N corresponding to 1.1 GPa initial contact Hertzian pressure, can both be expected to significantly
affect the lubrication performance of the chameleon coating and to result in severe surface damage
and coating failure in the contact area. On the other hand, the tribological performance of the duplex
coating under 15 N load corresponding to about 0.96 GPa initial contract Hertzian pressure, indicates
improved lubrication properties in fretting conditions. One of the key factors impacting coating
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performance negatively is therefore normal load, with an oxidising environment further precipitating
failure of the chameleon top layer.

3.4.2 Structural rearrangements in the surface layer

The XRD patterns obtained from within wear scars generated on duplex coatings at 100 um fretting
amplitude are presented and compared to the pre-test surface condition in Fig. 14. All wear scars
exhibit hexagonal MoS; (main peak at 14°) and cubic Sb,03 (main peak at 27° and 32°) phases. While
the overall XRD patterns are generally similar, the intensities of Al (37°, 45°, 65° and 78°) and Al,Os;
(46° and 67°) peaks exhibit changes in the XRD patterns. The scar produced against the steel ball in air,
in particular, shows higher intensities for Al peaks.

Raman spectra of fretting wear scars produced under 20 N load and of the as-deposited duplex
chameleon/PEO coating are shown in Fig. 15. Two characteristic Raman active peaks for crystalline
MoS; (E;, 383 cm™ and A, 408 cm™) are clearly present in the data, where the E;, and Aj; symmetries
represent in-plane S-Mo-S and out-of-plane S phonon modes, respectively [39]. The wider D and G
bands characteristic of graphite also predictably appear at around 1355 cm™ and 1580 cm’,
respectively. Two characteristic peaks for Sb,0s, which would be expected at about 230 cm™ and 450
cm?, could not be detected in the spectra. Some minor Sb,0s peaks (at about 220 cm™ and 600 cm™?)
are however present indicating that the compound is present yet not in crystalline form [44].

A number of weak peaks appear, at about 290 cm™, 460 cm™?, 920 cm™ and 1620 cm™. The first two
might be a secondary Raman response of MoS,, with different phonon modes, and the 1620 cm™ peak
could be attributed to a similar lattice vibration of G peak. The signal peak at 920 cm™ appears only
after the fretting test against steel counterpart in air. This particular peak could not be clearly
identified; it might originate from the presence of oxides and other compounds after fretting test [49,
50].

More striking differences in the Raman data lie in the variation in relative intensities of the main four
peaks described above. Typical crystallite size L, can be derived from the corresponding ratio for
graphite as described in the experimental section and used for fretting wear regime comparisons in
Fig. 4. For MoS,, the peak intensity ratio of in plane E;, and out of plane As; peaks can be used to track
crystallisation of MoS; with base planes parallel to the wear surface. The results of such analysis are
summarised in Table 3.

From Table 3, E;,/As ratio is found above 0.88 on all samples, indicating a relatively high crystallisation
of MoS; and good alignment along the basal planes. Scars produced in nitrogen show about 2% higher
MoS; plane alignment than those under humid air, with the highest overall produced against steel
counterpart. The scar produced against alumina in air yielded the lowest observed MoS; E;,/As; ratio
(0.88), in the conditions where graphite crystallite size is high, allowing for a relatively straightforward
interpretation. Water adsorption and oxidation in humid air conditions promotes stripping of
superficial MoS,, exposing the MoS; film experienced an unfavourable friction condition and would
be replaced by the graphite film. The graphite film would gradually cover the wear scar and got highly
crystallised during the fretting test.

The re-alignment of the in-plane graphite appeared induced by the fretting wear tests, resulting in the
graphite crystallite size (L,) of each tested scars increasing from 15.15 nm to about 16.00 nm in
nitrogen and 17.60 nm in air. One reduced value exception could also be observed in the scar tested
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against steel in N2. As with wear tests in air, due to the continuous consuming of the intercalating
water molecules in Ny, the outer graphite film gradually disintegrated during the friction contact and
was replaced by the MoS; film.

As observed by laser confocal profilometry (Fig. 9-13), parts of top chameleon coating is pushed away
from the contact area by fretting, and wear debris accumulates locally within the scars. The cumulated
debris is particularly apparent in scars produced in air, for which Raman spectroscopy results are
shown in Fig. 16.

The Raman spectrum of the scar produced against alumina in air (Fig. 16a) shows an additional minor
peak at approximately 252 cm™, for which aluminium hydroxide AI(OH)s is the most probable
candidate (expected shift of 240-257 cm™) [51]. Although formation of hydroxide tribolayer has been
previously reported to have beneficial effect on CoF of PEO alumina against Al,Os [42] (see Section
3.3.2), in the case of duplex chameleon-PEO coating, wear debris are dominated by constituents of
chameleon layer which appears to have the major influence on its fretting behaviour. The Raman
spectrum of the debris in the scar produced against steel in air (Fig.16b) exhibits no trace of the
hexagonal MoS; in between 250-550 cm™ Raman shift while the graphite shows relatively amorphous
state with low graphitisation degree. More peaks appeared at approximately 215cm™, 287cm™ and
403cm™, which can be attributed to iron hydroxide (FeO(OH)) [52] and at 452cm™ and 635cm™, which
corresponds to chromium hydroxide (CrO(OH)) [53]. The iron and chromium contents can be linked to
the 440 steel counterpart, their oxides/hydroxides forming in the humidity of the air environment.
The accumulating of such FeO and CrO containing debris can be then linked to the dramatic increase
in CoF after 6x103 cycles (Fig. 8) and to stripping of the chameleon topcoat under fretting wear against
steel counterparts at 20 N (about 1.1 GPa) test (Fig. 12). In this case, the presence of graphite proves
insufficient for proper lubrication during the fretting test at such environment and load conditions.

3.4.3 Sub-surface layer evolution

The cross-sections of the gross-slip fretting wear scars produced under 20 N load and 100 um
displacement amplitude after 10* cycles were mechanically prepared and observed by SEM in the
backscattered electron mode. To investigate material integrity in the region of tensile stress
distribution, images were captured at the edges of the scars, along the fretting direction (Fig. 17-20).

The chameleon topcoat is severely affected by fretting as deducted from the experiments after 103
cycles under 100 um displacement amplitude. With friction increased at the later stage of the test, a
simultaneous generation of wear debris and crack propagation was observed indicating a competition
between the fretting wear and fretting fatigue processes. Figs. 19 and 20 show long micro-cracks
(around 10 to 18 um in length) and worn surfaces in the contact area indicating that steel counterparts
can strip the chameleon topcoat locally and result in catastrophic failure in the underlying PEO coating.
In a single investigated area (40-50 um in length and 40-45 um in width) of the sample tested against
steel in air, the damage was also observed in the Al alloy substrate (Fig. 20c) Closer observation of this
unique area (Fig. 20d) highlights the generation of fatigue cracks in the Al alloy at the depth of 40-60
um from the surface, corresponding to the location of the maximum contact shear stress in the
steel/PEO-alumina couple. Micro-pores are observed along those cracks and are believed to have
cause further damage in the substrate. The origin of this fatigue cracking affected area might lie in
high tangential stress displacements at the edge of the wear scar (partial stick-slip zone) developed
when the chameleon layer wore out and the friction coefficient increased. Moreover, due to damage
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in the integrity of PEO layer, the development of fatigue cracks in the Al alloy substrate might be
further accelerated by oxidation during the fretting tests in air.

Crack initiation due to repetitive fretting wear is shown schematically in Fig. 21. Two different types
of cracks appear in the scar produced against steel in N, (Fig. 19). The first oblique propagation crack
might be caused by tangential stress during the repetitive fretting contacts. Due to high shear stresses
within the fretting wear scar, these oblique cracks tend to occur at the edges of the scars. As shown
in Fig. 18a and 19a, such cracks grow obliquely in the PEO coating at angles between 40° and 45° to
the surface. The vertical cracks, in turn, likely stem from tensile stress due to the volume straining of
the PEO coating on Al alloy under the contact load, where some elastic compliance of the underlying
aluminium alloy may lead to the repeated stress accumulation within the PEO layer. In reciprocating
fretting wear, the occurrence of vertical cracks relaxes surface tensile stresses and more cracks would
be initiated along the fretting contact areas, as shown in Fig. 20a. Owing to high loading and tangential
stresses within the forming fretting scars, vertical cracks tend to penetrate through the entire PEO
coating and reach the underlying substrate, resulting in fatigue cracks in the Al alloy (Fig. 20a,c).

In scars produced against alumina balls, few oblique cracks can be observed in the underlying PEO
coating and the cracks induced are shorter at 4 to 8 um in length in both N, and air (Fig. 18a). The
collapse of micro-pores in the PEO coating developed into some larger cavities (Fig. 17b and 18b),
however there were no penetration cracks to the underlying substrate form those fatigue sites in the
PEO layer.

The cross-section of the scar produced against the steel ball in air under 15 N load also shows partial
removal of the chameleon topcoat (Fig. 22). Some micro-cracks and minor micro-pores can also be
observed in the underlying PEO coating (Fig. 22a,b). Induced crack lengths range from 7 to 8 um and
are significantly shorter than those produced at a larger 20 N load (10-18 um). Again the selection of
the appropriate loading condition is critical, where high contact pressures (such as ~1.1 GPa at 20 N
load on the steel ball) can be detrimental for the coating performance.

In summary, the duplex chameleon/PEO coating offers improved lubrication under 15 N load against
steel in air, while it failed to provide continuous lubrication under 20 N load, where the coating would
experience large wear damage and eventually break down in the contact area with fatigue crack
initiation and propagation into the underlying substrate. In contrast, a more inert alumina counterpart
shows comparatively limited negative impact on the duplex coating. This allows the following
generalisation to be made, which emphasises the importance of both interfacial engineering and
third-body behaviour in the fretting performance of the duplex-coated Al components under high
contact loads. With the material of the top chameleon layer being prone to easy shearing and quick
displacement, the porous outer region of the underlying PEO coating plays crucial role in its retention
in the contact zone. However, once the PEO coating ridges become exposed, the third body behaviour
comes into play. In situations where the counterface is prone to oxidative wear (e.g. during fretting
against steel ball in humid air) and oxide debris are retained in the surface (e.g. due to adhesive
interaction between Fe/Cr oxo-hyroxides and PEO alumina), friction increases so as energy dissipated
in the surface layer. If the contact pressure is sufficiently high, this will lead to the development of
fatigue cracks in the PEO layer and ultimately to the oxidative fatigue of the metal substrate —that is
the system behaviour is reverted from gross-slip lubricated fretting wear to the partial-slip
unlubricated fretting fatigue. However, if the energy dissipation is reduced (e.g. by eliminating factors
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leading to the high friction, lowing the contact pressure or displacement amplitude) this would result

in a steady-state fretting performance of the composite layer with reduced wear and minimised risk

of fatigue.

4. Conclusions
Detailed investigation of the behaviour of duplex chameleon/PEO coatings on an Al alloy substrate in

fretting wear tests against different counterparts (steel and alumina) and in different environments

(humid air and dry nitrogen) has resulted in the following conclusions:

(1)

(3)

The specific stick, partial slip and gross slip regimes were observed as amplitudes increasing from
3 to 100 um. At 3 um amplitude, a small ring of damaged stick zone could be observed in the
fretting area. A distinctive annular slip zone then appeared in the fretting scars, and the small
circular stick region grew much larger as the amplitude increased from 5 to 10 um. Further
increases in amplitude resulted in full gross sliding with no central stick zone. As compared to
the previously studied single layer PEO coating [27], the critical transitions to fatigue prone
regimes of stick and stick-slip were reduced by about an order of magnitude for duplex
chameleon/PEO coating.

A humid air atmosphere was found to increase the crystallisation degree of graphite while a dry
nitrogen environment could enhance the re-orientation of MoS, basal planes. This allowed
graphite and MoS; to confer their self-lubrication properties to the surface during the fretting
tests. The results identified the adaptive mechanisms of the chameleon coating integrated with
the hard PEO layer.

The change in the crystalline size of graphite was correlated with the increase in the wear rate
of the duplex coating observed during fretting in the partial slip regime against steel in humid
air, which is at odds with some common views on unlubricated fretting [19] and cannot be
explained by the lubricant starvation effect observed in liquid-lubricated contacts. It is proposed
that the increased coating wear is associated with damage accumulation in graphite basal planes
when stick prevails, whereas reduction of wear in the gross slip mode is triggered by activation
of shear between basal planes of graphite at displacement amplitudes between 10 and 40 um.

Steel counterparts were found generally to induce more severe wear and higher CoF during
fretting than alumina, especially in humid air conditions. This was linked to the formation of iron
and chromium oxides/hydroxides containing debris and severe abrasion at contact pressures
above 1 GPa. The debris accumulated in the contact zone led to rising CoF values, which induced
an accelerated growth of long penetration micro-cracks in the PEO coating, ultimately resulting
in the oxidisation of the aluminium substrate. At the same time for contact pressures below 1
GPa, the duplex coating showed good lubrication properties with limited generation of micro-
cracks and micro-pores in the PEO coating. The normal load therefore appears to be the key
factor in catastrophic coating failure, with a humid atmosphere further downgrading
performance in fretting wear due to oxidation.

Both oblique and vertical grown cracks were observed in the fretting scars after 10* cycles.
Tangential stress might have initiated the former, before they turned to tilted-grown with an
angle of about 40-45° upon reaching the PEO coating. Vertical cracks are thought to result from
tensile stress and tended to grow vertically into the PEO coating as well, leading to its failure and
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to severe oxidation of the Al alloy substrate. Such fatigue crack appearance was absent for tests
when the load was reduced from 20 N to 15 N.

Overall, this work has demonstrated that a duplex chameleon/PEO coating can effectively decrease
fretting CoF and wear in the gross-slip regime and dramatically improve fretting wear resistance over
a simple PEO coating through the observed self-adaptation and wear mechanisms when a proper
consideration is given to the combination of normal load, environment and counter body.
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Hardness and Young’s modulus of as-deposited PEO and duplex coatings.

Volume losses of wear scars obtained on duplex chameleon/PEO coatings under
different test conditions, as derived from laser confocal topography maps.
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crystallite sizes from the Raman spectra presented in Fig.15
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sectional morphology of the duplex chameleon/PEO coating (c) studied in this work.

Cross-section of as-deposited duplex chameleon/PEO coating prepared by FIB milling
technique: (a) location of the FIB milling on the coating surface observed as the stage
tilt 30°; (b) coating cross section image; and (c) chameleon/PEO interfacial cross-section
with elemental distribution maps.

X-ray diffraction patterns of as-deposited PEO and duplex chameleon/PEO coatings.

Fretting map of duplex chameleon-PEO coating on Al against steel counterpart in humid
air showing dependencies of the volume loss, nominal wear coefficient and calculated
in-plane crystalline size L, of graphite phase in chameleon layer on displacement
amplitude. The optical images of the five typical wear scars (a-e) are shown in Figure 6.

Typical examples of fretting loops for duplex chameleon-PEO coatings against steel in
humid air in the partial (a) and gross (b) slip regimes.

Optical micrographs of scars obtained in wear tests of different amplitudes (a-e) and
corresponding average wear depths (f).

Evolution of coefficient of friction for PEO and duplex chameleon/PEO coatings under
20 N against alumina balls in N3 (a) and air (b) (adapted from [27]).

Evolution of coefficient of friction for PEO and duplex chameleon/PEQO coatings under
15 N/20 N against steel balls in air.

Laser confocal topography (a) and SEM/EDS images (b) & (c) of the wear scar produced
under 20 N load against an alumina ball in N, after 10* fretting cycles under 100 um
displacement amplitude.

Laser confocal topography (a) and SEM/EDS images (b) & (c) of the wear scar produced
under 20 N load against an alumina ball in air after 10* fretting cycles under 100 um
sliding amplitude.

Laser confocal topography (a) and SEM/EDS images (b) & (c) of the wear scar produced
under 20 N load against a steel ball in N, after 10* fretting cycles under 100 pm
displacement amplitude.
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Figure 12.

Figure 13.

Figure 14.

Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.

Laser confocal topography (a) and SEM/EDS images (b) & (c) of the wear scar produced
under 20 N load against a steel ball in air after 10* fretting cycles under 100 um
displacement amplitude.

Laser confocal observation (a) and SEM/EDS images (b) & (c) of the wear scar tested
under 15 N load against steel ball in air after 103 fretting cycles under 100 um
displacement amplitude.

X-ray diffraction patterns obtained from within gross-slip fretting wear scars produced
under 20 N loads, and of as-deposited duplex chameleon/PEO coating.

Raman spectra of the wear scars produced under 20 N loads and of as-deposited duplex
chameleon/PEO coating.

Raman spectra of the accumulated debris in the scars produced in air under 20 N loads,
(a) against steel ball; (b) against alumina ball for fretting wear of duplex chameleon/PEO
coating.

(a), (b) Cross-section SEM images of the fretting wear scar produced on duplex
chameleon/PEO coating under 20 N load against alumina ball in N, after 10* fretting
cycles under 100 um displacement amplitude.

(a), (b) Cross-section SEM images of the fretting wear scar produced on duplex
chameleon/PEO coating under 20 N load against alumina ball in air after 10* fretting
cycles under 100 um displacement amplitude.

(a), (b) Cross-section SEM images of the fretting wear scar produced on duplex
chameleon/PEO coating wear scar produced under 20 N load against steel ball in N,
after 10* fretting cycles under 100 um displacement amplitude.

(a), (b), (c)&(d) Cross-section SEM images of the fretting wear scar produced on duplex
chameleon/PEO coating under 20 N load against a steel ball in air after 10* fretting
cycles under 100 um displacement amplitude.

Schematic illustration of the fretting wear process (a) and the surface stress distribution

(b).

Cross-section SEM images of the fretting wear scar produced on duplex chameleon/PEO
coating under 15 N load against steel ball in air after 10* fretting cycles under 100 um
displacement amplitude.
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Hardness and Young’s modulus of as-deposited PEO and duplex coatings.

Table 1.
PEO coating Duplex chameleon/PEO coating
Young’'s modulus Young’s modulus
H P H P
ardness (GPa) (GPa) ardness (GPa) (GPa)
13.6+£7.2 185.0+53.5 1.2+0.6 29.1+154
Table 2. Volume losses of wear scars obtained on duplex chameleon/PEO coatings under

different test conditions, as derived from laser confocal topography maps.

Test conditions

Volume loss (x10* mm3) In air
In dry N2 (20 N)
20N 15N
Against alumina ball 1.41+0.18 4.98 +0.09 —
Against steel ball 13.94 £ 0.08 7.92+£0.40 4.73 £0.06

Table 3. MoS; E,,/A1, peak ratios reflecting degree of MoS; crystallization and in plane

graphite crystallite sizes from the Raman spectra presented in Fig.15

Test conditions (Counterpart/Environment/20 N)

As-deposited Steel ball Alumina ball
chameleon N, Air N Air
Ratio of (Ej,/As)
peaks r.efle.ctmg 0.92 0.96 0.95 0.94 0.88
crystallization of
MoS,
In-plane graphite 15.15 14.68 17.61 16.04 17.57

crystallite size L,(nm)
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Resin

Chameleon

Dense layer

PEO coating

Al substrate

Figure 1. Surface morphologies of PEO coating (a), duplex chameleon/PEO coating (b) and cross-sectional
morphology of the duplex chameleon/PEO coating (c) studied in this work.
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PEO coating

Figure 2. Cross-section of as-deposited duplex chameleon/PEO coating prepared by FIB milling technique: (a)
location of the FIB milling on the coating surface observed as the stage tilt 30°; (b) coating cross section image;
and (c) chameleon/PEO interfacial cross-section with elemental distribution maps.
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Figure 3. X-ray diffraction patterns of as-deposited PEO and duplex chameleon/PEO coatings.
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Figure 4. Fretting map of duplex chameleon-PEO coating on Al against steel counterpart in humid air showing
dependencies of the volume loss, nominal wear coefficient and calculated in-plane crystalline size L, of
graphite phase in chameleon layer on displacement amplitude. The optical images of the five typical wear

scars (a-e) are shown in Figure 6.
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Figure 5. Typical examples of fretting loops for duplex chameleon-PEO coatings against steel in humid air in the
partial (a) and gross (b) slip regimes.
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Figure 6. Optical micrographs of scars obtained in fretting wear tests of different amplitudes (a-e) and

corresponding average wear depths (f).
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Figure 7. Evolution of coefficient of friction for PEO and duplex chameleon/PEO coatings under 20 N against
alumina balls in N2 (a) and air (b) (adapted from [27]).
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Figure 8. Evolution of coefficient of friction for PEO and duplex chameleon/PEO coatings under 15 N/20 N
against steel balls in air.
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Figure 9. Laser confocal topography (a) and SEM/EDS images (b) & (c) of the wear scar produced under 20 N
load against an alumina ball in N2 after 10* fretting cycles under 100 um displacement amplitude.
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Figure 10. Laser confocal topography (a) and SEM/EDS images (b) & (c) of the wear scar produced under 20 N
load against an alumina ball in air after 10* fretting cycles under 100 um displacement amplitude.
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Figure 11. Laser confocal topography (a) and SEM/EDS images (b) & (c) of the wear scar produced under 20 N

load against a steel ball in N2 after 10* fretting cycles under 100 um displacement amplitude.
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Figure 12. Laser confocal topography (a) and SEM/EDS images (b) & (c) of the wear scar produced under 20 N

load against a steel ball in air after 10* fretting cycles under 100 um displacement amplitude.
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Figure 13. Laser confocal observation (a) and SEM/EDS images (b) & (c) of the wear scar tested under 15 N load
against steel ball in air after 10* fretting cycles under 100 um displacement amplitude.
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Figure 14. X-ray diffraction patterns obtained from within gross-slip fretting wear scars produced under 20 N
loads, and of as-deposited duplex chameleon/PEO coating.
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Figure 15. Raman spectra of the wear scars produced under 20 N loads and of as-deposited duplex
chameleon/PEO coating.
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Figure 16. Raman spectra of the accumulated debris in the scars produced in air under 20 N loads, (a) against
steel ball; (b) against alumina ball for fretting wear of duplex chameleon/PEO coating.
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Figure 17. (a), (b) Cross-section SEM images of the fretting wear scar produced on duplex chameleon/PEO
coating under 20 N load against alumina ball in N2 after 10* fretting cycles under 100 um sliding displacement
amplitude.
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Figure 18. (a), (b) Cross-section SEM images of the fretting wear scar produced on duplex chameleon/PEO
coating under 20 N load against alumina ball in air after 10* fretting cycles under 100 um displacement
amplitude.
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Figure 19. (a), (b) Cross-section SEM images of the fretting wear scar produced on duplex chameleon/PEO
coating wear scar produced under 20 N load against steel ball in N2 after 10* fretting cycles under 100 pm
displacement amplitude.
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Figure 20. (a), (b), (c) and (d) Cross-section SEM images of the fretting wear scar produced on duplex
chameleon/PEO coating under 20 N load against a steel ball in air after 10* fretting cycles under 100 pm
displacement amplitude.
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Figure 21. Schematic illustration of the fretting wear process (a) and the surface stress distribution (b).
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Figure 22. Cross-section SEM images of the fretting wear scar produced on duplex chameleon/PEO coating
under 15 N load against steel ball in air after 10* fretting cycles under 100 um displacement amplitude.
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