N

N

Physico-chemical characterisation and tribological behaviour
of ground micro-arc oxidation coating on aluminium alloy -
Comparison with hard anodised oxidation
Louis Rodriguez, Aurélien Vieu, Marion Balsarin, Philippe Combes, Joél Alexis,

Jérome Esvan, Samuel Lesko, Jean Denape, Jean-Yves Paris, Karl Delbé

» To cite this version:

Louis Rodriguez, Aurélien Vieu, Marion Balsarin, Philippe Combes, Joél Alexis, et al.. Physico-chemical char-
acterisation and tribological behaviour of ground micro-arc oxidation coating on aluminium alloy — Com-
parison with hard anodised oxidation. Wear, 2023, 516-517, pp.204591. {10.1016/j.wear.2022.204591). <hal-
04061749)

HAL Id: hal-04061749
https://hal.science/hal-04061749v1

Submitted on 25 May 2023

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-

for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to'flizﬁtion
HAL Authorization


https://hal.science/hal-04061749v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Highlights

Physico-chemical characterisation and tribological behaviour of micro-arc oxidation coating
on aluminium alloy — Comparison with hard anodised oxidation

Louis Rodriguez, Aurélien Vieu, Marion Balsarin, Philippe Combes, Jo€l Alexis, Jérome Esvan, Samuel Lesko, Jean
Denape, Jean-Yves Paris, Karl Delbé

e MAO coating is made of @—, y—alumina, aluminosilicate and amorphous silica ;
e MAO mechanical properties are about three times higher than those of the HA coating ;

e The best wear resistance condition on was the ground MAO coating.
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ARTICLE INFO ABSTRACT

Keywords: This study aims to compare the tribological properties of classical hard anodisation (HA) and a
Aluminium coating ground micro-arc oxidation (MAO) coating. Analysis on MAO showed that its hardness and elastic
Plasma electrolytic oxidation modulus are around three times greater than HA. Wear tests were evaluated using a linearly
Sliding wear reciprocating ball-on-flat using alumina balls. The HA coating did not withstand the test. The
Third body substrate was severely degraded. MAO coating wear rate is 3.1 x 1075 mm?.N~!.m~!. It is 22

times lower than that on HA coating. Energy dissipated calculation showed that 26 kJ is needed to
remove 1 mm? of materials from MAO tribocouple. Conversely, only 0.7 kJ is needed to remove
1 mm? from HA tribocouple.

1. Introduction

The use of innovative solutions would reduce the energy lost due to friction and wear by around 40% in 15 years
(1). Because of its low density and abundance, aluminium, the most widely used non-ferrous metal globally, remains
important in reducing the overall mass of the systems and the energy consumed to operate them. However, its low
hardness makes it sensitive to abrasive wear if not protected by any surface treatment. Various processes have been
developed to increase the surface hardness of aluminium parts. Hard chromium is a particularly effective coating where
hardness between 900 and 1000 HV can be achieved (2). However, it is not compatible with REACH regulations. HA is
the most common treatment for improving the wear resistance of aluminium parts (3). It allows obtaining a hardness
in the range of 450 to 600 HV. Moreover, it is REACH compliant as long as it is not sealed in a potassium dichromate
bath. Finally, micro-arc oxidation (MAO) is a promising REACH compliant anodic surface treatment process designed
to limit wear.

Micro-arc oxidation (MAO) is also refered in the literature to Plasma Electrolytic Oxidation (PEO) (4) and to Anodic
Spark Deposition (ASD) (5). This technique uses a high potential difference, usually alternating or pulsed at a frequency
varying between 100 Hz and 1000 Hz, a high electrical potential (400 to 1000 V) and a very high current density
between the workpiece and a counter electrode. Mechanism of formation of such layer is a succession of oxide dielectric
breakdown, fusion and crystallisation (6).

When a barrier-type oxide layer reaches a certain thickness, dielectric breakdown occurs and ends the "normal”
growth of the oxide (7). The breakdown of the anodic layer is characterised by a "breakdown voltage" (Ug)
accompanied by a visible spark and an audible snap. The breakdown voltage usually depends on the type of metal being
anodised and the electrolyte composition and resistivity. However, it is independent of the current density, temperature,
surface topography and the stirring speed of the electrolyte (8). The intense electric fields cause a local rise in the oxide

*Corresponding author
54 louis. rodriguez@git.fr (L. Rodriguez); aurelienvieu31@gmail.com (.A. Vieu); marion.balsarin@git.fr (.M. Balsarin);
philippe.combes@git.fr (.P. Combes); Joel.alexis@enit.fr (J. Alexis); jerome.esvan@toulouse-inp.fr (J. Esvan);
samuel.lesko@bruker.com (.S. Lesko); jean.denape@enit.fr (J. Denape); jean-yves.paris@enit.fr (.J. Paris);
karl.delbe@enit.fr (K. Delbé)
ORCID(s): 0000-0002-8974-3462 (L. Rodriguez); 0000-0001-8137-3770 (.A. Vieu); 0000-0002-6769-6124 (.J. Alexis);
0000-0002-0496-9447 (.J. Denape); 0000-0002-1562-935X (J. Paris); 0000-0002-8503-2671 (.K. Delbé)

L. Rodriguez et al.: Preprint submitted to Elsevier Page 1 of 13



25

30

35

40

45

50

55

Physico-chemical characterisation and tribological behaviour of micro-arc oxidation coating on aluminium alloy —
Comparison with hard anodised oxidation

Alloy elements Mg Fe Mn Si Zn Cr Ti Cu Al
Concentration (%) 35-45 05 02-07 04 025 0.05-025 0.15 0.1 base

Table 1
Chemical composition (weight percent) of an aluminium alloy 5086 H111 (32).

R, (MPa) R, (MPa) A (%) Hardness (HBW)
240 - 310 mini 100 15 65

Table 2
Mechanical properties of an aluminium alloy 5086 H111 (33).

temperature by Joule effect. The low density of charge carriers causes the formation of micro-arcs. The voltage (or
electric field) required for the oxide breakdown depends on the passive layer thickness.

The application of an intense electric field increases the speed of movement of the ions and thus intensifies the
accumulation of heat. When the electric field exceeds the critical value of the breakdown voltage, the oxide structure
becomes sufficiently disordered that ions can pass directly through the disordered oxide structure rather than through
gaps. This change causes atoms and ions to collide in the oxide layer, resulting in micro-arcs. Indeed, as the thickness
of the oxide layer increases, the equivalent resistance of the system increases and therefore, the required breakdown
voltage also increases (9).

The layers obtained are thick (up to 500 um (10)), have a significant adhesion with the substrate and are recognised
for their high mechanical properties. As this technique causes the formation of an electrolytic plasma discharge to
produce an oxide layer (6). It can be used for most valve metals and their alloys (11; 12; 13).

Layers formed on the aluminium surface are ceramic types and consist of a dense inner layer and a friable outer layer.
The dense inner layer is around 60-70% of the total thickness layer. In most applications, a grinding process removes the
friable outer layer. The aim is to reduce the roughness and remove the brittle layer to obtain the most friction-friendly
surface and avoid abrasive particle circulation in the tribological system. Characteristics provided to the surfaces
make aluminium parts attractive for a wide range of tribological and wear applications. Different tribological test
configurations were set up to study the friction properties of these coatings. These tests can be grouped into different
categories: linear reciprocating (14; 15; 16; 17), ball on disc (15; 18; 19; 20; 21; 22; 23), ball on alternative disc (5),
block-on-ring (24), abrasion (24; 25). The tribological properties of a couple of materials are dependent on numerous
factors. In particular, the sliding materials are surrounded by the experimental system which has its own mechanical
and vibrating behavior, and are separated by interfacial elements such as the detached particles (from the contacting
surfaces) which strongly affect the friction and wear results (26; 27; 28). This study then proposes to compare HA and
ground MAO coatings under conditions as close as possible. The tests were carried out on the same tribometer and under
the same friction conditions. Thus, it was possible to construct two tribological circuits illustrating the different flows
of matter to compare the frictional and wear behaviours of the material pairs under conditions as close as possible. It
is therefore essential to test both HA and MAO coatings under the same conditions to compare their properties. A few
studies have done this work (14; 29; 30). Some have also studied the effect in friction properties of polished surfaces
(14; 15; 18). However, no work has been proposed to study the effect of mechanical grinding on tribological properties.

This study is the first to provide a tribological comparison between hard anodizing and ground micro-arcs oxidation
coatings as used in the industry.

Finally, for the first time to the author’s knowledge, a tribological circuit describing the frictional behaviour of the
first two bodies is proposed for both the HA coating and the ground MAO coating.

2. Material manufacturing and characterisation

The different treatments are performed on 5086 aluminium alloy plates. The composition and mechanical properties
of the alloy are given in the Tables 1 and 2. The metallurgical condition H111 means that the alloy has been annealed
and slightly hardened (31). The treated specimens are square plates of 100 mm side and 4 mm thickness.

L. Rodriguez et al.: Preprint submitted to Elsevier Page 2 of 13
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2.1. Hard anodisizing process

Hard anodising (HA) is an anodising treatment for obtaining thick oxide coatings on aluminium substrates. This
technique is commonly used to improve the wear resistance of aluminium parts. Conventional anodising treatment is
always preceded by several operations known as pre-treatment. The first step of the preparation consists of degreasing
in a commercial solution of Bonderite 4215 NC-LT. Then a basic etching is carried out in a basic solution composed
of sodium hydroxide and sodium glucoheptonate. Finally, an immersion in a nitric acid bath is carried out as a
last preparation step to remove the alloying elements concentrated on the surface. The aqueous electrolyte has a
concentration of 225 + 25 g/L in sulphuric acid. It is refrigerated at 0 + 5°C. The current density used is about
2.5 + 0.5 A/dm?. The thickness of the HA layers produced for this study is 55 + 5 um.

2.2. Micro-arc oxidation process

Micro-arc oxidation treatments are carried out at Galvanoplastie Industrielle Toulousaine (GIT) through CERA-
TRONIC process (34) using the company production installation. The treatment tank contains 900 L of electrolyte
and is maintained at a temperature of 23 °C by a cooling unit. The production generator CERATRONIC (CER325) is
connected to the workpiece and its 316L steel counter-electrode. The electrolyte consists of 5.4 g/L of liquid sodium
silicate concentrated at 1.37 kg/L and 1 g/L of potassium hydroxide diluted in deionised water. Finally, the bath must
have a conductivity of 6 =3 + 1.5mS.cm™! and apH = 11 + 1.5.

The treatment chosen as a reference for the study of the MAO coating and its tribological properties follow the
conditions mastered by the company.

The treatment is divided into three-time sequences of variable parameters, and the total duration of the process is
70 min. Plates are treated in pairs, and only one face is treated for each. The thickness of the MAO layers is 110 + 10 pum.
Finally, a finish grinding is done with a diamond wheel, and 50% of the total thickness is removed. In this way, the
ground surface is located in the dense layer.

2.3. Microstructure and surface analysis of the coatings

Observations on HA and ground MAO coatings cross-sections show that both coatings have good adhesion to the
substrate. Thicknesses are measured at five different points for each cross-sectional view. The thickness measured on
HA is 52 + 1 um [Figure 1.a]. The one obtained on the ground MAO is 58 + 1 um [Figure 1.b].

(a) (b)

Figure 1: SEM-BSD micrograph of a HA coating (a) and a ground MAO coating cross-sections (b). A copper deposit was
made to facilitate nanoindentation measurements.

Bruker’s ContourX-500 profilometer was used to measure various parameters describing the HA and ground MAO
surfaces. Measures are repeated five times to calculate the mean and standard deviations of each parameter. Four of
them are presented in the Table 3. The average (Sa) and quadratic (Sq) surface roughnesses measured on the HA are
about twice as low as those measured on the ground MAO. Both the HA and ground MAO surfaces have a kurtosis
greater than 3. Their height distributions are therefore sharp on average with thick distribution tails. The kurtosis of

L. Rodriguez et al.: Preprint submitted to Elsevier Page 3 of 13
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Sa (um) Sq (um) Sk S
HA 07+005 11+01 35+12 -35+0.7
g-MAO 15+02 20+02 178+4 -16=+02

Table 3
Surface parameters describing HA and ground MAO coatings.
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Binding energy (eV) Binding energy (eV)

(@) (b)

Figure 2: XPs spectrum of Al2p (a) and Si2p binding energies measured on a MAo.

the HA surface is twice as high as that of ground MAO, the height distribution is higher on the HA surface than on the
ground MAO. The skewness of the two coatings studied is less than zero. This is due to a shift in height distribution
from the Gaussian above the baseline.

2.4. Physico-chemical analysis of the coatings

X-ray photoelectron spectrometry (XPS) provides quantitative information on the chemical elements present on the
surface and their oxidation state. The spectra were recorded using a monochromatic Al Ka (hv = 1486.6 eV) source
on a ThermoScientific Ka system. The XPS spot size was about 400 um. The pass energy was fixed at 30 eV with a step
of 0.1 eV for core levels and 160 eV for surveys (step = 1 eV). The spectrometer energy calibration was done using
the Au 41, /2 (83.9+0.1eV) and Cu 2p; /2 (932.8 + 0.1 V) photoelectron lines. XPS spectra were recorded in direct
mode N (Ec), and the background signal was removed using the Shirley method. The flood gun was used to neutralise
charge effects on the top surface.

XPS analysis was carried out on the ground MAO coating. The main elements detected are O 1s (62.5%), Al 2p
(27.5%) and Si 2p (8.4%). Other elements are minimally detected, such as Na 1s (0.8%), Mg 1s (0.5%) and K 2p
(0.4%). The shift in binding energies (BE) measured on Al 2p (BE = 74.1 eV) testifies to the existence of the Al-O
bond, confirmed by the one measured on Si 2p (BE = 102.0 eV) indicating the presence of the Si-O bond and the
Al-Si-O bond [Figure 2] (35; 36).

A Philips X’Pert X-ray diffractometer (XRD) is used to analyse the composition of the crystalline phases present
in the coatings. The wavelength used is the Cu Ka (4 = 1.54 nm). Working geometry is Bragg-Brentano (6/26) with
a scan angle between 20 and 160° and a measurement step of 0.02°. The diffractograms are analysed using Profex
software. It is a graphical interface that allows performing Rietveld refinement with the program BGMN.

The analysis of the diffractogram obtained on HA [Figure 3.a] shows the presence of aluminium phase with lattice
parameters a = 0.406 nm and a phase of aluminium hydroxide (Al(OH)3) (a = 0.512 nm, b =0.507 nm, ¢ = 0.510 nm,
a=71°="73°y=159°). About 91% of the crystalline part is from aluminium and 9% is from aluminium hydroxide.
The shape of the diffractogram also indicates the existence of an amorphous phase in the layer. The ground MAO

L. Rodriguez et al.: Preprint submitted to Elsevier Page 4 of 13
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Figure 3: Diffractograms obtained by XRD on an HA (a) and ground MAO (b) coatings.

Al alloy HA g-MAO
Young’s modulus (GPa) 92+ 10 104 +4 330+ 64
Hardness (GPa) 14+03 6+03 21+ 4

Table 4
Average Young's modulus and Hardness measured on Al alloy, HA and ground MAO coating.

diffractogram shows that this coating consists of a gamma-alumina phase, alpha-alumina phase and an aluminosilicate
phase [Figure 3.b]. About 73% of the crystalline phase is gamma-alumina of lattice parameter a = 0.794 nm. The
aluminosilicate phase (a = 0.519 nm, b = 0.898 nm, ¢ = 0.744 nm, a = 92.3°, f = 106°, y = 89°) represent 24% of the
cristalline part. Finally, the alpha-alumina (corundum) phase represents 3% of the total crystalline phase and follows
a thombohedral arrangement with parameters a = b = 0.476 nm and ¢ = 1.297 nm.

2.5. Mechanical properties

An XP nanoindenter from MTS is used to characterise the mechanical properties of the different coatings.
Measurements are made in a cross-section to estimate the changes in properties as a function of the position in the
layers. A Poisson’s ratio of 0.3 is chosen to perform these calculations. Mappings are performed with five lines of 10
measurements. Measurements steps between each indentation are 10 um in both x and y directions. The indentations
were made in continuous stiffness measurement mode to a final depth of 500 nm. Hardness and stiffness are calculated
between 200 nm and 450 nm depth. Mechanical properties are calculated from the average of the ten measurements
made at each given distance from the substrate.

Nanoindentation mapping is performed on HA and ground MAO cross-section [Figure 4]. Young’s modulus and
hardness of the layers are given at different positions relative to the aluminium substrate. The average hardness and
elastic modulus are gathered in Table 4. Hardness found on the HA coating is similar to the one found in other study
(14). The highest hardness is 6.7 + 0.2 GPa, and the maximum modulus is 113 + 2 GPa. These are measured at 5 ym
from the interface with the aluminium substrate. Then it decreases progressively as it approaches the surface. The
highest mechanical properties are recorded in the ground MAO coating cross-section. Its hardness is 25 + 5 GPa, and
its maximum modulus is 430 + 110 GPa at also 5 um from the interface with the aluminium substrate. The trend curves
for the two coatings show that the evolution of hardness and modulus are comparable within the layer. The further away
from the interface with the substrate, the lower the mechanical property values. The modulus and hardness values found
on the MAO coating are those that can be found in the literature (37; 38; 39). They are also comparable to measurements
made on sintered a-alumina (39).

L. Rodriguez et al.: Preprint submitted to Elsevier Page 5 of 13
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Figure 4: Young's modulus (E) and hardness (H) measured at different distances from the aluminium substrate in the HA
(a) and ground Mao (b) coating.

Normal load (N) Frequency (Hz) Distance (mm) Duration (s) Temperature (*C) Humidity Rate (%)
25+ 0.5 5 10 1500 22 + 3 55+ 5

Table 5
Tribological test conditions.

3. Tribological test and wear behaviour

3.1. Friction measurement and energy dissipation

The UMT Tribolab ®produced by Bruker was performed in this study to evaluate the friction properties. It is a
reciprocating linear tribometer used in a ball/plane contact geometry. The upper carriage is equipped with a DFH 50
G force transducer. Friction conditions were chosen from the standard ASTM G 133 (40) and are summarised in the
Table 5. The balls used to implement this test are 99.5% pure polycrystalline alumina. Balls are 10 mm in diameter
and finish grade 25. Hardness is 16.2 GPa, and Young’s modulus is 370 GPa. Each friction test is repeated three times
to estimate the repeatability.

Friction curve obtained on not coated aluminium alloy 5086 is first introduced [Figure 5]. It shows that a maximum
of friction of 1.4 is reached at the beginning then it goes down to around 1 in an unstable manner until the end of the
test. Secondly, those registered on HA and ground MAO coatings [Figure 6] including the averaged friction coefficient
as well as the raw friction coefficients measured at 10 s and 750 s. The friction coefficient on the HA coating is irregular
over the whole test. The friction coefficient (u) is 0.73 + 0.13 but oscillates in the range of u = 1.1, especially at the
beginning of the test, and u = 0.5 during the significant part. Friction on the ground MAO increases with time and shows
a disturbing pattern during the first 150 seconds. After that, the friction coefficient drops to a relatively stable value of
about 0.90 until the end of the test. The mean value of the friction coefficient on ground MAO reaches 0.92 + 0.06.

Dissipated energies (Ep) are calculated by multiplying the tangential force by the cumulative distance over the
experiment. The proposed curves are derived from the average over the three tests. At the end of the test, an amount
of 2.6 + 0.02 kJ are dissipated during friction against the ground MAO and 1.7 + 0.3 kJ against the HA coating [Figure
71. This corresponds to an increase in energy dissipation of 53% with the ground MAO. The energy dissipated by the
HA and ground MAO coatings is similar during the first 200 seconds. There is then a break in the slope of the energy
dissipated by the HA reflecting a change in the accommodation mechanism inside the contact. The energy dispersion
observed on the HA shows the increasing instability of dissipative phenomena between the three data sets.

L. Rodriguez et al.: Preprint submitted to Elsevier Page 6 of 13
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Figure 5: Friction coefficient between an alumina ball and an aluminium plane.

3.2. Wear evaluation and surface observations

The wear pattern of the HA coating is elliptical with two small deeper areas [Figure 8.a] and shows abrasion
striations. The worn depth about 210 + 25 um which is much greater than that of the coating thickness [Table 6].
Furthermore, the width of the track on the plane is greater than that on the ball: the average radius of curvature in the
trace is 3.7 + 0.3 mm when the ball is 5 mm. This indicates a large amount of debris circulating in the contact and
actively participating in the degradation of the plane. Images obtained on the ball show an addition of material to the
surface without wear marks [Figure 8.b.c]. An HA wear rate of 6.7 X 10~* mm?>. N~!.m~! is calculated from the worn
volume measurement.

The ground MAO coating shows an oblong wear pattern with striation marks [Figure 9.a]. The areas of direction
changes show deeper wear. The counter-face ball has striations characteristic of abrasion mechanisms [Figure 9.b.c].
The coating was worn down to a depth of about 15 + 0.03 um. The differences in track width between the ball and
the plane and the average radius of curvature in the track of 12 + 0.1 mm, which is about twice that of the ball,
suggest again debris flow into the contact. The wear volume measurement on the ground MAO coating is 0.1 + mm?>
which gives a calculated wear rate of 2.7 x 107> mm>-N~!.m~! which is 13 times lower than that on HA coating.
However, the ball having rubbed on the ground MAO coating shows a slight loss of material leading to a ball wear rate
of 3.5 x 107 mm3-N~!.m~!, about 10 times lower than on the plane.

The total system wear rate, defined as the sum of the ball and plane wear rate, of the HA is approximately
6.7 x 10~* mm3-N~!.m~! while the one of the ground MAO is about 3.1 x 10~ mm?>-N~!.m~!.

SEM images of the HA planes after the tribological test are shown in Figure 10. The image at the direction change
shows cracks, indicating that the coating has broken in this area [Figure 10.a]. The contact area is large, and the spread
of material visible in the trace suggests adhesion phenomena and plastic deformation [Figure 10.b].

SEM observations on the ball that rubbed on the HA coating shown once again a deposit of material on the ball is
2.1 mm in width and 1.3 mm long with striations [Figure 11.a]. These observations suggest an adhesion mechanism
of coating and substrate on the ball associated with abrasion phenomena on this deposited material. Typical thermal
cracks can be observed below the tribofilm occurring at the opening of the contact at the end of the test, which causes
a thermal shock fast enough to cause cracking [Figure 11.b].

L. Rodriguez et al.: Preprint submitted to Elsevier Page 7 of 13
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Figure 6: Curves of the average and raw friction coefficient obtained on HA (a) and ground MaO (b) coatings.
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Figure 7: Cumulative dissipated energy calculated during the tribological test on an HA and ground MAO coatings.

SEM images of the ground MAO plane show that the contact area appears to be distributed over the entire wear
pattern resulting in the distribution of forces on the whole surface between the ball and the plane where plastic
deformation occurred 12.

The contact on the ball reveals a very homogeneous pattern with load-carrying areas where the material is smooth,
suggesting a polishing effect of small debris [Figure 13].
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Figure 8: Optical profilometry measurements of the wear marks of the HA coating (a), topography of the ball with intensity
overlay (b) and ball after a sphere removal (c) measured after friction test on HA coating after friction test. The deepest
areas are in dark blue on the images while the highest areas are in red.

Figure 9: Optical profilometry measurements of the wear marks of the ground MAO coating (a), topography of the ball
with intensity overlay (b) and ball after a sphere removal (c) measured after friction test on ground MAO coating after
friction test. The deepest areas are in dark blue on the images while the highest areas are in red.

HA g-MAO

Depth (pm) 210 + 25 15 + 0.03

Plane Track width (mm) 24 +0.2 1.2+0.1

Wear volume (mm?) 25+0.3 0.1+ 0.03

Track width curvature (mm) 37+03 12 +0.1

Worn height(pm) -5+3 25+ 0.6

Ball Wear scar diameter (mm) 15+02 1.2+0.2
Wear volume (mm?) —0,002 + 0.001 0,013 + 0.002

Table 6
Morphological parameters of the traces after tribological testing on HA and MAO coatings.

3.3. Discussion

The sliding of an alumina ball against the HA coating shows a friction coefficient lower than those measured on an
aluminium substrate. The irregularity of the average friction curve obtained on the HA coating reflects the impossibility
of setting up a stable third body within the contact. It is also noted from the mass loss measurements that the plane
only participates in the generation of debris. Furthermore, the wear depth measurement shows that the entire coating
has been degraded and that wear also deeply affects the substrate. However, the contact at the end of the test on the HA
coating is not exactly that of the contact between the alumina ball and an aluminium substrate because the debris forms
a tribofilm composed of a mixture of HA coating and aluminium substrate which contribute to reduce the tangential
forces comparing to pure aluminium. Post mortem observations striations show abrasion of the coating down to the
substrate and material deposits on the ball by adhesive mechanisms.

The friction between the alumina ball and the ground MAO coating takes place in two stages. During the first 150
seconds of the test, the tangential forces are very high, and the surfaces generate the first debris. The tribofilm is formed
after these first 150 seconds and contributes to accommodating the velocity differences. One-third of the debris comes
from the ball, while the other two-thirds come from the plane. After the 1500 s of testing, approximately 19% of the
dense layer was worn away. Observations highlight abrasion and plastic deformation mechanisms on both the plane
and the ball. Plastic deformation of debris is caused by the high compressive hydrostatic component generated during
friction (41). Adhesive phenomena were also observed on the ball.

In addition, the kurtosis measured on the HA coating is twice as high as that measured on the ground MAO coating.
This data reflects a morphology of the coating with thinner peaks and therefore, less resistance to sliding on the HA
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(a) (b)

Figure 10: SEM images of the direction change (BSD) (a) and the inside of the track (sE) (b) of the HA plane after the

tribological test.
(a) (b) (c)

Figure 11: SEM-BSD images of the ball having rubbed against the HA coating (a), magnification in the friction area (b)
and focus on the thermal cracks (c).

Figure 12: SEM-SE image inside the ground MAO track after the tribological test.

coating. Furthermore, the hardness of the ground MAO coating is about fifteen times higher than that measured on the

HA coating and its modulus is about three times greater than that of the ground HA coating. The significant improvement

in the mechanical properties of MAO compared to HA is due to the high concentration of gamma-alumina (73%) and

the presence of alpha-alumina (3%). Finally, 0.7 kJ needs to be dissipated to wear 1 mm? in the HA tribocouple while

215 26 kJ is needed to remove the same amount of materials in the MAO tribocouple. These values show the dissipated

energy divergences between the two coatings when the HA layer is consumed. It is much more difficult to create debris
from coatings rather than from aluminium substrate. It can be explained by the stiffness differences.

The figure 14 proposes a comparison between HA coating and ground MAO coating wear behaviour by means of two

schematic tribological circuits. The HA coating did not withstand the tribological test that was proposed in this study.

220 This resulted in significant degradation of the substrate. The released metal particles formed an adhesive tribofilm
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Figure 13: SEM-BSD images of the ball surface that have rubbed against the ground Mao coating.

—y Alumina
@y Third-body el a,

Alumina

Third-body

[ ]
Dense layer

*A“
Aluminium ~ HA debris Aluminium

(a) (b)

Figure 14: Tribological circuits obtained after the study of friction on an HA (a), a ground HA (b).

depositing on the ball. The energies dissipated were sufficiently large to cause thermal cracking on the ball when the
contact was opened. Conversely, the ground coating, which no longer has a friable layer, shows the least worn at the
end of the test.

4. Conclusions

225 Hard anodizing (HA) and micro-arc oxidation (MAO) coatings were deposited on a 5086 aluminium alloy. The
rectified coating was diamond-ground to remove the entire friable layer. This study proposes to characterise and observe
the differences in wear resistance of these coatings during a reciprocating linear tribological test in a ball/plane contact
geometry. This work is the first study an industrially ground MAO surface which compare the tribological properties
with those of HA. It also proposes a precise description of the local wear mechanisms and compare the main flows

230 of matter acting in the contact (source and wear flows) for ground MAO and HA coatings under the same sliding
conditions. They allow a comparison of the tribological behaviour of HA and ground MAO coatings under identical
friction conditions. Some conclusions could be drawn:

e The chemical composition measurements show that the MAO coatings consist of aluminosilicates, alpha and
gamma-alumina. The silicon added to the electrolyte is found in the totality of the layer in the form of
235 aluminosilicate and amorphous silica.

e The hardness and elastic modulus MAO are about three times higher than those of the HA coating. It is also
claimed that the mechanical properties of MAO increase as it gets closer to the substrate.

e The tribological test condition used in this study leads to the total degradation of the HA coating. In contrast,
the ground MAO coating exhibits much higher performance. The mechanical processes of grinding allow both to
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remove the well known friable layer from the MAO surface and decrease its roughness. The friction coefficient is
directly related to the shear forces in the interface. At the beginning of the tribological test, this value depends on
the interactions between the surfaces of the first two bodies. While during the rest of the test, it depends on the
morphology and chemical nature of the third body. The total wear rate measured on the MAO coating tribocouple
is 3.1 x 107 mm3-N~!.m~! which is around 22 times lower than that obtained on the HA coating tribocouple.
Also, adhesive strength explains why 0.7 kJ is needed to wear 1 mm?> from the HA tribocouple while 26 kI is
necessary to remove the same amount of materials from the MAO tribocouple. Finally, it is found that different
friction phases associated with large friction variations are observed on the HA while the friction is more stable
on the MAO coating. These results shows that ground MAO is the best performing coating for improving the wear
resistance of an aluminium surface.
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