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Abstract: The applications of aluminum and its alloys are still limited by low hardness and low
wear resistance properties. Surface modifications, such anodizing and plasma electrolytic oxidation,
represent a feasible way to overcome these drawbacks. In this study, discs of AA6082 were subjected
to the so-called G.H.A. hard anodizing process leading to an anodized layer having a honeycomb-like
structure. Samples having alumina layer thicknesses of 10, 50 and 100 µm were subjected to
unidirectional dry sliding wear tests, using bearing steel and silicon nitride as counterbody materials.
Surface and structure characterization of the samples were performed before and after the tribological
tests, using a wide range of techniques; atomic force microscopy and scanning electron microscopy
techniques were used before the wear tests. The wear scars were characterized by scanning electron
microscopy, energy dispersive spectroscopy and Fourier transform infrared spectroscopy techniques.
Results show that the different thickness of the anodized layer does not affect the pores dimensions but
has an influence on the micrometric domains in which the pores are divided. These features coupled
with the wear test conditions, show to have a strong influence on the wear behavior. The thinnest
sample showed also the best performance against the ceramic counterbody.
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1. Introduction

Aluminum and its alloys are widely used in a variety of industrial fields, owing to their low density,
good thermal and electrical conductivity and high strength. However, the practical applications of
these materials result in being still limited by major drawbacks like low hardness and poor wear
resistance. A feasible way to overcome these issues is to implement processes that modify surfaces,
such as anodizing, thermal spraying and plasma electrolytic oxidation.

The aluminum alloys 6xxx series are of particular interest for both the aerospace and automotive
industries, owing to the combination of intrinsic properties such as medium strength, formability,
weldability and corrosion resistance, coupled with the low cost [1,2].

Among all the alloys belonging to the 6xxx series, the precipitation-hardenable medium-strength
AA6082 is characterized by an excellent corrosion resistance and shows also the highest strength in
the 6xxx series [3,4]. These peculiar properties coupled with the high strength-to-weight ratio and
specific stiffness, are the reasons behind the extensive application of this Al–Mg–Si alloy in automotive,
aerospace and shipbuilding industries [5–8].
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The spontaneous oxidation taking place on the surface of aluminum is the fundamental basic
of the anodizing process, involving also a proper temperature level, an electrolytic solution, and the
electrical current [9,10]. During the process, the aluminum piece is placed inside the electrolytic bath
and is connected to the positive side (cathode) of a DC power supply, while the anode (negative side)
is an inert metal. When the current flows into the circuit, aluminum reacts with the electrolytic bath,
building up an Al2O3 oxide layer [11,12].

The mechanical and tribological properties of the oxide layer obtained by the anodizing process
are strongly influenced by the Al2O3 porosity and thickness [13–15]. These, in turn, strongly depend
on the operating conditions of the anodizing process, such as the cell voltage and the electrolyte
composition [16–21].

The porosity of the anodic oxide layers was found to be beneficial for tribological applications,
being used as a reservoir for lubricants to form self-lubricating structures, enhancing the friction and
wear performances [22–24]. Extensive studies on the wear resistance of filled-in anodic aluminum oxide
(AAO), as well as filled-up with solid or liquid lubricants, have been carried out [15,25–31], but not
many papers deal with the wear properties of anodized aluminum alloys under a dry (non-lubricated)
environment [14,32–37]. It is even harder to find a paper that investigated the dry sliding performance
of hard anodized aluminum under medium normal loads (between 1 and 10 N).

Vengatesh et al. [38] developed procedures to grow anodic aluminum oxide layers with
self-lubricating properties, which were successfully tested under 10 N normal load against stainless
steel (301), obtaining the coefficient of friction values always lower than 0.2. Tsyntsaru et al. [37] tested
the wear and friction behavior of anodic aluminum oxide (AAO) against corundum balls under normal
loads ranging from 40 to 1000 mN, with the resulting coefficient of friction values, which vary with
the porosity of the anodized layer; the formation of debris layers on top of the anodized surface was
also observed. The performance of 1050A and 5754H111 alloys anodized in different conditions were
tested by Guezmil et al. [32] under a load of 1 N against 100Cr6 counterbodies, showing a complex
wear mechanism affected by many factors including the initial morphology of the anodized layer.

Higher loads were tested by Dejun et al. [39] against ceramic counterbodies showing the dominance
of abrasive wear. Furthermore, Lu et al. [40] studied the wear of AA2024 subjected to anodization with
a novel acid bath mixture, using 100Cr6 steel as counterbody material under a normal load of 10 N;
results show that the surface properties of the anodized layer have a strong influence on the wear and
friction behavior of the tested samples. Recently, anodized eutectic Al–Si alloys were tested at higher
loads (20 N) against nodular cast iron [41], while medium loads (5 N) and corundum balls were used
by Benea et al. [42] to study the friction and wear performance of anodic films grown using different
potential, showing wear rates always lower than 2 × 10−3 mm3/Nm.

In the present study, discs of aluminum alloy 6082 were subjected to a particular hard anodizing
process [43,44], and their wear performance was characterized through unidirectional dry sliding tests.
The surface and microstructure of the samples was characterized coupling different techniques and
correlated to the conditions at which the wear tests were performed.

2. Materials and Methods

Disc specimens having a diameter of 20 mm and a thickness of 5 mm made of aluminum alloy 6082
T6 were subjected to the hard anodizing treatment known as G.H.A.® [44]. The main feature of this
method is represented by sealing the Al2O3 layer porosities with silver ions. Moreover, this particular
anodizing process creates a compact hexahedral alumina layer organized in a honeycomb-like structure.
According to the different anodized layer thickness, samples were divided in three groups: (i) 10 µm
(GHA10), (ii) 50 µm (GHA50) and (iii) 100 µm (GHA100), as shown in Table 1.



Metals 2020, 10, 207 3 of 15

Table 1. Description of the characterized samples.

Name Al2O3 Thickness

GHA10 10 µm
GHA50 50 µm

GHA100 100 µm

Surface morphology was detected by means of atomic force microscopy (AFM), using an MFP-3D
AFM device (Asylum Research, Goleta, CA, USA); for each sample, regions having a surface area of
1 µm × 1 µm were inspected.

Microhardness measurements were performed using an applied load of 200 gf using a REMET
HX1000 machine (Remet, Bologna, Italy). Each data is the average of five individual measurements.

The friction coefficients were measured using unidirectional dry sliding pin-on-disk wear tests,
performed by means of a tribometer (VTHT, Anton-Paar®, Buchs, Switzerland). Tribological experiment
were conducted in ambient atmospheric conditions at a room temperature of about 20 ± 2 ◦C, and at
a relative humidity of about 75%. In order to fully characterize the wear behavior of the anodized
coatings, two different balls materials were chosen as counterbodies: (i) bearing steel 100Cr6 and
(ii) ceramic (Si3N4). The diameter of the balls was 6 mm. The maximum surface roughness values
of the metallic and ceramic balls were 0.032 µm and 0.014 µm, respectively. The main experimental
parameters for the tribological tests were set as follows: (i) 5 N normal load, (ii) 6 mm track radius,
(iii) total distance of 250 m, and (iv) a linear speed of 10 cm/s. To ensure the repeatability of the results,
three tribotests have been performed for each condition. In order to have an exhaustive characterization
of the dry sliding behavior of the samples, very hard (Si3N4, about 1600 HV) and softer (100Cr6,
martensitic, about 700 HV) counterbody materials were used, while the remaining testing conditions
were unchanged.

Wear tracks were characterized by field emission gun scanning electron microscopy (FEGSEM)
using a FEI (FEI, Eindhoven, The Netherlands) Nova NanoSEM equipped with a Bruker Quantax
(Bruker, Hamburg, Germany) energy dispersive spectroscopy (EDS) unit for elemental microanalysis.

The SEM micrographs were obtained collecting the secondary electrons signal and using 5 kV
accelerating voltage.

Chemical analysis of the tracks was performed with the Fourier Transform Infrared Spectroscopy
(FTIR) technique, using a Perkin Elmer Spectrum 400 spectrometer (Perkin Elmer, Waltham, MA, USA).

The images and profiles of the wear tracks from the 876.6µm× 659.8µm surface area were acquired
by profilometry analysis using an optical surface metrology system Leica DCM8 (Leica Microsystems,
Wetzlar, Germany) with an EPI 20X-L objective. The specific wear rate W was calculated using the
normal load N, the sliding distance S and the wear volume V [45,46], which was calculated using the
wear track depth and width information from the profiles examined at the optical profilometer.

3. Results

3.1. Microstructural Characterization

In order to characterize the surface morphology, the three GHA samples, namely the GHA10,
GHA50 and GHA100 samples, were investigated by atomic force microscopy (AFM).

The 1 µm × 1 µm images reported in Figure 1 show remarkable differences among the surfaces
of the samples. The surface of the GHA10 sample (Figure 1a) shows semi-parallel deep grooves that
disappear when the thickness of the anodized layer was increased up to 50 µm. In fact, on the GHA50
surface (Figure 1b) only rounded dimples and bubble-like features were visible. When the thickness
of the alumina layer was further increased up to 100 µm, the surface results to be a combination of
the peculiarities shown by the first two samples; indeed, a quite smooth surface with small rounded
features organized in shallow grooves was present (Figure 1c).
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Figure 1. Atomic force microscopy (AFM) images of the samples surfaces: (a) GHA10, (b) GHA50 and
(c) GHA100.

In order to deeply characterize the surface of the samples, the field emission gun scanning electron
microscope was used. Figure 2 shows the micrographs obtained with the secondary electrons signal.
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Figure 2. Field emission gun scanning electron microscopy (FEGSEM) inspection of the samples
surfaces: (a) GHA10, (b) GHA50 and (c) GHA100. Insets show high magnification details.

In this particular case, the electronic beam was accelerated by a low voltage (i.e., not higher than
3 kV), with the purpose to limit the charge effects and keep the detailed level of the images as high as
possible, avoiding the application of a conductive coating. The micrograph in Figure 2a shows that the
GHA10 samples had peculiar superficial features not detectable on the other samples. The structure of
the porous anodic aluminum oxide (AAO) was organized in domains having variable dimensions
and a spherical shape. The insets show high magnification details, highlighting the presence of
smaller domains (sub-domains) and the characteristic porosity of the anodized samples. In the inset of
Figure 2a, a less ordered structure of the domains was visible, owing to the particular features of this
sample. As can be seen from Figure 2, the porosity did not change remarkably in the three conditions.
The mean pore diameter was calculated from the micrographs using stereological methods and the
resulting value was 13 ± 2 nm for the GHA10 and GHA50 samples, and 14 ± 3 nm for the GHA100.

In order to highlight the adhesion of the anodized layer to the AA6082 substrate, FEGSEM images
on the cross-sections of the samples before the tribotests were acquired and the results are shown
in Figure 3.
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Figure 3. FEGSEM cross sections of the samples (from left to right: (a) GHA10, (b) GHA50 and
(c) GHA100).

The micrographs in Figure 3 highlight the absence of cracks at the interface between the substrate
and the anodized layer. It is worth to note that the scale bar is different in each of the three micrographs
to better visualize the interface.

Microhardness of all the anodized samples was measured and the results are reported in Table 2.

Table 2. Microhardness values measured for all the anodized samples.

Sample Microhardness (HV)

GHA10 310 ± 30
GHA50 260 ± 20

GHA100 350 ± 30

It is worth to note that the microhardness value of the GHA50 was the lowest, while considering
the standard deviations highlighted in Table 2, the other two samples show similar values.

3.2. Wear Behavior

Unidirectional dry sliding wear tests were performed using bearing steel (100Cr6) and ceramic
(Si3N4) balls as counterbodies. Figure 4 shows the evolution of the friction coefficient (COF or rather µ
as shown in all the graphs) for the three samples sliding against the two counterbody materials, as a
function of the sliding distance.

The friction coefficient evolutions reported in Figure 4 showed remarkable differences in the
sliding behavior against the ceramic and metallic counterbodies. The black lines refer to the ceramic
balls, while those in blue correspond to the metallic ones. The GHA/Si3N4 tribo-system showed a
typical trend of the friction coefficient, with an initial strong increase (running-in period), followed by
a steady-state wear regime, where the COF remained constant. The black curves did not show any
remarkable variation along the 250 m of sliding distance and the highest value reached by the friction
coefficient was 0.93 for all the tested samples. The GHA/100Cr6 tribo-system showed a running-in
period as well at the beginning of the sliding movement, but the following steady-state regime was
characterized by a higher instability of the friction coefficient value. This effect was particularly marked
when the GHA10 samples slide against the steel counterbodies as reported in Figure 4a, being the
running-in period the longest measured, with a duration of 60 m. It is worth to note that, although
the evolution of the COF was quite different for the three samples during the tests against 100Cr6,
the average COF values (Figure 4d) calculated from the steady state regime were quite similar.
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coefficient (COF) values (d).

Figure 5 shows the FEGSEM micrographs of the wear tracks due to the dry sliding of the GHA
samples against 100Cr6 balls. Upper row (Figure 5a–c) shows the overview of the wear tracks at low
magnification, while the lower row (Figure 5d–f) shows a higher magnification of the scars’ details.

The GHA50 (Figure 5b) and GHA100 (Figure 5c) scars were quite smooth and grooves parallel
to the sliding direction were visible. The high magnification micrographs of these two samples
(Figure 5e,f) highlighted the cracks formation inside the wear tracks, leading to the fragmentation of
the wear surfaces in big flakes. The spotted flakes were smaller in the GHA100 sample (Figure 5f),
with respect to those in Figure 5e. A peculiar behavior could be once again spotted for the GHA10
samples after sliding against the metallic counterbodies (Figure 5a,d). In this case, a large amount of
debris was deposited over the wear track and on its borders, and the high magnification micrograph
(Figure 5d) clearly showed the presence of a dense layer with a few deep cracks perpendicular to the
sliding direction.
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The wear profile tracks confirmed the peculiar results of the GHA10/100Cr6 tribocouple, evidenced
by the FEGSEM inspections. The same peculiar layer covering the wear track shown in Figure 5a was
visible also in Figure 6a and the profile scan highlighted that this was material deposited on the track
(build-up of material instead of consumption). On the other hand, wear tracks of the GHA50 and
GHA100 samples show the accumulations of wear debris at the edges of the wear tracks and a higher
amount of material ripped off in the case of the GHA100/100Cr6 tribocouple (Figure 6c).

Figure 6. Optical profilometry of wear tracks for the GHA/100Cr6 system: (a) GHA10, (b) GHA50 and
(c) GHA100.

The FEGSEM micrographs of the GHA/Si3N4 tribo-system were reported in Figure 7 (as in Figure 5)
with the upper row (Figure 7a–c) showing the low magnification overview of the wear tracks, and the
lower row (Figure 7d–f) highlighting the tracks details at high magnification.
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A high amount of wear debris was detected on the edges of the wear tracks, which in turn were
characterized by grooves parallel to the sliding direction. High magnification micrographs (Figure 7d–f)
highlighted the formation of flakes inside the wear track, and this effect was particularly remarkable
as the anodized layer thickness rises. The formation of flakes is further enhanced for the GHA50
(Figure 7b,e) and GHA100 (Figure 7c–f) samples. The morphological details of the tracks suggested
that fracture and delamination of the Al2O3 coating was the main wear mechanism.

Optical profilometry analysis of the wear tracks after dry sliding against silicon nitride are reported
in Figure 8.
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It is worth to note that the wear of the GHA10 sample in this case was negligible (Figure 8a), while
among the thicker anodized layers, the 50 µm (GHA50) showed to undergo a higher wear during
the tests compared to the GHA100 (Figure 8b,c). As shown in Figure 8, spallation and consequent
accumulation of a remarkable amount of debris at the edges of the wear tracks was detected for the
GHA50 and GH100 samples, but not for the GHA10 one.

The profilometry results obtained for all the tested samples were used to calculate the wear
volume [47], which was used to calculate the specific wear rate W (mm3/Nm). The results of the wear
rate calculations are reported in Figure 9.
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Figure 9. Values of the specific wear rate calculated for the samples, after sliding against 100Cr6 (blue
columns) and Si3N4 (red columns) counterbodies.

From Figure 9 it is possible to highlight how the counterbody material had a strong influence
on the wear rate of the considered samples. The high hardness of the silicon nitride balls results in a
much higher degradation rate of the alumina porous layer, compared to the bearing steel ball, reaching
an overall maximum of about 9 mm3/Nm for the GHA50/Si3N4 tribocouple. It was not possible to
calculate the wear rate of the thinnest sample (GHA10), because when sliding against bearing steel the
counterbody adhered to the anodized surface, while during the test with the silicon nitride ball, the
wear was negligible (Figure 8a).

3.3. Further Insights of the Wear Tracks

Backscattered electron (BSE) signal in the field emission gun scanning electron microscope
(FEGSEM) was used, together with the energy dispersive spectroscopy, to clarify the adhesion of the
chromium steel ball to the GHA10 sample (Figure 5a,d). Given the nature of the backscattered electrons,
the contrast of the BSE micrographs is mainly given by the differences in the average atomic number of
the elements. Therefore, as shown in Figure 10 the bright region corresponds to the chromium steel
layer left on the ball trajectory by the counterbody, while the darker area is the GHA surface.

Metals 2019, 9, x FOR PEER REVIEW 9 of 15 

 

The profilometry results obtained for all the tested samples were used to calculate the wear 

volume [47], which was used to calculate the specific wear rate W (mm3/Nm). The results of the wear 

rate calculations are reported in Figure 9. 

 

Figure 9. Values of the specific wear rate calculated for the samples, after sliding against 100Cr6 (blue 

columns) and Si3N4 (red columns) counterbodies. 

From Figure 9 it is possible to highlight how the counterbody material had a strong influence on 

the wear rate of the considered samples. The high hardness of the silicon nitride balls results in a 

much higher degradation rate of the alumina porous layer, compared to the bearing steel ball, 

reaching an overall maximum of about 9 mm3/Nm for the GHA50/Si3N4 tribocouple. It was not 

possible to calculate the wear rate of the thinnest sample (GHA10), because when sliding against 

bearing steel the counterbody adhered to the anodized surface, while during the test with the silicon 

nitride ball, the wear was negligible (Figure 8a). 

3.3. Further Insights of the Wear Tracks 

Backscattered electron (BSE) signal in the field emission gun scanning electron microscope 

(FEGSEM) was used, together with the energy dispersive spectroscopy, to clarify the adhesion of the 

chromium steel ball to the GHA10 sample (Figure 5a,d). Given the nature of the backscattered 

electrons, the contrast of the BSE micrographs is mainly given by the differences in the average atomic 

number of the elements. Therefore, as shown in Figure 10 the bright region corresponds to the 

chromium steel layer left on the ball trajectory by the counterbody, while the darker area is the GHA 

surface. 

 

Figure 10. Backscattered electron (BSE) image of the GHA10/100Cr6 wear track with the 

microanalysis spectrum of the selected track area (top), and of the alumina coating (bottom). 

Figure 10. Backscattered electron (BSE) image of the GHA10/100Cr6 wear track with the microanalysis
spectrum of the selected track area (top), and of the alumina coating (bottom).

This result was also confirmed by the energy dispersive spectroscopy (EDS) spectra reported in
Figure 10; EDS spectrum taken inside the track showed peaks corresponding mainly to the Cr and Fe
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characteristic energies, while the Al percentage was almost negligible. The EDS spectrum acquired
outside the wear track highlighted the adhesion behavior of the counterbody material.

The backscattered electrons (BSE) signal was also used to investigate the surface of all the samples
having flakes with similar features inside the wear tracks. As already known [48,49], when α-Al2O3

is exposed to high levels of humidity (75%, higher than the typical indoor values of 20–40%), the
formation of aluminum hydroxide is likely to take place. In particular, the Al–O–OH form, already
known as boehmite, has been found in previous works [50,51]. The BSE signal can be used to have
evidence of the formation of this compound along with the flake generation.

Figure 11 shows the BSE micrographs of the GHA50/Si3N4 (Figure 11a) and GHA100/100Cr6
(Figure 11b) samples, which were taken as representative examples of the overall situation. The darker
region could be identified as aluminum hydroxide, while the brightest part of the micrographs was
alumina. These results are in agreement with those of the aluminum hydroxide formation theory,
already reported in literature [50,51].
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Figure 11. Backscattered electrons (BSE) micrograph of the worn surface of: (a) GHA50/Si3N4 (higher
magnification of a detail in the inset), and (b) GHA100/100Cr6.

The wear tracks generated by the interaction with the Si3N4 counterbody (Figure 11a) showed
the presence of a high amount of debris, whose brightness suggests that they were made of silicon
nitride. This statement was also confirmed by EDS point analysis. In the inset of Figure 11a, the higher
magnification of the details shows the presence of very fine wear debris inside the cracks generated by
the sliding tests. Figure 11b shows, instead, the absence of debris throughout the wear track, while
it is worth noting the presence of deep and randomly oriented cracks, only in the alumina regions
(or rather the bright ones), leading to the generation of the flakes already detected by the secondary
electrons signal (Figures 5 and 7).

The Fourier Transform Infrared Spectroscopy (FTIR) technique was used to confirm the aluminum
hydroxide formation. Since spectra where overlapping, only the one corresponding to Figure 11b
(GHA100/100Cr6) is reported in Figure 12, showing the occurrence of a strong broadening band due to
hydrogen bonds with various hydroxyl groups (3770–3030 cm−1), while the peak at 1081 cm−1 was
linked to the Al–O vibrations.
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4. Discussion

Samples having anodized layer thickness of 10 µm (GHA10), 50 µm (GHA50) and 100 µm
(GHA100) were prepared by hard anodization [44].

The surfaces were investigated by means of atomic force microscopy (AFM) and field emission
gun scanning electron microscopy (FEGSEM), whose results, shown by Figures 1 and 2, demonstrated
that by varying the thickness of the anodized samples, it is possible to modify the surface of the
samples. Figure 1 highlights that while the GHA100 samples shows, at a micrometer level, surface
features that can be described as a combination of those of the other two samples (GHA10 and GHA50),
the GHA10 (Figure 1a) was the only one where circular elements were missing. As can be seen in
Figure 2 the GHA10 sample also shows an irregular arrangement of the micrometric domains in which
the pores were divided throughout the surface; furthermore, as highlighted in the inset of Figure 2a, in
some areas of the sample’s surface the porous structure seemed to collapse.

During hard anodization in order to increase the thickness, it is necessary to increase the time
duration of the anodization process [43]. This did not affect remarkably the density and the dimensions
of the pores [42], as suggested also by Figure 2 and its insets. In the considered samples what was
changing remarkably was the arrangement of the micrometric domains, or rather the above-mentioned
honeycomb-like structure typical of the GHA process [44]. The FEGSEM results of the surface
inspections highlight that the duration of the anodization process to obtain a 10 µm thick alumina
layer was too short to let the micrometric domains organize themselves (Figure 2a) in the most
appropriate configuration, as those reached by the other samples (Figure 2b,c). These peculiarities
seemed to have a strong impact on the sample’s behavior, during the dry sliding under the chosen
wear testing conditions.

As can be seen in Figure 4, indeed, the friction coefficient evolution shows a number of spikes, not
spotted in the other measurements; the sliding resulted in the formation of the tribo-chemical layer
observed in Figures 5a and 6a, causing a decrease of the friction coefficient to a steady-state sliding
regime. The tribolayer formation was due to the counterbody adhesion on the alumina surface, and
its composition was obtained by energy dispersive spectroscopy investigations, whose spectra are
reported in Figure 10. The formation of tribo-chemical layers and their positive effect on the friction
has been already reported by Kim et al. [14], during the study of nanoporous anodic aluminum oxide
(AAO) reciprocating against steel balls (440C bearing steel) in dry sliding conditions, under high loads
(0.1 N and 1 N). As can be seen in Figure 5a, the adhesion of the counterbody to the sample surface led
to the steady-state wear regime, characterized only by small peaks related to the delamination of the
tribo-chemical layer.
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As observed by Malayoglu et al. [35] the formation of a tribolayer can be correlated with the
asperities on the surface of the samples, providing the favorable conditions for the counterbody
material adherence to the surface, owing to mechanical interlocking phenomena. The use of silicon
nitride counterbodies under the same experimental conditions (Figure 5), highlighted the lack of
tribo-chemical reactions at the ceramic/ceramic interface, despite the morphological features of the
samples. Moreover, the hardness (1600 HV) of the silicon nitride counterbodies, considerably higher
than that of the anodized samples (Table 2), results in a much higher degradation rate of the alumina
porous layer (Figure 9), particularly remarkable for the sample having the lowest hardness overall
(GHA50). The flakes generation inside the wear track was observed for all the samples (Figures 5 and 7),
except for the GHA10/100Cr6 tribo-couple.

The formation of aluminum hydroxide, reported in Figure 11 and proved by the FTIR results
in Figure 12, was found to be responsible for the flakes formation and showed to have a positive
influence on the tribological properties of the samples, given its effect of limiting or rather avoiding the
formation of cracks inside the wear tracks. The aluminum hydroxide formation during the α-Al2O3

dry sliding under high humidity conditions, firstly observed during the 90s [50,51] has been recently
studied by Lee et al. [52] in tribotests performed under conditions like those used in the present study.
The flake formation suggested that fracture and delamination of the coating seem to be the main
wear mechanism.

Other studies reported in the literature from Yerokhin et al. [53] and Guezmil et al. [54] reported
that anodic oxide coatings with low thicknesses are more effective in terms of friction, scratch and
impact resistance. From the results highlighted in this paper, in terms of wear rate the GHA10 samples
shows to have the best overall performance while sliding against the ceramic counterbody, since wear
volume was so small to make the wear rate negligible. During the dry sliding test against the steel
counterbody, the tribochemical reactions taking place at the interface between the anodized surface
and the counterbody were the most influential parameter, since it caused adhesion in the case of the
GHA10 sample (suggesting a link with the unique surface features of this sample). On the other hand,
comparing the performance of the other two samples, the best overall behavior against 100Cr6 balls
was ascribed to the thickest anodized sample (GHA100), probably due to the higher microhardness of
the latter with respect to the 50 µm thick layer (GHA50).

The tribo-chemical reactions taking place during the dry sliding of the counterbodies on the
anodized samples, due to the humidity and local temperature conditions, resulted in being enhanced
by the morphological features of the anodized layers. This affects all the studied tribocouples and
allows us to highlight the peculiar performance of the considered samples, which could expand their
range of applicability.

5. Conclusions

The present paper investigated the wear resistance response of hard anodized aluminum, under
unidirectional dry sliding conditions. Samples having alumina layer thicknesses of 10, 50 and 100
µm corresponding to the GHA10, GH50 and GHA100 names, obtained with the process reported in
Reference [38], were subjected to wear tests in a pin-on-disk apparatus, using bearing steel (100Cr6)
and ceramic (Si3N4) balls as counterbodies. The tribo-test results were correlated with the induced
surface modifications. The main conclusions can be listed as follows:

When sliding against the bearing steel counterbody, the GHA10 sample shows the formation of a
tribo-chemical layer, due to the adhesion of the counterbody material to the samples surface. On the
other hand, the 50 µm (GHA50) thick sample showed a better performance compared to the thickest
one (GHA100).

The dry sliding against the ceramic counterbodies resulted in a much higher degradation rate of
the anodized layer with respect to the bearing steel balls, with the worst overall performance in terms
of wear rate given by the GHA50 sample. This effect was ascribed to the lower hardness of this sample,
while the thinnest anodized layer (GHA10) had the best performance with a negligible wear rate.
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The results reported in the present paper show that the friction and wear behavior, as well as the
wear mechanisms of the considered G.H.A. hard anodized AA6082 samples, were quite complex and
varied strongly with the testing conditions. However, the superior performance of the sample with the
thinnest anodized layer (GHA10), under the most demanding wear test (against Si3N4) requires further
understanding since it could open interesting scenarios to foster the applicability of this peculiar
anodization process.
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