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Abstract

The present study focused on the use of a duplex surface treatment combining cold-spray
deposition and plasma electrolytic oxidation (PEO) to produce an aluminium metal matrix
composite coating, including dispersed 0-Al,Os; particles, with improved tribological
properties. Al/a-Al>O3 composite coatings were first deposited by cold-spray, with various
thickness and proportion in O-AlO3 particles, and, then partially oxidized by PEO under
various processing durations and sparking regimes (arcs or soft regime). The feasibility of cold-
spraying thick, compact and adherent aluminium coatings containing well-dispersed a-Al,03
particles (up to 14 vol%) was demonstrated in this work. It was also pointed out that the addition
of hard a-Al>O3 particles into the spray composition tends to densify the deposited aluminium
coating. This was related to a stronger peening effect which, in turn, decreases the growth
kinetic of the subsequent PEO oxide layer. The presence of dispersed a-Al,O3 particles was
found to promote the formation of the corundum alumina phase in the PEO oxide layer by
triggering the transition to the soft sparking regime earlier. It was also observed that dispersed
0-Al,0O3 particles remain unaffected throughout the PEO oxide layers formed within the
conventional arcs sparking regime while they undergo a morphological transformation within
the specific soft sparking regime. This was explained by considering the different type of micro-
discharges that initiate during each regime. Finally, sliding wear tests revealed that the
incorporation of a-Al,O3 particles into the cold-sprayed coating resulted in a slight decrease in

the friction coefficient and the wear rate of the produced PEO layers.

Keywords
Cold-spray deposition; Plasma electrolytic oxidation (PEO); Aluminium; Alumina coating;

soft sparking regime; Wear resistance
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Highlights

* Dispersed a-Al0; particles decreases the growth kinetic of the PEO oxide layer.
* Dispersed a-Al,Os particles triggers the PEO soft sparking regime earlier.
* Dispersed a-Al,O3 particles are differently affected depending on the PEO sparking regime.

* Dispersed a-Al,O3 particles slightly improves the wear properties of the PEO layer.
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1. Introduction

In the field of advanced materials, metal matrix composites (MMC) occupy a prominent
place [1]. They are composed of a metallic matrix reinforced by one or more other materials,
generally ceramic, metallic or polymer particles. MMCs have improved mechanical, thermal
and physical properties [2,3], making them useful in many potential applications such as
aerospace components, like wings, fuselage, piston spacecraft exteriors rods to control nuclear
radiation, automobile parts like brake disc, drum, and, solar-panels applications and in chemical
reactions catalysts [1, 4, 5]. The leaders in MMC are aluminium metal matrix composites [1-
5]. The main methods for preparing aluminium metal matrix composites are stir casting, liquid
infiltration, powder metallurgy, spray deposition [6, 7]. Even if these technologies are
promising, they have some drawbacks related to long production cycles, high costs and more
important, the use of high processing temperatures. High temperatures can induce harmful
interfacial reactions between metal and reinforcement particles resulting in a significant loss of
the end-use properties of the composite material. Nowadays, the rapid development of cold-
spraying technologies offers interesting perspectives for the preparation of relatively dense,
thick and adherent aluminium-based MMCs coatings at the surface of various materials [7, 8].
This is due to the intrinsic ductility of aluminium that allows the plastic deformation of the
powder and/or of the substrate to occur, which, in turn, promotes a mechanical bonding between
the sprayed particles and the surface of the bulk material [9-12].

However, aluminium-based MMCs materials are sensitive to wear and corrosion, and
additional surface treatments are usually applied to improve their surface properties. Treatments
such as friction stir processing [13] or laser selective melting [14] have been implemented.
Recently, plasma electrolytic oxidation (PEO) of MMCs has also been tested [15-18]. Plasma
electrolytic oxidation (PEO), also referred to as micro-arc oxidation (MAQO), is a plasma-

assisted electrochemical conversion technique used to grow a protective oxide layer on
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lightweight metals (e.g. Al, Mg, Ti) and their respective alloys [19-29]. Recent years have seen
renewed interest for PEO to replace conventional concentrated acid anodizing processes. PEO
process not only uses low concentrated alkaline electrolytes free of any toxic compounds, but
also enables an improvement of the wear [30], corrosion [31, 32] and thermal resistance [33-
35] of the produced oxide coatings. This makes this process attractive in different industrial
domains such as transportation, building industry as well as biomedical engineering [36—38]
and waste treatment [39, 40].

Rama Krishna and Sundararajan were the first to combine cold spray and PEO [41],
followed by some other authors [42-45]. Tazegul et al. [44] obtained very good tribological
characteristics of the duplex layers provided that the oxide layer formed by PEO does not reach
the interface between the cold-spray layer and the substrate. Although aluminum coatings
obtained by cold-spray remains more porous compared to bulk aluminium alloys, this can be
advantageously exploited during post-PEO treatments. Indeed, Martin et al. showed that the
growth kinetics of the oxide layers obtained by PEO are higher on a more porous sprayed
aluminum coating than on denser aluminum substrates [45]. Other studies reported the co-
deposition of aluminum with other particles to produce various MMCs coatings before carrying
out PEO treatments [46-49]. Zhang et al. [46] showed that the presence of carbon nanotubes in
the cold-sprayed coating improves the final friction properties of the PEO oxide layer. Rao et
al. [47] obtained very interesting properties in abrasion dry sliding wear and corrosion for an
alumina reinforced aluminum CS layer with a PEO treatment on AZ31 Mg alloy. Kuznetsov et
al. [48] applied successfully such a duplex treatment on the bearing bores of electric motor
bearing shields made of aluminum. Martin et al. [49] demonstrated the feasibility of the
elaboration of alumina (Al>O3) - zirconia (ZrOz) composite coatings on steel by combining
cold-spray deposition and plasma electrolytic oxidation (PEO). Recently, Shao et al. [50]

applied the same concept on a Ti6Al4V alloy by comparing the conventional arcs and the
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particular soft sparking regimes of the PEO process. It was reported that PEO coatings produced
within the soft regime exhibited a more compact structure, a relatively higher a-Al>O3 content,
and a higher micro-hardness than that formed within the conventional arcs regime.
Jaspard-Mecuson et al. [51] pointed out an interesting feature of PEO that they named the
soft sparking regime. Indeed, when using an AC current to supply the working electrode, a
transition from the conventional arcs to the particular soft sparking regime can occur depending
on the processing parameters, especially the ratio of anodic to cathodic charge quantity
delivered to the electrodes [51, 52]. Transition to the soft regime is characterized by a gradual
voltage drop [53, 54], as well as an acoustic attenuation[51, 54-56] and a decrease in light
emission depending on the treated aluminum alloy [51, 54, 56]. Over the years, some factors
have been identified to promote an earlier transition to the soft sparking regime: a higher current
density or current frequency [57], a lower anodic to cathodic charge quantity ratio [56, 57, 59],
the thickness of a pre-existing oxide layer [54] and ageing of the electrolyte [58]. Matykina et
al. [54] conducted interesting PEO experiments under the soft regime when applied on pre-
formed porous anodic films. They showed that the presence of such a film allows the soft regime
to occur earlier in the course of the PEO treatment. However, the literature is not unanimous on
the quality of the layers obtained using the soft regime. For some the growth rate is higher [51]
while it is lower for others [56]. For flat substrates, and within conventional arcs conditions,
the coating thickness is usually less at the center and thicker at the edge of the sample [60, 61].
However, the coating thickness was shown to be more spatially uniform within the soft sparking
regime [52]. It is also usually observed that formation of high-temperature a-Al,O3; phase is
favoured under the soft sparking regime while y-Al,O3 phase dominates under the conventional

arc sparking regime [62, 63]. Recently, the effect of black carbon and carbon nanotubes

Distributed under a Creative Commons Attribution | 4.0 International licence
BY

https://creativecommons.org/licenses/by/4.0/




incorporated into an aluminum PEO layer was shown to strongly affect the occurrence of the
soft regime [64, 65].

The main motivation of this study was to apply the combination of cold-spray and plasma
electrolytic oxidation (PEO) methods to develop resistant aluminium-based MMC coatings
with dispersed alumina particles. The effects of these dispersed particles on the subsequent PEO
process, within the arcs and soft sparking regimes, on the produced morphology and
composition of the PEO oxide layers, and finally on the wearing properties of the produced

duplex coatings were particularly explored.
2. Materials and methods

Figure 1 gives a schematic description of the duplex surface treatments carried out in the
present study. A commercial 2017 grade aluminium alloy was used as metallic substrate (Table
1). The samples exhibited a square shape of 30 x 30 x 4 mm?. Only one large face of these
samples was subjected to the duplex treatment, which represented a processed surface area of
about 9 cm?. The other faces were covered by a thermosetting resin. As depicted in figure 1,
and prior to be cold-sprayed, surfaces were prepared by sandblasting with corundum particles
under 6 bars pressure. It allows surface cleaning (e.g. removal of organic or oxide
contaminations) and also provides a significant roughness (Ra =20 um + 5 um) ensuring good

adhesion of the cold-sprayed coating to the aluminium substrate.

A commercial 1050 grade aluminium (Table 2) and a commercially pure corundum O-
ADLO3 (Table 3) powders were used for cold-spray depositions. The aluminium powder
consisted of spherical particles with an average diameter of 30 + 5 um. The corundum powder
consisted of small irregularly shaped Al,Os pieces with an average size of 12 um = 5 um. As

summarized in table 4, mixtures of these two powders with various contents of corundum (0, 5
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and 14 vol%) were co-sprayed onto the aluminium substrates. Spray duration was tuned in order
to achieve coatings with thickness in the range 100 - 500 um (Table 5). On this point, it can be
noticed that a very thin cold-sprayed coating of about 70 um with 5 vol% a-Al>O3 particles was
produced on the substrate (sample CS5AL0s3 in tables 4 and 5) with the aim of specifically
investigating the behavior of a duplex coating when the thickness of the PEO oxide layer
becomes close to the one elaborated by cold-spray. All the cold-sprayed coatings were prepared
using nitrogen as carrier gas with pressure and temperature parameters set to 28 bars and 340
°C, respectively. The spray-angle was 90° and the nozzle was set at 22 mm from the substrate.
After cold-spray, a careful thinning was performed on the deposited coatings (polishing using
SiC papers to diamond suspensions) in order to ensure the same surface finish for all samples
(a mirror-like aspect with a roughness parameter R, below 1 pm). A thickness less than 20 pm

was removed during this polishing step.

These cold-sprayed coatings were then partially oxidized by carrying out PEO treatments
using a homemade experimental set-up presented in detail in references [51, 52, 57]. PEO
treatments were run in an alkaline electrolyte that consisted in a solution of anhydrous sodium
silicate (1.65 g-L!) and potassium hydroxide (1 g-L!) diluted in deionized water. The resulting
pH and electrical conductivity were measured at 12.5 and 7.5 mS-cm™, respectively. The
temperature of the electrolyte was maintained at 30 °C. In order to avoid a potential ageing of
the electrolyte, a fresh one was used for each sample. A current generator was used to supply
the aluminium sample and the titanium counter-electrodes. As depicted in figure 1 of a previous
work [51], it provides an asymmetric quasi-squared bipolar pulse for which all the waveform
parameters such as duration Tj, amplitude (anodic I, and cathodic I,), charge quantity (anodic
Qp and cathodic Q,) of each pulse can be adjusted independently in a wide range. In the present

study, the current pulse frequency, the anodic current density and the cathodic current density
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were set at 100 Hz, 66 A-dm™?and 39 A-dm™, respectively. In addition, the ratio of the anodic
to cathodic charge quantity was specifically set at 0.9, which allows the transition from the
conventional arcs to the soft sparking regime to occur in the course of PEO treatments when
performed on aluminium substrates [51, 52, 57]. As summarized in Table 4, some samples were
PEO processed only under the arcs sparking regime for 20 min while other samples were PEO
processed for 35 min, beyond the complete establishment of the soft sparking regime. After
PEO, the treated samples were thoroughly rinsed with water, and cleaned with ethanol, and
dried under a warm air stream. It is also worth mentioning that the electrical responses were
recorded during each PEO treatment by using a 1 GHz bandwidth oscilloscope (Agilent
Infiniium 54832B). From these recordings, the evolution of the anodic voltage amplitude with
the PEO processing time was examined. For repeatability and reproducibility considerations, at
least 3 samples were produced under each processing condition summarized in Table 4, and

data given in Table 5 are the statistical result of measurements performed on each sample.

Produced samples were observed by SEM using a FEI Quanta 650 FEG working in
backscattered electrons mode (BSE) for top-most surface and cross-section observations. SEM
investigations were systematically done at the edge of the processed surfaces. For SEM
observations, a thin carbon layer of about 10 nm in thickness was previously deposited on the
observed surface of the samples in order to limit electrical charging effects. For the cross-
section observations, the samples were previously cut and mounted in a thermosetting resin and
finely polished to achieve a mirror-like aspect. The coating thickness of the as-sprayed and of
PEO oxide coatings were then determined as an average value of 15 measures collected on
SEM cross-section views over 2 different positions separated by a minimum distance of 500
um. The porosity and the volume proportion of the sprayed a-Al>O3 particles in the coatings

were quantitatively estimated by an image analysis procedure applied on the SEM cross-section
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micrographs using ImagelJ software. A minimum of 5 different views of about 300 um x 300
um in size were considered for this estimation and the resulting error bar corresponds to the
standard deviation of the measurements. The phase composition of each investigated coating
was determined by X-ray diffraction measurements (XRD) using a Bruker D8 ADVANCE
instrument (Cu-Kaj radiation A = 0.1542 nm at 40 kV and 30 mA) and operating in the Bragg-
Brentano geometry with a step size of 0.005° and a scan range from 30 to 85°. Finally, sliding
wear tests were performed at room temperature under dry condition using the ball-on-disc test
in the linearly reciprocating configuration (Anton-Paar TRN tribometer). The counterpart was
a corundum ball with 6 mm diameter. The track length was 10 mm with a mean velocity of [
20 mm-s™'. Depending on the nature of the coating, the normal load and the sliding distance
were adjusted as specified in table 5. For the as-sprayed coatings, consisting mainly of soft
aluminium material, the normal load and the sliding distance were set at 1 N and 10 m,
respectively. In contrast, for the PEO coatings composed of aluminium oxide, they were set at
7 N and 50 m, respectively. During each sliding test, the tangential load was measured, and the
friction coefficient was calculated. Wear tracks were observed by optical microscopy and SEM
(in secondary electron SE imaging mode) while the roughness profiles were recorded using an
optical surfometer (GBS Smart WLI_extended). From these observations, the normalized wear

rate was estimated using the MountainsMap" software.
3. Results and discussion
3.1 Cold-sprayed coatings

Figure 2 shows the cross-section SEM micrographs recorded at different magnifications on
the as-sprayed samples CSOAI>O3 (Figure 2a) and CS14Al1,03 (Figure 2b). It can be observed

that the a-Al>Os3 particles are homogeneously distributed throughout the sprayed coating. They
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also appear well incorporated into the sprayed aluminium matrix. A slight local disbound of
about 1 um in average can be observed between the sprayed 0-Al,Os; and Al particles.
Moreover, and whatever the processed sample, no evidence of delamination of the sprayed
coating at the coating substrate interface was observed. It suggests that within the spraying
conditions applied, the presence of 14 vol% of sprayed a-AlOs particles into the spray
composition does not seem to affect the mechanical integrity of the deposited coating.
Moreover, image analysis of the SEM micrographs evidenced that the coating porosity of the
sample CSOAIO3 was estimated at about 7 % while it is less than 0.5 % for the sample
CS14A1,05 (Figure 2 and Table 5). Meanwhile, the average thickness of the sprayed coating of
sample CS0AI>,O3 (420 £ 20 um) is higher than that of the sample CS14A1,0O3 (280 £ 20 um)
(Figure 2 and Table 5). It thus appears that the presence 0-AlOs3 particles into the spray
composition promotes more compact but thinner sprayed coatings. These observations can be
explained by considering two concomitant effects of the a-Al>Os particles when they are added
with aluminium particles into the spray powder composition. Indeed, and as reported in the
literature, the addition of denser (higher kinetic energy) and harder alumina particles (L13.95
g-cm” and (01700 Hv, respectively) into the lighter-weight and softer Al powder (2.7 g-cm™
and 50 Hv, respectively) helps densifying the sprayed coatings due to a more efficient peening
of the surface [12, 66-69]. Meanwhile, the surface sputtering by heavy and hard particles is also
more important, which limits the coating thickening and therefore decreases the overall growth

kinetic.

Figure 3 shows the XRD diffraction patterns recorded on the samples CSOAl;O3 and
CS14Al20:s. It confirms the exclusive presence of the fcc-Al structure in the aluminium sprayed
coating (sample CS0AI>O3) and the combined presence of the fcc-Al and rhombohedral a-

AL Os structures in the composite sprayed coating (sample CS14Al1,03). For the latter, intensity
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of the a-Al,O3 alumina peaks is clearly lower compared with the intensity of the Al peaks which
is in good agreement with the low amount of 0-Al>O3 particles incorporated into the composite

sprayed coating.

Figure 4 and table 5 report results from the dry sliding wear tests performed on the
aluminum substrate and on the prepared cold-sprayed coatings with a normal load and a sliding
distance set at 1 N and 10 m, respectively. As described in the experimental section, these wear
tests were only carried out on the finely polished surface of the sprayed coatings. Figure 4 shows
the variations of the friction coefficient as a function of the sliding distance for the samples
CS0AI>05 and CS14Al,0:s. First, from a global point of view and whatever the amount of the
dispersed 0-Al,Os3 particles, the average friction coefficient exhibits high amplitude
fluctuations with the sliding distance suggesting adhesive and abrasive wear mechanisms. In
addition, the average friction coefficient of sample CS14Al,03 remains slightly lower than that
of sample CS0AI>O3 (0.75 vs 0.89). This is particularly obvious for the first two sliding meters.
Nevertheless, and as reported in table 5, the wear rate is higher for sample CS14Al>0O3
(7.0x107 + 3x10* mm?*/(N-m)) than for sample CS0ALO3 (4.7x107 + 4x10™* mm?/(N-m)). It
can also be noticed that the friction coefficient and the wear rate measured on the unsprayed
aluminum substrate (0.63 and 1.1x107 + 4x10* mm?*/(N-m), respectively) are lower than those
measured for the cold-sprayed coatings. If they are in good agreement with results found by
Arrabal et al. in the same wear test conditions, they also evidence that sprayed coatings have
lower tribological properties mainly due to a lack of cohesion between sprayed particles
compared to bulk material [106]. Figure 5 shows the 3D surface topography and the associated
SEM micrographs of the wear tracks for the samples CSOAL2Os (Figure 5a) and CS14A1203
(Figure 5b). A mix of abrasive and adhesive wear behaviour is observed which is in good

agreement with the high amplitude variations of the friction coefficient as noticed in figure 4.
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One can also note that it turns into a mostly abrasive behavior when adding a-Al,Os3 particles.
This is also confirmed by the presence of linear scratches in the wear track which puts in
evidence a tree body erosion mechanism due to the presence of hard a-Al,O3 particles into the
composite cold-sprayed coating (sample CS14Al>Os3 in figure 5b). Finally, results from these
wear tests suggest that the addition of a-Al>O3 particles into the aluminium sprayed coating has
a beneficial effect on the friction coefficient by improving the dry lubrication property of the
overall coating. Oppositely, their presence has a detrimental effect on the wear resistance of the

aluminium coating because they promote abrasive mechanisms.
3.2 PEO treatments

Figure 6 shows the evolution of the anodic voltage amplitude as a function of the PEO
processing time for the different duplex treatments summarized in Table 4. They reveal a quite
similar trend whatever the composition of the cold-sprayed coatings. Over the first seconds of
the process (L1135 s), a thin barrier anodic film develops on the surface with a rapid increase in
voltage (40 V-s!') to maintain the current amplitude at a constant value. At this stage, no
electrical discharges are observed while an intense gas release is visible all over the sample
surface. The dielectric breakdown voltage of the growing barrier anodic film is then rapidly
reached (L1575 V) and small orange-red discharges initiate on the sample surface. From about
15 s to around 20 — 30 min, depending on the composition of the cold-sprayed coating, the PEO
process runs under the arcs sparking regime during which the slope of the voltage-time curve
reduces to about 0.07 V-s! and the micro-discharges gradually become bigger and fewer over
the treated surface. Figure 6 shows that during this arcs sparking regime, the presence of
dispersed a-Al>Os3 particles in the sprayed aluminium coating has almost no influence, on either
the anodic breakdown voltage or the anodic voltage amplitude. For longer PEO processing time

adrop in the anodic voltage amplitude is observed at a process time that depends on the samples.
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This voltage transition is concomitant with the transition from arcs to soft sparking regime. The
micro-discharges then gradually turn into smaller size and shorter lifetime tiny discharges with
a reduction of the optical and acoustic emissions [61, 70-72]. Figure 6 clearly shows that the
incorporated a-Al>O3 particles into the aluminium sprayed coating influences the transition to
the soft sparking regime. Without particles (sample CSOAl>O3_PEO35min), the soft regime
occurs at about 27 min while it starts earlier at about 22 min with 14 vol% of dispersed a-Al>O3
particles (sample CS14A1,03_PEO35min). This observation remains not clearly understood,
but some identified parameters such as the chemical composition [61, 73-76] and the porosity
[44, 54, 77, 78] of the treated material are known to affect the transition to the soft sparking

regime and could explain the present experimental results.

3.3 PEO oxide coatings

Figure 7 shows cross-section and top-view SEM micrographs of the samples
CS0AI,03_PEO35min (Figure 7a) and CS14Al,O3;_PEO35min (Figure 7b). For these two
samples, the surface of the PEO coating consists entirely of a sponge-like morphology that is
known to incorporate elements from the electrolyte (e.g. Si, Na, K), in its interconnected
network of thin pores with diameters in the range of 0.1 — 1 um [79, 80]. This sponge-like
morphology is typical of PEO coatings grown within the soft sparking regime, which is in good
agreement with the voltage-time responses shown in figure 6 [64, 81]. Moreover, figure 7 also
evidences that the coating of sample CSOAl>,O3_PEO35min is thicker than that of sample
CS14A1,05_PEO35min (72 £ 5 pm vs 57 = 5 um). This suggests that the presence of
incorporated a-Al>O3 particles in the cold-sprayed aluminium coating tends to moderate the
subsequent growth kinetic of the PEO coating. This can be explained by considering the
differences in morphology between the as-sprayed coatings. Indeed, as established by Martin

et al. in reference [45], the level of porosity has a very positive effect on the PEO growth kinetic.
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This level being higher for the deposited Al coating without a-Al,Os particles (17 %) than for
the Al/0-Al>O3 composite sprayed coating (< 0.5 %), it favors the growth of a thicker PEO
oxide layer. Thus, the presence of hard a-Al,Os particles in the spray composition tends to
densify the sprayed coating due to a much more intense peening effect [12, 66-69], but
consequently, it results in a thinner PEO oxide coating due to the low porosity level in the cold-
sprayed coating. Figure 7 (and figures 9 and 10) also shows a more irregular interface between
the PEO oxide layer and the cold-spray coating with dispersed a-Al>O3 particles (sample
CS14A1,03_PEO35min) compared to the one observed with the cold-spray coating containing
no particle (sample CSOAI,Os;_PEO35min). This can be explained by considering two
hypothesis. First, and as mentioned in the experimental section, all the as-sprayed coatings were
finely polished with the aim of eliminating the inherent roughness of cold-sprayed coatings by
removing a thickness of about 20 um. However, the sample containing a high amount of hard
0-Al>,Os3 particles exhibited higher surface irregularities than for the other samples, that were
probably not fully polished. After PEO, the subsequent oxide layer then followed these residual
irregularities which could lead to a non-flat interface. Second, on the basis of studies dealing
with PEO of bulk MMCs, Xue [18] and Liu et al. [16] established that large size SiC reinforced
particles locally hinder growth of the PEO oxide layer while smaller size particles such as
AlO3-Si0; reinforced fibers are more rapidly transformed during the PEO treatment. The
dispersed a-Al>Os3 particles used in the present study having quite the same size than the SiC
reinforced particles used in references [16, 18], it is also expected that they potentially hinder
growth of the PEO oxide layer, and may locally result in a non-flat interface with the cold-

sprayed MMC coating underneath

Figure 8 shows the X-ray diffraction patterns recorded on the PEO coatings of samples

CSOAI_PEO35min and CS14Al1,03_PEO35min. As usually encountered for PEO of
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aluminium, all coatings are predominantly composed of the crystalline aluminium oxides Q-
and y-Al,0O3 [82-84]. The presence of aluminium peaks is due to the incident X-ray beam that
crosses the entire PEO coatings and reaches the aluminium cold-sprayed coatings underneath.
Moreover, it can be observed that the relative intensity of a-Al,Os and y-Al>O3 peaks is largely
higher for sample CS14Al_PEO35min than for sample CSOAI_PEO35min. Particularly, in the
range of the scattering angles of 43-47°, some authors have proposed to use the relative intensity
of (113) a-ALOs (at 43.6°) and (400) y-AlxO3 (at 45.96°) peaks to judge on the relative
proportion of a- and Yy-alumina content and their variations in the overall layer phase
composition [85, 86]. Figure 8 shows that this relative intensity of O- and y-alumina peaks
increases noticeably for sample CS14Al_PEO35min when compared with sample
CSOAI_PEO35min. It suggests therefore that the presence of dispersed a-Al,Os particles into
the PEO processed material promotes the formation of the a-Al2O3 alumina phase during PEO.
Nevertheless, it remains that a special attention must be paid to the analysis of the X-ray
diffraction patterns. Indeed, for sample CS14Al_PEO35min, the intensity of the a-Al,O3 peaks
is likely due to the joint contribution of the a-Al>O3 alumina phase produced during PEO and
that of the residual a-Al,Os sprayed particles into the produced PEO layer as well those lying
underneath the PEO layer. This finally makes the quantification of the relative a-Al>O3z and Y-
ALO3 phase amount in the oxide layer by X-ray diffraction measurements in Bragg-Brentano

geometry a complicated task.

Figure 9 compares the morphology of the PEO coatings produced on the samples
CS14A1,05_PEO20min (Figure 9a) and CS14A1,03;_PEO35min (Figure 9b). These samples
contained the same amount of sprayed a-Al>Os particles (14 vol%), but the first one was PEO

processed for 20 min under the arcs sparking regime while the second was PEO processed for
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35 min until the complete establishment of the soft sparking regime (Table 4 and Figure 6). In
each case, the inward growth of the inner PEO sublayer and the outward growth of the outer
one are indicated in figure 9. The original surface of the cold-spray coatings is close to the
interface between the inner and the outer sublayers. Concerning the sample
CS14A1,05;_PEO20min, the outer sublayer of the PEO oxide layer consists in a pancake-like
morphology, which is typical of PEO coatings grown within the arcs sparking regime [87-91].
This structure consists in large and unfilled craters caused by strong electrical discharges that
usually ignite over the processed surface during the arcs sparking regime [57, 92-94]. From the
cross-section point of view, this structure appears as cracked plates that unevenly cover the
topmost surface. This pancake-like morphology is clearly distinguishable from the finer
sponge-like morphology observed in the outer sublayer of the oxide coating of the sample
CS14A1,03_PEO35min, which is typical of PEO coatings produced within the soft sparking
regime. Figure 9 also shows that the PEO coating elaborated under the soft sparking regime is
thicker and more homogeneous in thickness than the oxide coating produced under the arcs
regime. This observation is in good agreement with previous works [51, 57]. More interestingly,
and less commonly, figure 9 also highlights a major difference in the morphology of the inner
sublayer of the PEO oxide coating between the samples CS14Al,0s;_PEO20min and
CS14A1,03_PEO35min. Indeed, some sprayed a-Al>O3 particles are still distinguishable in the
inner sublayer of the PEO coatings produced under the arcs sparking regime (Figure 9a). They
are clearly recognizable by their typical angular and blocky morphology. They appear as non-
affected by the PEO process, as if the advancing front of oxidation circumvented them.
Oppositely, for the sample processed under the soft sparking regime, it is more difficult, even

impossible, to detect these sprayed a-Al>O3 particles throughout the inner sublayer of the

produced oxide (Figure 9b). One can observe some residual sprayed a-Al>O3 particles, but only
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located at the interface between the cold-spray and the PEO coatings. In order to confirm this
particular observation, figure 10 shows the cross-section (Figure 10a) and top-surface (Figure
10b) SEM micrographs recorded in a specific area of the sample CS14A1,03_PEO20min where
a juxtaposition of a sponge-like with a pancake-like morphology can be observed. First, it is
important to remember that such a juxtaposition is commonly observed when the PEO process
is about to switch from the arcs to the soft sparking regime, some locations over the processed
surface undergoing the soft regime earlier and resulting in the formation of sponge-like
morphologies locally. As a confirmation of previous observations, figure 10 shows again the
presence of residual sprayed 0-Al,Os particles throughout the inner sublayer of the oxide
coating, underneath the pancake-like morphology. In contrast, no sprayed a-Al>Os3 particles are
distinguishable inside the inner sublayer underneath the sponge-like morphology. Thus, it
seems that within the soft sparking regime, the sprayed a-Al>Os3 particles are strongly affected
by the PEO process and they are gradually transformed into the same morphology than that

observed for PEO of aluminium without particles incorporation.

The schematic illustration displayed in figure 11 shows the descriptive mechanism
proposed to explain the gradual transformation of these dispersed a-Al,O3 particles during the
transition from the arc to the soft PEO sparking regime. These explanations are mainly based
on the existing models of discharge formation in the PEO process, especially the different types
of micro-discharges that can appear through the specific bi-layered PEO oxide coating during

each sparking regime [23, 24, 60, 73, 81, 92, 98, 99].

First, within the initial arc sparking regime (Figure 11a), and according to Hussein’s
model [81, 92, 98], strong B-type of discharges, originating from the metal-oxide interface,
develop throughout the overall thickness of the PEO oxide coating, while softer A- and C-type

discharges occur in micropores or cracks specifically located at the topmost surface of the
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coating [81, 92, 98, 99] or throughout the overall coating [100-103] . The long-lived (> 100 ps)
and large-sized (> 10 um in average diameter) B-type discharges significantly affect the
morphology of the coating and result in the formation of the typical cracked-pancake structures
at the surface of the oxide coating as well as the formation of large cavities filled with electrolyte
underneath the outer oxide sublayer [57, 58]. They are mainly responsible for the outward
growth of the oxide coating as a result of the ejection of molten aluminium/alumina material
from the heated discharge channel to the coating surface where it is rapidly solidified by the
electrolyte [61, 81, 92, 98]. However, and although these intense B-type discharges dominate
the arc sparking regime period of time, they occur fewer in number and less frequently
compared to the smaller A and C-type micro-discharges [61, 98]. This is mainly due to a larger
current “leakage” in each B-type discharge channel. Thus, the dispersed a-Al,Os particles
localized in the inner oxide sublayer are statistically less exposed to the surrounding detrimental
B-type discharges, thereby limiting their morphological transformation. Add to that the fact that
it is also well-established that presence of pores and structural defects significantly reduce the
dielectric breakdown strength of alumina and favor its dielectric breakdown at lower voltage
[95-97]. Micro-discharges are therefore expected to preferentially trigger through the micro-
porous PEO alumina than across the denser dispersed a-Al>Os3 particles, the latter exhibiting a
higher dielectric breakdown strength. Thus, within the initial arc sparking regime, the B-type
discharges circumvent in a major extend the sprayed a-Al>Os3 particles, leaving them unaffected

by the PEO process (see figures 9a and 10).

Secondly, with the transition from the arc to the soft sparking regime (Figure 11b), the
intense and visible B-type discharges are gradually replaced by more numerous and tiny micro-
discharges that remain confined in the micropores of the inner oxide sublayer [61, 81, 92, 98].

According to Cheng’s model [23, 24, 60, 73, 99], they are classified as internal D-type micro-
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discharges and they locally initiate between adjacent pores or cracks, as illustrated in figure
11b. It is now accepted that these short-lived (< 10 us) and small-sized (< 1 um in average
diameter) D-type micro-discharges mainly lead to the inward growth of the microporous inner
oxide sublayer. The oxidation growth front extends vertically towards the substrate and
gradually overlaps the dispersed a-Al,O3 particles at the same time. As schematically described
in the inset in figure 11b, and taking into account that dielectric breakdown is favored in porous
and defect-full alumina, a D-type micro-discharge is most likely to initiate in the micro-porous
alumina formed in the very closed vicinity of a dispersed a-Al>Os3 particle. Thus, this particle
locally undergoes a high mechanical stress (> 1 GPa [60]) due to shock-wave propagation as
well as a significant increase in the temperature (> 3000 K [98, 104]). It leads to a local
fragmentation, heating and melting of the interface of the dispersed a-Al,Os3 particle followed
by a solidification step when the micro-discharge extinguishes. In a recent study, Cheng et al.
also evidenced the existence of higher temperature conditions in the inner PEO sublayer during
the soft regime compared to the arc sparking one, which may significantly contributes to sinter

and gradually transform the sprayed a-Al>Os3 particles [62].

Finally, as the soft sparking regime goes on (Figure 11c), and with the repetitive ignition
/ extinction cycles of the surrounding D-type micro-discharges, the dispersed a-Al>O3 particles
are gradually transformed into the typical micro-porous morphology of the inner PEO oxide

sublayer, making them indistinguishable at the end of the PEO process (see figures 9b and 10).

Figure 12 and table 5 report results from the dry sliding wear tests performed on the
prepared PEO oxide coatings with a normal load and a sliding distance set at 7 N and 50 m,
respectively. More specifically, figure 12 shows the variations of the friction coefficient as a
function of the sliding distance recorded on the samples CSOAIOs_PEO35min and

CS14A1,03_PEO35min. Regardless of the a-Al>O3 particles content in the sprayed coating,
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results clearly evidence an overall improvement of the tribological properties of the samples
after PEO treatment (see figure 4 for comparison). First, the friction coefficient remains quite
constant with the sliding distance for the PEO-treated samples while high amplitude
fluctuations were observed for the as-sprayed samples. Secondly, for both samples, the
calculated average friction coefficient is marked by a significant decrease after PEO treatment.
It decreases from 0.89 to 0.70 after PEO treatment performed on the cold-sprayed coating
containing no dispersed a-Al>O3 particles, while it reduces from 0.79 to 0.65 when PEO is
applied on the deposited coating containing 14 vol% of sprayed a-Al,O3 particles. From these
results, it also appears that the addition of a-Al>O3 particles into the sprayed coating slightly
reduces the friction coefficient of the produced PEO layer from 0.70 to 0.65. This observation
could be correlated by the relative content of the a-Al20O3; alumina phase in the PEO coatings
as previously discussed with X-ray diffraction measurements (Figure 8). Indeed, they showed
that a higher proportion of a-Al,O3 alumina phase is produced in the PEO coating that initially
contained dispersed a-Al,Os particles when compared with the one without sprayed a-Al,Os3
particles. Thus, a higher content in 0-Al>2O3 alumina phase into the PEO layer, favoured by the
initial dispersion of 0-Al,Os3 particles into the cold-sprayed coating, seems to contribute to
reduce the friction coefficient of the synthesized duplex coating. This is in good agreement with

previous studies [105-109].

As a complement of these sliding wear tests, figure 13 shows the 3D surface
topographies and the associated SEM micrographs of the wear tracks for samples
CSOAL2O3_PEO35min (Figure 13a) and CS14A1203_PEO35min (Figure 13b). By comparing
figures 5 and 13, it clearly appears that the counter-body penetrates deeper in the pristine cold-
sprayed coatings (CSOAL,Os3 and CS14A103) than in the PEO processed ones

(CSO0AI203_PEO35min and CS14A1,03_PEO35min). This reveals that PEO treatment makes
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the treated surfaces much more resistance to wear which is also confirmed by the calculated
values of the wear rate. Indeed, and as reported in table 5, the wear rate of the PEO oxide layers
is almost reduced by almost two orders of magnitude compared with the one measured on the
cold-sprayed coatings. As usually observed for PEO of bulk aluminium substrate, the wear rate
decreases from to 1.1x107 + 4x10™* mm?/(N-m) for the A12017 substrate to 1.7x107 + 5x10°
mm?*/(N-m) after PEO, these values being in good agreement with results found by Arrabal et
al. in the same wear test conditions [106]. In addition, it is about 4.7x107* + 4x10* mm?/(N-m)

after cold-spray deposition (sample CSOAI>O3) and it drops down to about 2.4x107 * 5x10
mm?*/(N-m) after PEO treatment for 35 min (CSOALOs_PEO35min). It is worth noting that this
achievement is all the more significant considering the severe wear test conditions used on the
PEO oxide coatings (7 N normal force and 50 m sliding distance) compared with those applied
on the as cold-sprayed coatings (1 N normal force and 10 m sliding distance). In addition, it
appears that the depth of the wear tracks does not exceed 15 pm, which corresponds exactly to
the thickness of the sponge-like outer sublayer of the PEO coatings elaborated within the soft
sparking regime as shown in figure 9. SEM micrographs in figure 13 confirm that only the
outermost sponge-like morphology was removed during the wear tests. These observations
reveal that this sponge-like morphology is mechanically more brittle than the denser inner
sublayer, hence making it more sensitive to abrasion. Regarding more specifically the PEO
treated samples CSOALO3_PEO35min and CS14A1,03_PEO35min, the wear tracks presented
in figure 13 exhibit a similar aspect which reflects a fully abrasive wear mechanism. Thus, the
wear mechanism evolves from a mixture of abrasive and adhesive behavior for the aluminium-
based coatings deposited by cold-spray to a fully abrasive behavior for the alumina-based
coatings produced after PEO. Finally, the dispersion of a-Al,Os particles in the cold-sprayed

coating does not seem to affect the wear mechanisms operating on the final duplex coatings.
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3.4 Discussion about the conversion ratio of the sprayed coating into oxide

Figure 14a shows a cross-section SEM micrograph of sample CS5A1,03_PEO35min. The
PEO oxide layer exhibits the typical morphology of PEO coatings elaborated within the soft
sparking regime, that is a thin and a nodular sponge-like morphology at the outermost surface,
and a thicker and more compact inner sublayer. Surprisingly, transverse cracks are observed
throughout the PEO oxide layer as well as delamination of the cold-sprayed coating at the
interface with the aluminium substrate. Note that such morphological defects were not observed
for the other samples that were PEO processed under the same conditions
(CSO0AIL203_PEO35min and CS14A1203_PEO35min). This could be explained by considering
the relative proportion of the oxide layer produced from the initial cold-sprayed coating. Indeed,
for this specific sample CS5A1,03_PEO35min, and as reminded in table 5, thickness of the
cold-sprayed coating, is about 70 + 10 um which is thinner compared with the other sprayed
coatings investigated in the present study (up to about 280 um). After 35 min PEO processing
time, the cross-section SEM micrograph in figure 14 shows that the thickness of the produced
oxide layer is about 48 £ 5 um, which is about 70 % of the sprayed coating thickness (compared
to 20 % for the samples CSOALO3_PEO35min and CS14Al,05;_PEO35min). For such a
proportion of oxide, it is expected that the total strain experienced by the oxide layer, due to the
building of thermal stress and stress generated by oxide formation and the associated volume
expansion, cannot be accommodated further by the sprayed coating underneath. It results hence
in the activation of damage mechanisms causing failures into the oxide layer and at the interface
between the cold-spray coating and the aluminium substrate. Finally, the damaged morphology
of this duplex coating has a detrimental effect on its tribological properties as shown in figure
14b and as summarized in table 5. Indeed, for the sample CS5A1,0O3_PEO35min, the variation

of the calculated friction coefficient as a function of the sliding distance exhibits higher
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amplitude instabilities than for the sample CS14A1,O3;_PEO35min. In addition, its average
friction coefficient (0.73) and wear rate (6.4x107 * 5x10° mm*/(N-m) um?/(N-m)) are also
higher than for the other samples PEO processed under the same conditions. Finally, these last
observations tend to demonstrate that the part of the metallic sprayed coating converted to oxide
is of a crucial importance for the further development of high quality duplex aluminium MMC

coatings produced by combining cold-spray and PEO methods.
4. Conclusion

In this study, the combination of cold-spray deposition and plasma electrolytic oxidation
(PEO) methods was applied with the aim of producing composite ceramic coatings with
improved tribological properties. More specifically, the influence of dispersed a-Al>O3
particles in a cold-sprayed aluminium coating (0, 5 and 14 vol%) on its subsequent oxidation

by PEO (in arcs and soft sparking regimes) was questioned.

In the range of the cold-sprayed conditions investigated, the results collected on the as-cold-

sprayed coatings support the following conclusions:

- The feasibility of cold-spraying thick (up to 280 um), homogeneous and adherent
aluminium-based coatings containing well-dispersed 0-Al>O3 particles up to 14 vol% was
demonstrated.

- The presence of hard a-Al,O3 particles into the spray promotes more compact but thinner
coatings. This is due to concomitant opposite mechanisms: on one hand a larger peening
effect reducing the porosity of the growing sprayed coating, and, on the other hand, a
stronger sputtering effects limiting its thickening.

- Whatever the amount of dispersed a-Al203 particles, the as-sprayed coatings exhibit a poor

tribological behaviour compared to bulk aluminium.
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The addition of a-Al>O3 particles in the aluminium sprayed coating has a beneficial effect
on the friction coefficient by improving the dry lubrication property of the overall coating,

but, in turn, decreases its wear behaviour.

The results collected on the duplex coatings, produced after PEO treatment on the as-sprayed

coatings (in the range of the PEO conditions investigated), support the following conclusions:

The dispersion of a-Al,Os3 particles into the aluminium sprayed coating tends to moderate
the growth kinetic of the PEO oxide layer. This is explained by the quite absence of porosity
into the deposited coating, due to a strong peening effect of the sprayed hard particles.

The dispersion of a-Al,Os particles into the aluminium sprayed coating promotes the
formation of the corundum phase during the post-PEO treatment because their presence
triggers the transition to the PEO soft sparking regime earlier.

Within the arcs sparking regime, the angular and blocky dispersed a-Al>Oj3 particles are not
affected by the PEO process and keep their initial morphology. Oppositely, they are
gradually transformed to a finely porous morphology within the soft sparking regime,
making them unrecognizable throughout the PEO inner sublayer.

PEO oxide coatings exhibit improved tribological properties compared with the as-sprayed
coatings. The dispersion of a-Al>O3 particles into the aluminium sprayed coating slightly
reduces the friction coefficient of the produced PEO coatings which can be attributed to a

higher amount of corundum phase in the oxide layer.

Finally, based on the present work, further studies should be devoted to the development

of composite ceramic coatings using zirconia or titania sprayed particles to achieve new

tribological properties, and to get a better understanding of the transformation mechanisms of

these dispersed particles during PEO. Similarly, for the further development of high quality
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duplex aluminium MMC coatings produced by combining cold-spray and PEO methods,

adhesion properties with the substrate should be assessed appropriately.
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List of tables

Table 1: Elemental composition of the commercial 2017 grade aluminium alloy used as
metallic substrate.

Composition Cu Mg Mn Fe Si Zn Ti Cr Al

in wt% 39-50 05-12 04-12 03 05-12 0.25 0.15 0.1 Balance

Table 2: Elemental composition of the commercial 1050 grade aluminium alloy used as cold-
sprayed powder.

Composition Fe Si Zn Cu, Mg, Mn, Ti Al

in wt% 0.40 0.25 0.07 <0.05 Balance

Table 3: Elemental composition of the corundum 0-Al,O3; alumina used as cold-sprayed
powder.

Composition Fe203 Na20 SiO2 CaO ALO3

in wt% <0.05 <0.30 <0.02 <0.01 Balance
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Table 4: Conditions of elaboration of the different samples using cold-spray (CS) and plasma
electrolytic oxidation (PEO) processes. (Al is for the unsprayed Al2017 substrate and
Al_PEO35min is for PEO of the unsprayed AI2017 substrate)

Cold-spray deposition PEO processing time

Sample name PEO sparking regime

Al2O3 content (vol %) (min)
Al - - -
CS0ALOs 0 - -
CS5A1:03 5+1 - -
CS14A1:03 14 +1 - -
Al_PEO35min - 35 soft
CS0AL:O3_PEO35min 0 35 soft
CS5A1203:_PEO35min 5+1 35 soft
CS14A1:03_PEO20min 14+1 20 arc
CS14A1:03_PEO35min 14+1 35 soft

Table 5: Morphological characteristics of the cold-sprayed and PEO coatings, and conditions
of the dry sliding wear tests and the associated results. (Al is for the unsprayed Al2017 substrate
and Al_PEO35min is for PEO of the unsprayed Al2017 substrate)

Cold-spray coating PEO

. Wear tests
coatings

Sample name Thickness  Porosity | Thickness | Normal  Sliding  Average Wear rate

(um) (vol%) (um) load distance  friction (mm’/(N-m)

(N) (m) coef.

Al - - - 1 10 0.63 1.1x103 £ 4x10*
CS0ALO3 420 =20 7+05 - 1 10 0.89 4.7x1073 + 4x10*
CS5AL0s" 70+ 10 3+0.5 - - - - -
CS14A1,03 280 +5 <0.5 - 1 10 0.75 7.0x1073 + 3x10*
Al_PEO35min - - 615 7 50 0.72 1.7x107 + 5x10°°
CS0AL:03_PEO35min 420 + 20 7+0.5 T2+£5 7 50 0.70 2.4x107 + 5x10°
CS5A103_PEO35min” 70+ 10 3+0.5 48 +5 7 50 0.73 6.4x107 + 5x10°¢

CS14A1,03_PEO20min 280 +5 <0.5 23+5 - - - -
CS14A1,03_PEO35min 280 +5 <0.5 57+5 7 50 0.65 3.1x10° £ 2x10°°

* Specific samples for which the thickness of the cold-spray coating (70 + 10 um) is close to the thickness of the
PEO oxide layer (48 £5 um)
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List of figures

Cold spray deposition Fine polishing Plasma Electrolytic Oxidation

/c\ e Al
a0
/o o o ® 0-AlLO;

Surface preparation
(sand blasting)

Al substrate Al substrate Al substrate

Figure 1: Schematic description of the duplex surface treatments carried out on aluminium
substrate (prepared by sandblasting) consisting of, first, cold-spray deposition of an Al or an
Al/a-Al,03; composite coating followed by a fine polishing step (LJ20 um thickness removal),
and finally followed by plasma electrolytic oxidation (PEO).
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b) CS14Al,0,

cross-section view

oy

Figure 2: Cross-section SEM micrographs recorded in BSE imaging mode at different
magnifications on the samples a) CSOAl,03 and b) CS14Al>0s.
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Figure 3: XRD diffraction patterns recorded in Bragg-Brentano geometry (Cu-Ka; radiation A
= 0.1542 nm) on samples CSOAI,O3; and CS14Al,0s. Peak indexation is based on the JCPDS
files, 00-004-0787 for the fcc-Al structure and 00-010-0173 for the rhombohedral a-Al;O3
structure.
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Figure 4: Variation of the friction coefficient as a function of the sliding distance recorded on
the samples CSOAI,O3; and CS14Al1,0s. Dry sliding wear tests were performed with a normal
load of 1 N and a sliding distance of 10 m.
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a) CSOAI,O b) CS14Al,0
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Figure 5: 3D images of the surface topography and the associated top-surface SEM
micrographs recorded in SE imaging mode of the wear tracks obtained after dry sliding wear
test performed on samples a) CSOALLOs and b) CS14AL0s. Dry sliding wear tests were
performed with a normal load of 1 N and a sliding distance of 10 m.
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Figure 6: Voltage-time responses of the PEO treatments carried out for samples

CSO0ALO3_PEO35min, CS14A1,03;_PEO20min and CS14A1,03_PEO35min.
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Figure 7: Cross-section and top-surface SEM micrographs recorded in BSE imaging mode on
samples a) CSOA12O3_PEO35min and b) CS14A1,0;_PEO35min.
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Figure 8: XRD diffraction patterns recorded in Bragg-Brentano geometry (Cu-Ka radiation A
=0.1542 nm) on samples CSOAIL,O3;_PEO35min and CS14A1,05_PEO35min. Peak indexation
is based on the JCPDS files, 00-004-0787 for the fcc-Al structure, 00-010-0173 for the
rhombohedral a-Al;Os structure and 01-075-0921 for the fcc y-Al2Os3 structure.
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Figure 9: Cross-section and top-surface SEM micrographs recorded in BSE imaging mode on
samples a) CS14A103_PEO20min and b) CS14A1,03_PEO35min.
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Figure 10: a) Cross-section and b) top-surface SEM micrographs recorded in BSE imaging
mode on sample CS14A1203_PEO20min and showing the juxtaposition of a sponge-like

morphology with a pancake-like morphology.
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Figure 11: Schematic illustration of the gradual transformation of the dispersed a-Al>O3
particles into an aluminium cold-sprayed coating a) within the initial arc sparking regime, b)
during the arc to soft sparking regime transition, and ¢) within the soft sparking regime.
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Figure 12: Variations of the friction coefficient as a function of the sliding distance recorded
on samples CSOAIL,O3_PEO35min and CS14A1,03_PEO35min. Dry sliding wear tests were
performed with a normal load of 7 N and a sliding distance of 50 m.
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a) CSOAIL,O, PEO35min b) CS14A1,0,_PEO35min

Figure 13: 3D images of the surface topography and the associated top-surface SEM
micrographs recorded in SE imaging mode of the wear tracks obtained after dry sliding wear
test performed on samples a) CSOAIL,O;_PEO35min and b) CS14Al,03_PEO35min. Dry
sliding wear tests were performed with a normal load of 7N and a sliding distance of 50 m.
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Figure 14: a) Cross-section SEM micrograph recorded in BSE imaging mode on sample
CS5A1203_PEO35min. b) Variation of the friction coefficient as a function of the sliding
distance recorded on samples CS5A1,03_PEO35min and CS14A103_PEO35min. Dry sliding
wear tests were performed with a normal load of 7 N and a sliding distance of 50 m.
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