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Abstract

Plasma electrolytic oxidation (PEO) is an attractive technology for improving resistance
to wear, heat and corrosion of aluminum alloys. PEO results in a hard, well-adhered alumina
ceramic coating with a morphology which is graded from a dense region near the substrate
interface to a porous outer region. Such properties mean that PEO can be an ideal underlying
layer for the application of solid lubricants which can be entrapped in outer pores and provide
reservoirs for the tribological contact lubrication. This study investigates the fretting wear
behavior and adaptive mechanisms for a PEO-produced alumina surface of about 11-12 GPa

hardness with a top layer of an MoS,/Sb,O3/C chameleon solid lubricating coating, the



composition of which was designed to self-adapt in variable humidity environments for
friction and wear reduction. Coupons of AA 6082 alloy were coated by the PEO process and
then were over-coated by a burnishing process with a MoS»/Sb>O3/C chameleon coating to
prepare a duplex coating combination. The coated surfaces were investigated using
nanoindenation, Raman spectroscopy and scanning electroscopy and were then subjected to
fretting wear tests against steel and alumina balls with variable amplitude (0-100 micron) and
loads (10-100 N) in both humid air and in dry nitrogen environment conditions. The tests
demonstrated low friction coefficients, considerable reduction in critical amplitude for the
stick-slip transition, and self-adaptive tribological behavior in cycled environment tests.
Friction coefficients of the order of 0.10-0.15 in humid air and 0.06-0.09 in dry nitrogen were
recorded and linked with the surface self-adjustment from graphite to MoS; lubrication,
respectively, which was confirmed by Raman spectroscopy. The studies demonstrate the
effectiveness of the PEO/chameleon duplex coating system for the friction reduction of and
fretting wear in the gross-slip regime, as well as significantly reducing the critical amplitude

of stick-slip transition for fatigue wear mitigation.
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1. Introduction

Owing to their low density and high strength-to-weight ratio, light metals, including
aluminum, magnesium and titanium alloys, are widely used in aerospace, automotive and rail
transportation applications, for example to reduce fuel consumption [1, 2]. These alloys are
also used in the biomedical industry, for example; Ti6Al4V alloy is a commonly used implant
material due to its low density, high corrosion resistance and biocompatibility [3, 4]. However,
light alloys have poor sliding, rolling and fretting wear performance owing to their low
hardness [5, 6] and absence of a low cycle fatigue limit. Recently, with the widening of light
alloy applications, including engines, and aerospace components, it’s becoming more
important to enhance the surface performance of light alloys using surface treatments. Surface
engineering of light alloys remains a challenge because they cannot be hardened effectively,
while surface oxides can decrease the bonding between applied hard coatings and the substrate
[1].

Plasma electrolytic oxidation (PEO) is an electrochemical surface treatment process for
generating oxide coatings on metals [7-13]. PEO coatings have relatively high hardness and
good adhesion strength to the substrate [8]. They typically consist of a porous outer layer, dense
intermediate layer and thin inner layer [13]. PEO coatings are typically used to enhance the
biocompatibility [7], thermal stability [9], friction and wear resistance, together with corrosion
resistance [13].

They have been commonly used in engineering applications to enhance the tribological
performance of aluminum alloys. The unlubricated sliding performance of PEO coatings in
nitrogen, vacuum, 50%-humid air and 80%-humid air conditions were studied by Yerokhin et
al. [14, 15]. It has been shown that external environment and humidity has a significant
influence on the friction behavior of PEO coating. The existence of water in the air can enhance

the formation of aluminum hydroxide at the contact interface, which leads to the reduction of



friction. As expected, compared to the untreated aluminum alloy substrate, PEO coatings
shown better sliding wear resistance performance owing to the relatively high hardness [13].
Such wear resistance enhancement and a relatively low cost of the process has resulted in
several industrial applications of PEO coatings on aluminum alloy surfaces for sliding wear
reduction, but the studies of PEO coatings in fretting wear are limited [16, 17].

Fretting is a small amplitude oscillatory motion wear process between two bodies leading
to progressive surface damage by inducting sub-surface material transformations [18].
Depending on the interfacial sliding behavior, fretting can be divided into two regimes; gross-
slip condition when full sliding is observed at the interface, and stick-slip condition when no
sliding occurs in the center of the contact and material is subjected to repeated elastic
deformation cycles while the contact edges have low amplitude sliding [19, 20]. The stick-slip
regime is especially critical in engineering applications with light weight alloys, since elastic
deformation cycles in fretting wear contacts can lead to the onset of fatigue surface cracks and
catastrophic component failure. Under gross sliding fretting wear, the interface firstly goes
through plastic deformation followed by wear debris formation and detachment from the bulk
material [21-23]. These debris are abrasive and lightweight materials can experience a
significant wear due to their relatively low surface hardness. To counter both fretting wear
regimes, contradicting requirements of a low shear strength surface (to prevent stick-slip and
associated fatigue) and a high shear strength surface (to resistant abrasion) could be provided
by duplex surface treatments and coatings to provide a low shear and soft top surface and high
shear strength and hard underlying layer [24]. Several examples of such a combination can be
found in the literature for fretting wear mitigation, including CrN/CuNiln coating [25] and
TiN/MoS: coating [26]. One common drawback is the absence of a resupply possibility and

environmental adapting capability, which calls for the design and cost effective manufacturing



of hard surfaces where environmentally self-adaptive solid lubricants can be stored and
released to the fretting wear contacts.

Solid lubricants are widely used in the aerospace engineering because of the extreme
environment conditions, such as low or high temperatures, low pressures, variable humidity,
and the presence of oxidants [27], which prevent the use or reduces the performance of
traditional oil lubrication. However, a major challenge for solid lubricants in aerospace
applications is humidity and temperature variations [28, 29]. For example, graphite can
effectively reduce friction and wear in humid environments but has poor performance in dry or
vacuum conditions [30]. The coefficient of friction and wear rate of MoS, are low in dry or
vacuum conditions, but relatively high in humid conditions [31]. Aimed at this problem, the
concept of adaptable chameleon coating was introduced, which provides self-lubrication [32-
37], high surface hardness [38, 39] and good wear resistance performance in varied
environments [40].

Chameleon coatings may have good self-lubrication performance and environmental
adaptability, but relatively poor adhesion and low surface hardness, which can reduce their
performance in fretting wear applications. Meanwhile, PEO coatings on lightweight aluminum
and titanium alloys have excellent load support properties, which makes them a very good
candidate for supporting sub-layer for chameleon coatings on lightweight alloys. Furthermore,
the outer layer of the PEO coating has a high porosity, while the inner layer of the PEO coating
has lower wear rate due to its relatively high hardness and low porosity [8]. Typically, the outer
porous layer of the PEO coating is removed by mechanical polishing. However, in view of the
combination with chameleon solid lubricant such a structure can be beneficial to provide
lubricant reservoirs for their extended release into the fretting contact. To investigate such an
approach for fretting wear mitigation, a new duplex PEO/chameleon (M0S»/Sb>03/C) coating

was processed on AA 6082 series alloy substrates. The friction and wear performance of PEO



coating and PEO/chameleon coating were investigated under fretting conditions in humid air

and dry nitrogen environment.

2. Methods
2.1 Materials

Substrates were made of aluminum alloy 6082. The samples were 50 mm by 50 mm
squares of 1.5 mm thickness on one surface of which a PEO coating of about 20 pm thickness
was prepared using experimental approaches as described in Ref [41]. For this purpose, a dilute
alkaline electrolyte with additions of 1 to 2 g/l of Na;SiO; and 2 to 3 g/l of NasP207-10H20
was used. A pulsed bipolar polarization at a frequency of 1.7 kHz with fill factor of 0.4 and
magnitudes of positive and negative bias of +530V and -180V respectively was utilized to
achieve an initial RMS current density of about 30 A/dm?; this provided a coating growth rate
of 2 to 3 um/min. The chameleon coating, which consists of a few micrometers of graphite
doped with MoS: and Sb,O3 was burnished onto the surface of the PEO coating, following
procedures described in Ref. [42]. For this purpose, chemically pure powders of graphite (40
wt %), MoS: (40 wt.%) and Sb2O3 (20 wt.%) were mixed and then hand burnished on the PEO
sample surface using a lint free cloth to help smoothen the top layer surface. The burnishing
process created about 5-8 um thickness of MoS2/Sb203/C composite overcoat on the surface
of the PEO coating. PEO coating hardness and elastic moduli were measured by
nanoindentations in a coating cross-section, which avoided the substrate influence.
Indentations were performed with a Keysight G200 nanoindentor using a Berkovich tip with
depth limit of 400 nm, following general procedures available in the literature [43]. Results
were averaged over 120 indents conducted with a 0.15 nm/s allowable drift rate and 10 seconds
of the maximum depth holding time. A fused silica test sample was used to calibrate the system

compliance and the indentor area function.



2.2 Experimental setup

The tribological behavior of PEO and PEO/chameleon coatings was investigated with a
ball-on-plane fretting test under different environmental conditions. An electro-dynamic
powered fretting setup built in the School of Mechanical Engineering at the University of Leeds
was used in this study [44]. During fretting tests, the coated sample was fixed in the static
holder while the counter-body ball was fixed on the reciprocating arm. The normal load was
applied with dead weights, previously calibrated with a load cell. The laboratory temperature
was 22°C and relative humidity between 40% and 55%. Alumina balls 16mm in diameter and
440 stainless steel balls 12 mm in diameter were used in this study.

During the fretting tests, tangential force and displacement amplitude were recorded for
each fretting cycle, using a calibrated load cell and a fiber optic displacement sensor
respectively. All fretting tests were divided into three groups to investigate different tribological
behavior under fretting wear. In the first group, a relatively high normal load and small
amplitude were applied to investigate the transition between stick-slip and gross-slip conditions.

The alumina and steel balls used in this study had different diameters, elastic modulus and
Poisson's ratios, and therefore normal loads were selected to match the Hetzian contact
pressures to allow result comparisons. In the first group fretting tests, 100 N load was applied
to the alumina ball and 75 N load was applied to the steel ball to provide contact pressures of
1680 MPa and 1664 MPa, respectively. For the contact pressure estimations, the elastic moduli
of the PEO coated surface was assumed to be at 200 GPa, which was within the measured
values reported below. While the estimate of the Hertzian contact pressure at about 1.6 GPa as
provided here is approximate, due to PEO coating elastic moduli variation and a possibility of
aluminum alloy substrate flexing under 20 pm thick PEO coating, this is representative of

pressures encountered in practice for mechanically loaded bearings and other contacts.



Importantly, it was kept consistent in all tests reported here for the relative comparisons. The
fretting test in group 1 experiments was designed in a way that the displacement amplitude was
gradually decreased from 100 pm until reaching a critical transition condition between gross-
slip and stick-slip regimes.

In the second group, fretting tests were conducted to investigate the tribological
performance of PEO and PEO/chameleon coatings at different environment conditions,
including humid air and dry nitrogen. For all fretting tests in group 2, the frequency was 3 Hz
to reduce the test duration. The amplitude was 100 um to ensure that all tests are at gross-slip
condition. For the alumina ball and the steel ball, the normal loads were 20 N and 15 N
respectively to minimize the difference in initial contact pressures, which were at 980 MPa and
1070 MPa respectively.

A two-piece retractable chamber was designed to create an isolated environment for the
nitrogen test. A flexible tube was inserted into the chamber, which was then filled with dry
nitrogen for 45 min before fretting to assure stable environmental conditions. Dry nitrogen was
continuously pumped during the fretting tests to avoid the humidity rise. A hygrometer probe
was inserted inside the chamber to monitor the humidity level.

In the third group of fretting tests, all the parameters were the same as in the second group
except the fretting test duration. In the third group, 100,000 cycle fretting tests were conducted
to investigate the performance of PEO and PEO/chameleon coatings under long-term fretting
wear. Detailed parameters of group 1-3 tests can be seen in Table 1.

2.3 Surface characterization

2.3.1. Wear volume measurements

A white light non-contact profilometry (Bruker NPFLEX) was utilized to characterize the
wear scars of PEO and PEO/chameleon coatings. This method was used to obtain a qualitative

3D surface morphology and quantitative assessment of wear depth. Comparing to the



PEO/chameleon coating, the surface morphology of PEO coating was more difficult to
characterize due to the high surface porosity. Therefore, the surface scanning method for PEO
coating was set at 10x magnification and 1x scanning speed to capture many data points, while
the scanning for PEO/chameleon coating was set at 10x magnification and 3x scanning speed

to reduce the scanning time. The scanning area for all the samples was 1.5x1.5 mm?.

2.3.2. SEM imaging

The microstructure and composition of PEO and PEO/chameleon coatings were
investigated with a scanning electron microscopy (SEM, Zeiss EVO50 VPSEM) which was
equipped with an X-ray energy dispersive spectrometer (EDS). The accelerating voltage and
working distance for SEM tests were 20 kV and 17.5 mm, respectively. A focused ion beam-
scanning electron spectrometer microscope (FIB-SEM, FEI Quanta 3D), which was operated
under 5 kV accelerating voltage and 10 mm working distance, was used for further
visualization of the microstructure of the chameleon coating. To eliminate the charge
distribution phenomenon and enhance the conductivity of the sample, an approximately 10 nm

thicknesses of platinum layer was deposited on the surface of the test samples.

2.3.3. Raman characterization

Raman spectra of the wear scars were obtained using a Renishaw System 1000 Raman
spectrometer utilizing an Argon-ion laser (A = 514.50 nm) as the excitation source. The
spectrometer was calibrated against Si peaks at 520 cm™ provided by a plane silicon wafer
crystal. The spectra were taken from regions with surface area of several um? located within
the wear scars, as identified by an optical microscope attached to the spectrometer. A reference
spectrum was also taken from the sample region not subjected to the wear tests. The relative

density of basal to edge sites in MoS: was estimated using intensities of E»; and A bands at



383 and 408 cm! respectively [45]. The average size of in-plane crystallite size of graphite
phase was estimated from integrated intensities (areas) of D and G bands (Ip and Ig) located
respectively at 1355 and 1580 cm™ using the following equation [46];

Lo = (2.4x1071%)- A4 (Ip/lg) !
Where La (nm) is the average size of sp® crystallite clusters and A is the excitation laser

wavelength (nm).

3. Results and discussion

3.1. Surface morphology

Figure 1 a shows an SEM image of an as-produced PEO coating where a micron scale
rough morphology with a degree of surface porosity can be clearly seen. Such a morphology
results from the stochastic motion of surface arc discharges during the coating process, which
converts the aluminum alloy surface into ceramic alumina coating and is typical for PEO
processing [41]. The surface roughness of as-produced PEO coatings was measured at an Ra
value of about 2.7 um. Such roughness and porosity (visible in Figure la) was used to
mechanically bond and create reservoir sites for the chameleon burnished coating applied as
the next processing step. After the chameleon overcoat application, the sample surface
morphology was much smoother, as evidenced in Figure 1b. Correspondingly, the surface
roughness was reduced to an Ra value of about 0.2-0.3 pum. Figure 1b also indicates
macroscopic variations in chameleon coating thickness with visible thicker patches of the
burnished chameleon coating. Since a chameleon coating is very soft, the thickness non-
uniformity was not deemed critical for the fretting wear studies as it was expected that the
contact pressure will extrude the excess of chameleon overcoat and the load will be fully

supported by the relatively harder PEO alumina coating.
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Figure 2 presents a cross-sectioned image of the PEO/chameleon coating, where the layers
of the alumina and chameleon coating are clearly visible, allowing for the estimations of
thecoating layer thicknesses. It is clear that the chameleon coating is conformal to the PEO
surface, covering up the PEO surface rough morphology. The images also illustrate the fully
dense nature of the inner regions of the PEO coating, which is important observation for the
coating mechanical endurance reported later. Nanoindentation experiments performed on the
PEO coating cross-section had indicated that both the hardness and elastic moduli fluctuate in
a wide range, where the hardness value of the PEO coating was varied in the 10-33 GPa range,
and the corresponding elastic moduli were varied within the 165-370 GPa range over 20
measurements. Such a large variation of the measured nanoindentation response and the
presence of harder (a-Al>O3) and softer (B-Al>O3) phases was reported on previously [47, 48].
The chameleon solid lubricating overcoat is very soft and is easily pushed out of the contact. It
therefore doesn’t contribute to the load support during the fretting wear contact. Nevertheless,
the presence of the MoS», Sb203, and graphite phases with low shear strength in the chameleon
overcoat layer is critical for the observed fretting wear response which is discussed in detail in

the following sections.

3.2 Friction behavior

A fretting loop is a commonly used method to identify the fretting contact response [49,
50]. The tangential force versus displacement amplitude loops of fretting tests under 75 N
normal load on PEO coating (a-b), and PEO/chameleon coating (c-d) against steel ball in air
condition are plotted in Figure 3. The detailed transition amplitudes between stick-slip and
gross slip fretting regimes are shown in Table 2. Fretting loops shown in Figure 3 (a) and (c)
exhibit a characteristic narrow shape for stick-slip regime, while loops shown in Figure 3 (b)

and (d) have a fraction parallel to the displacement axis indicating a full sliding events at the
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ball/coating interface and associated with the gross-slip fretting regime [51, 52]. Based on the
fretting regime transition amplitudes shown in Table 2, it can be concluded that the transition
between stick-slip and gross-slip regimes for the PEO/chameleon coating happened at much
lower amplitudes than for PEO coating. This is very beneficial for reducing occurrence of the
stick-slip regime in practical applications and corresponding fatigue crack developments
[19,20].

Under gross-slip condition in fretting, the ratio between tangential force and applied
normal load can be extracted from the loop and interpreted as an indication of coefficient of
friction (CoF) [49]. The evolution of CoF for PEO and PEO/chameleon coatings during 10,000
cycles fretting tests against steel in air and nitrogen are plotted in Figure 4. It can be observed
that the CoF for PEO coating against steel is higher than that of PEO/chameleon coating in
both, air and nitrogen conditions. The friction reduction mechanism of the MoS,/Sb,O3/C
chameleon coating was explained by Zabinski et al. [42]. In the chameleon composite coating,
graphite acts as lubricant in humid environment while MoS; acts as lubricant in a dry nitrogen
environment. Meanwhile, Sb,O3 acts synergistically with MoS: to further improve the friction
behavior of the chameleon coating. In nitrogen atmosphere, the CoF is lower than that observed
in air for both, PEO and PEO/chameleon coatings. Oxidation of MoS; film forms MoO3 phases
that have a negative effect on lubricant performance. MoOs can display reasonably low CoF
among oxides but not nearly as low as that of MoS; [53]. In this study, the dry nitrogen
environment restrained the formation of MoQOs3, which resulted in low friction performance of
MoS,. Moreover, fretting wear process against a steel ball generates oxidized wear debris in a
humid air [54], which leads to higher coefficient of friction on PEO coatings [8]. The
lubrication performance of MoS; in dry nitrogen is better than that of graphite in humid air due
to synergistic effects with SboOs3 [55], which leads to lower CoF of chameleon coatings in dry

nitrogen condition compared to humid air environment.

12



In the case of fretting contact against an alumina ball, the evolution of CoF for PEO and
PEO/chameleon coatings during 10,000 cycles fretting tests in air and nitrogen environments
are plotted in Figure 5. It can be observed that the CoF for the PEO coating against alumina is
much higher than that for the PEO/chameleon coating in both air and nitrogen owing to the
self-lubricating performance of the chameleon coating, which is the same effect as observed in
the fretting contact against the steel ball. The PEO/chameleon coating also showed lower CoF
in nitrogen than in air due to superior the lubrication behavior of MoS,. However, the CoF for
the PEO coating in dry nitrogen is significantly higher than that in humid air, which is different
from the results obtained against steel. This can be attributed to the fact that a thin lubricating
film of aluminum hydroxide is formed in a humid environment at the alumina/PEO coating
interface [8]. Average coefficient of friction values for tested coatings against steel and alumina
balls in air and nitrogen atmospheres are listed in Table 3.

Fretting experiments for 100,000 cycles were conducted to investigate the long-term
frictional behavior of tested coatings in air (Figure 6) and nitrogen (Figure 7). It has been shown
that during tests in air against steel the CoF for the PEO coating would stay at a high level
(between 0.95 and 1.00) during the entire fretting test, while CoF for the PEO/chameleon
coating would gradually increase at the early stage, then stay stable at around 0.92 after 20,000
cycles fretting. Interestingly, the CoF for the PEO/Chameleon coating against alumina
remained at around 0.22 until 25,000 fretting cycles, after which it gradually increased to
around 0.68. In humid air environment condition, graphite acted as an active lubricant,
dominating the lubrication performance of MoS»>/SboO3/C chameleon coating. During the
fretting process, SboO3 phase provided a lubrication effect maintaining low friction
performance. Previous research defined failure of MoS,/Sb,O3/C coating as an increase in
average friction over 0.65 [42]. Hence, in this study the significant increase of CoF observed

in air environment (Figure 6) is interpreted as the failure of the chameleon coating.
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In the case of a nitrogen environment, the evolution of CoF for PEO coating against steel
would stay constant at approximately 0.90-0.98, while for PEO/chameleon the observed CoF
was much lower at around 0.15-0.22. The friction of PEO/chameleon coating against alumina
had a decreasing trend with CoF at 0.17 at the beginning of the test and 0.13 after 100,000
fretting cycles. Hence, the PEO/chameleon coating can significantly reduce the friction and
improve wear performance in both humid air and dry nitrogen conditions owing to the
lubricating properties of graphite and MoS,. The presence of hexagonal MoS; and graphite in

the contact region is verified with Raman spectroscopy analysis discussed in section 3.4.

3.3 Wear performance

Wear volume is typically used as a key parameter to characterize wear performance of
materials. However, in this study, a relatively rough nature of PEO/chameleon coating surface
made it difficult to calculate the wear volume accurately. For this reason, wear depth was used
instead in this study. Examples of 3D surface morphologies and wear depth measurements of
tested coatings against steel and alumina in air and nitrogen are shown in Figure 8 and
summarized in Table 4. It can be observed that the wear depth of the PEO coating against steel
is larger than that of the PEO coating against alumina in both air and nitrogen conditions. The
wear depth of the PEO coating against steel in air is larger than in nitrogen while the wear
depth of the PEO coating against alumina in air is smaller than in nitrogen. In the case of the
PEO/chameleon coating, the wear depth is smaller under a nitrogen environment. Meanwhile,
the wear depth of the PEO/chameleon coating against steel is larger in air environment while
the wear depth against alumina is smaller in air. The larger wear against a steel counterpart in
air is mostly caused by entrapped debris from wear and oxidation of the steel counterpart.
Accumulations of debris and oxides in the contact zone are important considerations for fretting

wear and may explain the observed differences in wear depths for tests with alumna and steel
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balls in air. In general, the PEO coating showed lower wear resistance in all test conditions
which results from its lower hardness and relatively high porosity [8].

Meanwhile, the improved wear performance of the MoS»/Sb>O3/C chameleon coating can
be attributed to the properties of each individual component as well as the synergism between
the phases. MoS; has relatively high wear resistance owing to its crystallographic structure and
well-defined plane consisting of a transfer film containing basal-oriented MoS,. However, the
wear resistance of MoS; decreases in oxidizing atmosphere due to a non-cohesive transfer film
formation, which leads to continuous loss of material from the contact region and accelerated
wear [56]. The presence of graphite enhances the wear resistance of MoS; by facilitating the
inter-crystalline slip and diffusion barrier formation [57]. Moreover, addition of SboO3 phase
prevents oxidation deeper into the coating and reduces the tribo-oxidation effects. Sb,Os3 also
acts as an effective supportive layer for MoS, [58, 59], which enhances the overall wear
performance of the chameleon coating. Owing to the synergistic effects between its phases, the
chameleon coating has better wear resistance than pure graphite and hexagonal MoS; films

[42].

3.4 Structural evolution of Chameleon coating due to fretting

Raman spectra taken from wear scars developed on the PEO/chameleon coatings as a
result of 10,000 cycles of fretting against steel and alumina in air and nitrogen are shown in
Figure 9, together with the original spectrum of as deposited duplex coating.

The spectra feature clear peaks of vibration modes for hexagonal MoS; (E2, 383 cm™ and
A1g408 cm™) and graphite (D 1355 cm™ and G 1580 cm™). The response from the Sb,Os phase
and underlying PEO alumina cannot not be reliably identified, although some broad and weak
bands could be observed at about 150-250, 400-480, 550-650, 720-800 and 1100-1200 cm™'.

Strongest peaks of Sb,O3 normally appear around 250 and 450 cm™. While there is some

15



indication of their presence, this is very minor as compared to the dominant MoS» and graphite
peaks, indicating an absence of well-defined Sb,Os; phases. Among relevant alumina
polymorphs, only rhombohedral a-Al,O3; (corundum) is Raman active, providing peaks in the
studied spectral range at about 420 and 650 cm™'. However this phase is mainly formed the
inner parts of the PEO coating located beneath the region probed by the Raman analysis.

As follows from Figure 9, the fretting tests do not induce any qualitative changes in the
Raman spectra of the studied surfaces, implying that both MoS, and graphite solid lubricant
components of the chameleon layer remain present in the fretting contact area. However the
relative intensities of the major peaks change. The intensity ratio of MoSz Ezg to Ajg bands can
be used to estimate the relative density of basal and edge sites in MoS» [45]. While, the intensity
ratio Ip/I of the two graphite bands could also be utilized to evaluate the average size of in-
plane crystallite size L, in graphite [46]. Evaluated characteristics of MoS, and graphite
phases are provided in Table 5. It can be seen that fretting tests cause the average size of
graphite clusters within the chameleon coating to increase slightly from about 15 nm to 16-
17.5 nm, besides the increase is more prominent following the tests in air. The Mo,S phase
appears to align mainly along the basal planes, which is signified by the values of E2¢/A g ratio
above 0.8. This observation is consistent with previously reported results of transmission
electron microscopy analysis which revealed development of preferred orientations of MoS,
and graphite basal planes parallel to the surface in similar chameleon coatings under sliding
wear conditions [42]. In fretting wear contacts of this study, the graphite phase surface
alignment (L. parameter in Table 5) increased noticeably for the tests in air as compared to the
tests in nitrogen, and had very little dependence on the counterpart material. At the same time,
the MoS; phase alignment (E2¢/Ag ratio in Table 5) change depended on both environment
and counterpart material. It showed a reduction in MoS; basal plane parallel orientations for

tests against alumina in humid air, while maximum enhancement of such orientation was
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observed for the tests against steel in the dry nitrogen. Overall Raman analysis results
corroborate previous reports of the adaptive behavior of chameleon coatings [32], but fretting
wear adaptive mechanisms may vary from those of the sliding tests. Explorations of such
mechanisms for duplex PEO/chameleon coatings can further enhance fretting wear resistance

of light weight metal alloys surfaces.

4 Conclusions

A cost effective and scalable process for preparing duplex PEO/chameleon coatings on
the surface of lightweight aluminum alloy was shown to provide a unique combination of the
hard abrasion wear resistant underlying surface made of aluminosilicate oxides and a low shear
top surface of environmentally adaptive MoS2/Sb203/C chameleon coating solid lubricant. The
chameleon surface lubricant was embedded by filling the residual porosity (typical for the PEO
process) of the top oxide layer with a simple burnishing process. The elastic moduli and
hardness of the underlying PEO layer was varied within 165-370 GPa and 10-33 GPa,
respectively, which in the combination of about 20 um thickness provides necessary contact
load support and abrasion resistance for fretting wear resistance. The cross-sectional SEM
studies had confirmed such duplex coating morphology where about 5-8 pm thick solid
lubricant layer was embedded in with PEO surface, which porous about 3 pm R, roughness
morphology was completely filled by the burnished chameleon coating. Raman spectroscopy
had clearly indicated the presence of hexagonal MoS> and graphite solid lubricant phases on
the coating surface, which related to the observed reduction of the friction coefficients and also
the critical stroke amplitude for the transition from gross to stick-slip fretting regime, when
tested against steel and alumina counterparts in humid air and dry nitrogen conditions. Friction
coefficients of order of 0.10-0.15 in humid air and 0.06-0.09 in dry nitrogen were recorded and

linked with the surface self-adjustment from graphite to MoS; lubrication, respectively. Critical
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amplitudes for transition to stick-slip behavior against steel counterpart were reduced from 40-
50 um for steel/PEO coating tests to 2-5 um for steel/ PEO+chameleon duplex coating test.
Such an order of magnitude reduction was accompanied also with about a factor two
improvement in wear volume reduction. The study demonstrates the effectiveness of the
PEO/chameleon duplex coating system benefit for the friction loss and fretting wear reduction
in gross-slip regime and fatigue wear mitigation for small stroke regimes under humid and dry

conditions and against steel and ceramic counterparts.
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Table 1. Parameters of the group 1-3 fretting tests.

Groups Ball Coatings Frequency Amplitude Environment Normal load Cycles
PEO/chameleon 6 um 100 N
Alumina
PEO 12 um _ 100 N
Group 1 1 Hz Air 1,500
PEO/chameleon 4 um 75N
Steel
PEO 40 pm 75N
Air
Alumina 20N
Group 2 PEO 3Hz 100pm 10,000
oup PEO/chameleon H Air ’
Steel I5N
N
Air
Alumina 20N
Group 3 PEO 3 Hz 00pm 100,000
oup PEO/chameleon H Air ’
Steel I5N
N,
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Table 2. Transition amplitudes between gross slip and stick/slip fretting regimes (75 N normal load).

PEO against PEO against PEO/chameleon = PEO/chameleon
steel alumina against steel against alumina

Stroke amplitude for stick-
slip/ gross slip regimes (um) 41.7/56.5 10.7/12.1 3.4/4.8 5.1/6.8
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Table 3. Average coefficient of friction for tested coatings against steel and alumina balls in air and

nitrogen atmospheres.

Fretting Wear System Average CoF in air Average CoF in nitrogen
PEO against steel 0.93 0.89
PEO against alumina 0.77 0.92
PEO/chameleon against steel 0.12 0.07
PEO/chameleon against alumina 0.11 0.08
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Table 4. Wear depth values for tested coatings against steel and alumina in air and nitrogen.

Maximum wear depth in Maximum wear depth in
air (um) nitrogen (um)
PEO against steel 11.5 7.2
PEO against alumina 2.1 5.1
PEO/chameleon against steel 6.6 2.9
PEO/chameleon against alumina 3.8 3.6
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Table 5. Effect of fretting test conditions on the characteristics of graphite and MoS; solid lubricant

phases in chameleon coating surface from Raman analysis.

Phase / Test Condition (Counterface / Environment)
Characteristic

As-deposited ~ Alumina/ N>  Alumina/ Air Steel / N» Steel / Air

In-plane 15.15 16.04 17.57 16.07 17.28
Graphite

phase size/
La(nm)

In plane 0.92 0.94 0.88 1.00 0.96
MOzS
orientation/
Eog/Aig
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Figure 1. Surface topography (a) PEO coating, (b) PEO/chameleon coating.

Figure 2. SEM cross-section image of the PEO/chameleon coating on the surface of aluminum alloy
sample.

Figure 3. Fretting loops against steel in humid air: (a-b) PEO coating, (c-d) PEO/chameleon coating.
Figure 4. Coefficient of friction evolution of PEO and PEO/chameleon coatings against steel under
10,000 cycles fretting with 15N normal load, 100pm amplitude and 3Hz frequency.

Figure 5. Coefficient of friction evolution of PEO and PEO/chameleon coatings against alumina under
10,000 cycles fretting with 20N normal load, 100pm amplitude and 3Hz frequency.

Figure 6. Coefficient of friction evolution of PEO and PEO/chameleon in air under 100,000 cycles
fretting with 100um amplitude and 3Hz frequency.

Figure 7. Coefficient of friction evolution of PEO and PEO/chameleon in nitrogen under 100,000
cycles fretting with 100pm amplitude and 3Hz frequency.

Figure 8. Worn surface morphology after 10,000 cycles. (a) PEO against steel in air, (b)
PEO/Chameleon against steel in air, (c) PEO against alumina in air, (d) PEO/chameleon against
alumina in air.

Figure 9. Raman spectra of PEO/chameleon coatings following fretting tests.
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