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Abstract: The present study examines the tribological behavior of an EN AW-4006 aluminum alloy
subjected to two innovative hard anodizing processes involving the sealing of anodic oxide pores with
Ag+ ions and tested in lubricated conditions. Four plant-based lubricants with different concentrations
of fatty acids were considered. Wear tests were conducted using a ball-on-disk tribometer, employing
a constant frequency oscillatory motion at 2 Hz and a maximum linear speed of 0.1 m/s. The
investigation explores the influence of applied loads (5 N, 10 N, and 15 N) on the resulting coefficient
of friction. Through a Design of Experiments methodology, the most influential factors affecting the
coefficient of friction are identified. The results indicate that hard anodizing processes and applied
load affect the coefficient of friction during wear testing as the main factor of influence. High values of
the Unsaturation Number led to a high coefficient of friction at 5 N. Wavy-shaped profile tracks were
detected at 10 and 15 N, leading to high specific wear rate values and the failure of the anodized layer.

Keywords: aluminum alloy; hard anodizing; friction; wear; vegetable oils

1. Introduction

Aluminum (Al) alloys are employed extensively across a wide range of applications,
due to their distinctive low density, high specific strength, and exemplary thermal con-
ductivity and corrosion resistance. However, their unsatisfactory low hardness and poor
sliding wear resistance limit their applications and make them hard to use in parts such as
aircraft, pneumatic cylinders, and valve components [1–3].

Over recent decades, several surface engineering techniques have been developed to
improve the tribological characteristics of Al alloys [4]. The hard anodizing treatment is
one of the most cost-effective and diffused electrochemical surface treatments for aluminum
and its alloys [5]. The process promotes the growth of a hard and well-compacted Al
oxide layer which consists of a thin and pore-free layer in direct contact with the Al
substrate, known as a barrier layer, and an outer, thicker, nanoporous layer. The barrier
layer is responsible for the corrosion resistance of the anodic oxide layer, while the intrinsic
porous nature of the outer layer makes the film poorly resistant to corrosion in aggressive
environments [6,7]. A physical or chemical sealing step can be performed as the last step of
the anodizing process to reduce the porosity and, consequently, maximize the corrosion
resistance of the layer, reduce the adsorption capacity and preserve the aesthetic [8,9].
Anodic oxide layers produced on Al alloys have increasingly attracted much interest
due to the regular arrangement of its natural nanoporous pattern, which can be easily
controlled and customized by regulating process parameters of the anodizing bath such as
the temperature, voltage, and chemical composition [10,11].

Due to their better wear resistance, the dry sliding behavior of conventional and hard
anodized layers on commercially pure Al (1XXX series) [12,13], Al-Mg-Si (6XXX series) [2,3],
and Al-Zn-Mg (7XXX series) alloys [14,15] have been deeply investigated. Conversely, a
lack of scientific papers dealing with the wear resistance of hard anodized layers under
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lubricated conditions can be found in the literature, with most of the works being focused
on the filling of the outer nanoporous layer. In fact, the nanopores of the anodic oxide layer
can act as reservoirs for functional particles or lubricants to enhance the self-lubricating
capability of the surface in sliding contacts. Many researchers investigated the impregnation
of the outer nanoporous layer with metallic [16,17] and non-metallic [18–20] particles to
obtain functional self-lubricating coatings and maximize the wear resistance of anodized
aluminum alloys. Among the proposed solutions, in recent years, the G.H.A.® (Golden
Hard Anodizing) process has been developed by G.H.A. Europe S.r.l. (Zola Predosa, Italy).
This peculiar hard anodizing treatment involves the presence of silver ions (Ag+) in a
sulfuric acid bath to fill the nanopores of the anodic oxide layer. At present, only a few
works deepen the self-lubricating effect of silver on the tribological behavior of the G.H.A.®

layers [21,22]. Soffritti et al. [23] investigated the friction and wear resistance of the EN AW-
6060 aluminum alloy, which underwent G.H.A.® treatment and traditional hard anodizing
in a conventional sulfuric acid bath under varying process conditions. Anodized layers
with three different thicknesses—equal to 25, 50, and 100 µm—were examined. Wear tests
were conducted in dry conditions, under a normal load of 10 N, at a sliding speed of
0.1 m/s, and using a 100Cr6 steel disk as a counterbody. The results indicated that the
50 µm-thick G.H.A.® anodic oxide layers, which included a sealing step at a temperature
below 100 ◦C, exhibited the lowest coefficient of friction (COF) and specific wear rate (WR)
due to their superior adhesion strength. Santecchia et al. [24] studied the wear behavior of
an EN AW-6082 Al alloy treated by the G.H.A.® anodizing process with different resulting
thicknesses: 10, 50, and 100 µm. Ball-on-disk wear tests were conducted using 100Cr6 and
Si3N4 as counterparts to evaluate the influence of the thickness of the layer on COF, WR,
and on the main wear mechanisms. The authors demonstrated that a 10 µm-thick anodic
oxide layer led to the lowest COF against the bearing steel because of a compacted transfer
layer of steel debris. Conversely, the highest WR was obtained against Si3N4 when the
thickness of the anodic oxide layer was 50 µm. Finally, Nastruzzi et al. [25] provided an
insight into the anti-microbial properties of the G.H.A.® treatment, proving its appreciable
bactericidal efficacy against Escherichia coli and Staphylococcus aureus. The same authors also
offered a tribological characterization of 10 µm-, 25 µm-, and 40 µm-thick G.H.A.® layers
on an AA6082 Al alloy, under dry sliding and by using 100Cr6 balls as counterbodies.

Considering the increasingly stringent regulations regarding environmental protection
and pollution, the use of mineral and synthetic oils is increasingly being questioned from
an environmental sustainability perspective [26,27]. Vegetable oils are preferable as base
oils for lubricants because of their renewability, lower toxicity and biodegradability [28,29].
Most vegetable oils mainly consist of triglycerides, i.e., glycerol molecules with three long
chains of polar fatty acids attached to the hydroxy groups [30]. Fatty acids in vegetable
oils have similar lengths between 14 and 22 atoms of carbon with varying degrees of
unsaturation, i.e., the number of double bonds in the C-atoms chain. The polar nature of
the fatty acid molecules encourages them to interact with metallic surfaces, generating
lubricant monolayer films that are able to reduce both friction and wear. In light of this,
vegetable oils are suitable for use in contacts under boundary lubrication conditions [30,31].
Several studies on the tribological properties of vegetable oils, both pure and blended, have
been conducted through ball-on-disk/plate [32,33], pin-on-disk [31], and four-ball [30,34]
wear tests against metallic surfaces. Conversely, to the best of the authors’ knowledge, no
works could be found regarding the friction and wear resistance of hard anodized layers
lubricated with vegetable oils, despite their non-toxicity and biocompatibility [11].

Based on the results of the above-mentioned literature, the present work deals with the
tribological characterization of hard anodized EN-AW-4006 alloy in lubricated conditions
and under different normal loads. Especially, the wear properties of two different G.H.A.®

processes were investigated through ball-on-disk reciprocating tests using four types of
vegetable oils as lubricants. The properties of each natural oil, such as the fatty acid
composition, viscosity, and density, were also considered to better understand which
conditions can enhance the tribological behavior of the anodic oxide layers under the three
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different loads. At last, the main wear mechanisms were examined through a scanning
electron microscope operating in variable pressure conditions and equipped with an energy
dispersive microprobe for semi-quantitative analysis (VPSEM/EDS).

The value of this scientific article lies in its efforts to enhance the comprehension of the
potential of the G.H.A.® treatment, which has not been extensively explored in the existing
literature. Additionally, the article investigates the tribological properties of the treatment
under lubrication with vegetable oils, with the aim of identifying replacements for current
synthetic and petroleum-based oils.

2. Materials and Methods
2.1. Anodized Samples

Disks of 75 mm in diameter and 3 mm in thickness were made in EN AW-4006
aluminum alloy with a nominal chemical composition in agreement with the UNI EN 573-
3:2024 standard [35]. The disks were hard anodized according to two innovative treatments.
Samples labeled as G underwent the G.H.A.® hard anodizing treatment in a sulfuric acid
bath, following a galvanostatic process at a constant current density and temperature
ranging between 1 and 10 A/dm2 and 0 and 1 ◦C, respectively [36]. The resulting anodic
oxide layers were then subjected to a sealing process in boiling water (100 ◦C) for 2 min/µm.
The disks named GP were treated following the G.H.A.PLUS hard anodizing treatment,
which involves the above-described G.H.A.® process, but followed by a hydrothermal
sealing step in hot water (96 ◦C) for 2 min/µm to enhance the corrosion resistance of the
anodized layer. The designation of the innovative hard anodizing treatments considered
in this work, together with a summary of the related sealing parameters, is reported in
Table 1.

Table 1. Designation of the innovative hard anodizing treatments considered in this work, together
with a summary of the related sealing parameters.

Designation Anodizing Treatment Sealing Parameters

G G.H.A.® 100 ◦C for 2 min/µm
GP G.H.A.PLUS 96 ◦C for 2 min/µm

Roughness parameters (Ra, Rq, and Rz) were measured using a Talysurf CCI Lite
non-contact 3D profilometer (Taylor-Hobson, Leicester, UK) to ensure that, before wear
tests, all anodized layers presented comparable surface morphology. Five measurements
were performed on each anodized surface.

Disks were sectioned to obtain representative cross-sections, oriented perpendicularly
to the coating surface. These sections were embedded in epoxy resin and subjected to
standard metallographic preparation consisting of grounding with SiC abrasive papers
ranging from 120 to 1200 grit, followed by polishing with diamond-based water suspen-
sions. The average thickness of the anodized layers was measured using a Leica DMi8
A optical microscope (Leica, Wetzlar, Germany). For each anodized sample, at least five
thickness measurements were taken from five distinct micrographs.

Microhardness tests were performed on the cross-sections by a Vickers Future-Tech
FM-110 (Future-Tech Corp., Kawasaki, Japan) hardness tester. A load of 10 gf was applied
for a 15 s dwelling time. The average values and the related standard deviations were
derived from ten measurements on each anodic oxide layer.

2.2. Vegetable Oils

Four commercially available vegetable oils were chosen to investigate their influence
on the tribological performance of the anodized EN AW-4006 alloy: olive, soybean, peanut,
and sunflower. They were selected as four of the most widespread natural oils in the world
and because of their different composition in terms of saturated and unsaturated fatty
acids [37]. Each oil was analyzed by gas chromatography–tandem mass spectrometry (GC-
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MS/MS) to obtain the specific contents of fatty acid molecules. The degree of unsaturation
of the different vegetable oils was subsequently obtained by determining the Unsaturation
Number (UN). Starting from the general form of the equation [38], this parameter was
calculated as shown in Equation (1):

UN = 1
100{[1 × (C16 : 1 + C18 : 1 + C20 : 1 + C22 : 1)] + [2 × (C18 : 2 + C22 : 2)]

+[3 × (C18 : 3)]} (1)

where Cx:y is the percentage of the fatty acid in the natural oil, x is the length of the carbon
(C) atoms chain, and y is the number of double bonds.

The dynamic viscosity of the oils was measured by a Rheometric Scientific ARES-
LS (TA Instruments, New Castle, DE, USA) rotational rheometer equipped with 25 mm
titanium parallel disks with a gap between the plates set to 1 mm. Measurements were
repeated three times for each vegetable oil, with a shear rate in the range 1 to 100 s−1, and
at three different temperatures (25, 40, and 100 ◦C), following the methodology reported by
Georgescu et al. [37]. The Viscosity Index of each fluid was then calculated according to the
ASTM D2270 standard as a function of the kinematic viscosity of the vegetable oil at 40 and
100 ◦C [39].

The density of the vegetable oils was determined by filling four cylinders, with a
capacity of 100 mL and uncertainty of 0.5 mL, with 10 mL of oil. The cylinders (one for each
type of vegetable oil) were weighed in turn on a Kern ABT 100-5NM analytical balance
(Kern, Balingen, Germany). Each weight was then converted into density by dividing it for
the oil volume. Five measurements were conducted for each vegetable oil.

2.3. Tribological Tests

Lubricated tribological tests were conducted in ball-on-disk configuration at room
temperature (~25 ◦C and constant) using a TR-20 LE (Ducom Instruments, Bangalore, India)
tribometer. Balls of 10 mm in diameter made of 100Cr6 steel were chosen as counterbodies
against the anodized disks. Reciprocating wear tests at a constant motion inversion fre-
quency of 2 Hz (corresponding to an average sliding speed of 0.1 m/s) were performed
in triplicate. The stroke length and the total sliding distance were set equal to 25 mm
and 250 m, respectively, according to previous work published by the authors [23]. Three
different normal loads equal to 5, 10, and 15 N were considered to evaluate the effects
of this parameter on the tribological behavior of both vegetable oils and anodized layers.
Before wear tests, disks and balls were ultrasonically bathed with isopropanol for 2 min
to avoid contamination between different oils. The coefficient of friction was monitored
and registered during each test by the instrument and the steady state mean value was
calculated upon the three replicas of each condition after 25 m of the sliding motion. The
tribological tests were performed randomly in accordance with the Design of Experiments
(DoE) methodology to avoid the influence of external uncontrollable factors. A full-factorial
design was adopted to investigate the main factors of influence on the COF. The main
factors and corresponding levels for the application of DoE methodology are summarized
in Table 2.

Table 2. Main factors and corresponding levels for the application of DoE methodology.

Factors Levels

Anodized layer G GP - -
Normal load [N] 5 10 15 -

Vegetable oil Olive Soybean Peanut Sunflower

N. of replicas 3

Friction regimes were classified at each investigated condition by calculating the
respective dimensionless ratio λ according to the following Equation (2):
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λ =
hmin√(

Rq1
2 + Rq2

2
) (2)

where hmin is the minimum film thickness and Rq1 and Rq2 are the root mean square
roughness values for the two mating surfaces [40]. According to Hamrock et al. [41], the
minimum film thickness, hmin, can be calculated in cases of point contact through the
following Equation (3):

hmin = 3.63·U0.68·G0.49·R·W−0.073·
(

1 − e−0.68k
)

(3)

in which U is the non-dimensional speed parameter, G is the non-dimensional materials
parameter, R is the reduced radius of curvature, W is the non-dimensional load parameter,
and k is the non-dimensional ellipticity parameter. The central film thickness, hc, was
calculated through the model proposed by the same authors following Equation (4):

hc = 2.69·U0.67·G0.53·R·W−0.067·
(

1 − 0.61e−073k
)

(4)

The reduced equivalent elastic modulus of the anodized Al alloy, which considers
both the mechanical properties of the Al substrate and anodic oxide layer, was obtained
according to the method proposed by Liu et al. [42]. For the above-mentioned calculation,
the mechanical properties and roughness parameter Rq of the different materials involved
in the Hertzian contact under examination were collected in Table 3.

Table 3. Mechanical properties and roughness parameter Rq of the different materials involved in the
Hertzian contact under examination.

Young Modulus [GPa] Poisson’s Ratio Rq [µm]

100Cr6
(ball) 210 1 0.30 1 0.03 1

EN AW-4006
(disk/substrate) 69 2 0.33 2 Useless

Anodic oxide layer
(disk/coating) 90 3 0.24 3 Measured

1 according to Ortega-Alvaréz et al. [43]. 2 estimated from data sheets provided by the suppliers. 3 according to
Tsyantsaru et al. [12].

The wear tracks on the disks were analyzed through the same Talysurf CCI Lite non-
contact 3D profilometer (Taylor-Hobson) to evaluate the cross-section area of the wear track.
At least five measurements were performed along the track to calculate the volume of the
worn material. The specific wear rate (WR) was then obtained as the ratio between the
volume loss and the product of the sliding distance and the applied load [44].

A ZEISS EVO MA 15 (Zeiss, Oberkochen, Germany) scanning electron microscope
operating in variable pressure conditions and coupled with an Oxford X-Max 50 (Oxford
Instruments, Abingdon-on-Thames, UK) microprobe for energy-dispersive spectroscopy
(VPSEM/EDS) was used to analyze the worn surface of the anodized disks and to investi-
gate the main wear mechanisms.

3. Results & Discussion
3.1. Anodized Samples

The optical micrographs in the cross-section of the anodized layers before wear tests
are reported in Figure 1. The anodic oxide layers are similar due to the same anodizing bath
they underwent. As already observed in the literature [17,45], both barrier and nanoporous
layers, normally composed of aluminum hydroxide, cannot be distinguished due to their
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very low thickness. The yellow arrows in the figure also indicate uniformly distributed
voids and macro-pores, as a result of incorporation within the coating of the secondary
phases in the EN AW-4006 substrate [46]. In this regard, Scampone et al. [47] stated that
Fe-rich intermetallics may be partially or totally dissolved during anodizing, causing voids
and defects in the anodic oxide layer.
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Table 4 collects the mean values and related standard deviations of thickness, Vickers
microhardness (HV0.01), and roughness parameters (Ra, Rq, Rz) of the different anodic
oxide layers. All anodized layers show similar values of the above-mentioned parameters,
which are also slightly higher than those previously reported for G.H.A.® layers [23].

Table 4. Thickness, Vickers microhardness (HV0.01), and roughness parameters (Ra, Rq, Rz) of the
different anodic oxide layers.

Thickness
[µm] HV0.01 Ra

[µm]
Rq

[µm]
Rz

[µm]

G 56 ± 1 494 ± 28 0.48 ± 0.02 0.65 ± 0.03 4.28 ± 0.38
GP 53 ± 2 500 ± 35 0.48 ± 0.06 0.64 ± 0.08 4.10 ± 0.92

3.2. Vegetable Oils

The saturated and unsaturated fatty acid contents, Unsaturation Number (UN), and
mean values ± standard deviations of the density of the vegetable oils adopted in this
work are reported in Table 5. Soybean and sunflower oils show high UN (1.5059 and 1.4873,
respectively) because of the high contents of linoleic fatty acid (C18:2). On the other hand,
olive and peanut oil exhibit low UN values (0.9635 and 0.9468, respectively) given their
high oleic acid contents (C18:1). In the case of olive oil, the highest content of the saturated
palmitic acid (C16:0) was also detected. All vegetable oils showed similar mean densities,
being higher than those reported in the field literature [31,48]. Based on the results of the
shear viscosity reported in Figure 2, kinematic viscosity was calculated, and based on that
value, the viscosity index was obtained according to ASTM D2270. All the vegetable oils
presented a high viscosity index, as already deeply studied in the literature, [31]. Peanut
oil was characterized by the lowest value, meaning a quicker viscosity decrease while
increasing the temperature.
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Table 5. Saturated and unsaturated fatty acid contents, Unsaturation Number (UN), and mean values
± standard deviations of the density of the adopted vegetable oils in this work, together with their
respective Viscosity Indexes.

Saturated Fatty
Acids Unsaturated Fatty Acids

Vegetable
Oil C16:0 C18:0 C16:1 C18:1 C20:1 C22:1 C18:2 C22:2 C18:3 UN Density

[g/cm3]
Viscosity

Index

Olive 0.1205 0.0274 0.0086 0.7186 0.0031 0.0000 0.1055 0.0000 0.0074 0.9635 0.942 ± 0.001 595
Soybean 0.1072 0.0436 0.0009 0.2432 0.0016 0.0000 0.5230 0.0000 0.0714 1.5059 0.949 ± 0.001 592
Peanut 0.0709 0.0243 0.0013 0.7351 0.0181 0.0000 0.0945 0.0000 0.0011 0.9468 0.948 ± 0.001 538

Sunflower 0.0647 0.0358 0.0010 0.2863 0.0013 0.0000 0.5980 0.0000 0.0009 1.4873 0.936 ± 0.001 578
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Figure 2. Dynamic viscosity of the vegetable oils at the three different temperatures: (a) 25 ◦C,
(b) 40 ◦C, and (c) 100 ◦C.

In Figure 2, the dynamic viscosity of the considered vegetable oils is reported as
a function of the shear rate for the three different temperatures (25, 40, and 100 ◦C) in
the range between 10 and 100 s−1, as in the literature [37]. As a general trend, it can be
observed that the dynamic viscosity of all vegetable oils decreases as the temperature at
which the viscosity is measured increases. Furthermore, peanut oil shows the highest
dynamic viscosity both at 25 and 40 ◦C. According to the Herschel–Bulkley model [49],
a classification of the oils is possible after a calculation of the yield stress, τ0, and the
flow index, n, through a tailored MATLAB® code [50]. Since all oils, irrespective of the
investigated temperature, are characterized by negligible τ0 values and by n values ranging
between 0.96 and 1.06, they could be assumed to be Newtonian fluids. Considering this,
the dynamic viscosity may be considered independent of the shear stress.

3.3. Tribological Characterization

The representative COF evolution against the sliding distance at the different applied
loads and for a G sample lubricated with olive and peanut oil are reported in Figure 3. For
the sake of clarity, the COF evolutions against the sliding distance for all test conditions
are reported in Appendix A. Regardless of the selected vegetable oil, at all loads, the COF
presented an almost instant increase at the very beginning of the sliding motion. It is
then followed by a steady state during which the coefficient of friction shows only slight
fluctuations around a lower mean value. As suggested by Blau [51], this behavior is typical
for lubricated sliding contact under a boundary lubrication regime until the lubricant
meatus is generated. Irrespective of the type of vegetable oils, all tribocouples show the
lowest COF at the applied load of 5 N. At 10 and 15 N, the COF is higher, with a small
difference between the average values. Comparing the behavior of olive and peanut oils
(Figure 3a,b as representative COF variations), it can be noticed that a higher COF mean
value was provided from peanut oil when a 5 N load was applied. This can be attributed
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to the higher shear viscosity of the peanut oil at room temperature (25 ◦C) in respect of
the one of the olive oils. Increasing the load up to 10 and 15 N, the frictional behavior of
peanut oil resulted in the same values as those of the other vegetable oils. An explanation
of this general behavior could be provided by the lowest viscosity index of the peanut oil,
which led to a quicker degradation of the lubricity properties of the vegetable oil.
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The mean values and related standard deviations of the coefficient of friction at the
steady state for all test conditions are shown in Table 6. For all anodized layers, the
coefficient of friction increases with the increasing applied load. At 5 N, the highest COF
values are shown by GP when soybean is used as the lubricant, while using peanut oil, the
highest COF is reached on G samples. In the case of lubrication with olive and sunflower
oils, all anodized samples show similar COF values. At applied loads of 10 and 15 N, the
influence of the considered vegetable oil seems to be less discernible. To better understand
the COF obtained in the different conditions, the results were statistically analyzed through
ANOVA in the DoE methodology. The three-factorial design obtained a strong R2 factor
equal to 98.561%, which quantifies the percentage of variation in the response that is
explained by the model. Considering the anodized layer as a factor, it was found that G
and GP do not provide significant differences in the results. The entity of the normal load
turns out to be the main influence effect since a large difference in the results was found
between 5 N and 10 N. A similar behavior was observed between 10 and 15 N, though to
a lesser degree. Concerning vegetable oil as the main effect, the highest COF mean value
was obtained with soybean oil. Lubrication with olive and peanut oils, characterized by a
low UN (equal to 0.9635 and 0.9468, respectively), leads to lower COF values than those of
soybean oil (UN = 1.5059). On the other hand, using sunflower oil—characterized by high
UN and the lowest content of saturated fatty acids—as a lubricant allowed for obtaining
the lowest COF.

Analyzing the interaction between different factors, it was also found that, at 15 N,
the COF mean value is correlated with the UN variations. Indeed, the higher the UN, the
higher the COF, thus confirming previous results in the literature [26,31]. On the contrary,
different trends were found at 5 N and 10 N. In the case of the 5 N normal load, the lowest
COF values are obtained with peanut oil as a lubricant, while at 10 N, the same oil provided
the highest COF mean values. Reeves et al. [31] registered higher COF values for a copper-
aluminum alloy tribocouple tested in a pin-on-disk configuration, under a high applied
load and sliding speed, and lubricated with many types of vegetable oils. Comparable COF
results were obtained by Faes et al. [52] while investigating the effect of fatty acids ionic
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liquids on the tribological properties of 100Cr6 steel against a wide selection of metallic
and non-metallic surfaces.

Table 6. Mean values and related standard deviations of the coefficient of friction at the steady state
for all test conditions.

G
5 N 10 N 15 N

Olive 0.013 ± 0.003 0.048 ± 0.001 0.056 ± 0.002
Soybean 0.018 ± 0.002 0.050 ± 0.002 0.060 ± 0.001
Peanut 0.024 ± 0.001 0.044 ± 0.003 0.053 ± 0.001

Sunflower 0.017 ± 0.003 0.047 ± 0.002 0.057 ± 0.003

GP
5 N 10 N 15 N

Olive 0.014 ± 0.003 0.052 ± 0.004 0.056 ± 0.001
Soybean 0.026 ± 0.003 0.046 ± 0.004 0.060 ± 0.002
Peanut 0.023 ± 0.003 0.044 ± 0.002 0.052 ± 0.001

Sunflower 0.018 ± 0.001 0.043 ± 0.001 0.050 ± 0.002

Figure 4 presents the relationship between COF and WR for G and GP anodized layers
for each investigated condition according to the interpretation proposed by Guicciardi
et al. [53] and widely used in the literature in the case of lubricated sliding contacts [54,55].
As a general trend, it can be observed that the higher the applied load, the higher the
dispersion of the COF-WR points, indicating a simultaneous increment of both COF and
WR. This effect was less effective in the case of the GP anodized layer (see Figure 4b).
However, the same trend was observed in both the tested surfaces, with a considerable
degree of scatter between 5 and 10 N and a relatively lower increment between 10 and
15 N. Moreover, in the case of the G anodized layer (see Figure 4a), the higher the applied
load, the lower the difference in terms of COF under different vegetable oils’ lubrication.
Peanut and sunflower oils provided the maximum WR at each test condition, showing the
maximum values in the case of the G-anodized disk. Both oils also presented similar values
of the ratio between unsaturated and saturated fatty acids due to their lower content of
saturated acids.
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The values of central film thickness (hc), minimum film thickness (hmin), and the λ

factor were then calculated to determine the ongoing lubrication regime during the wear
tests. The values of the above-mentioned parameters for all test conditions are shown in
Table 7. It must be noticed that λ values are reported as a range to take into account the Rq
roughness parameters of the two different anodized layers, which determined the lower
(when Rq was equal to 0.64 µm) and upper (when Rq was equal to 0.65 µm) end of the
range. All λ values are in the range of 0.024 to 0.041, thus suggesting a boundary lubrication
regime. The thickest meatus was found when peanut oil was used as a lubricant due to its
highest dynamic viscosity (see Figure 2) at each investigated normal load. The subsequent
higher distance between the mating surfaces could have caused the lowering of COF, as
already detailed during the discussion of data in Table 6.

Table 7. Values of central film thickness (hc), minimum film thickness (hmin) and the λ factor for all
test conditions.

hc [nm] hmin [nm] λ

5 N

Olive 25.8 20.5 0.031–0.032
Soybean 24.5 19.4 0.029–0.030
Peanut 32.9 26.1 0.040–0.041

Sunflower 26.3 20.9 0.032–0.033

10 N

Olive 24.7 19.5 0.029–0.030
Soybean 23.4 18.5 0.028–0.029
Peanut 31.4 24.8 0.038–0.039

Sunflower 25.1 19.8 0.030–0.031

15 N

Olive 24.0 18.9 0.028–0.029
Soybean 22.8 17.9 0.027–0.028
Peanut 30.5 24.0 0.035–0.037

Sunflower 24.5 19.3 0.029–0.030

Finally, the mean values and related standard deviations of WR for the anodized layers
in all test conditions are reported in Table 8. All samples show similar variations in WR
with varying applied loads and vegetable oil, except for the sunflower oil. Indeed, for an
applied load of 5 N, the GP disks lubricated with sunflower oil exhibit no evidence of wear
damage on their surface. The highest WR values, concurrently with the largest standard
deviations, were obtained at normal loads ranging between 10 and 15 N, particularly when
peanut and sunflower oils were adopted as lubricants.

To fully understand the wear mechanisms determining COF and WR values for
the different investigated cases, the wear tracks on the disks were analyzed through
VPSEM/EDS. The representative VPSEM/EDS micrographs of the wear tracks on the
anodized layers, after wear tests at the different applied loads, are reported in Figure 5.
First of all, the different scales of the micrographs must be noted to better appreciate the
proportion of the wear phenomena. Figure 5a,b depict the wear track on the G disk when a
5 N normal load was applied and olive oil was used as lubricant. Wide cracks alongside the
sliding direction are found to define the edges of the wear track (white arrows in the figure),
but no variations in the superficial topography could be detected. Abedini et al. [17] found
similar cracks at the edges of the wear track as a result of the plastic deformation of the
anodized layer filled with Ni particles. The same type of wear damage was found on all
worn surfaces tested under the same normal load irrespective of the vegetable oils.
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Table 8. Mean values and related standard deviations of the specific wear rate [10−5 mm3/(N·m)] for
the anodized layers in all test conditions.

G
5 N 10 N 15 N

Olive 1.25 ± 0.13 1.06 ± 0.20 2.28 ± 0.43
Soybean 1.37 ± 0.43 1.16 ± 0.13 1.57 ± 0.46
Peanut 3.50 ± 1.38 4.56 ± 3.15 6.47 ± 1.31

Sunflower 2.82 ± 1.35 2.03 ± 1.53 4.33 ± 1.80

GP
5 N 10 N 15 N

Olive 1.29 ± 0.34 1.20 ± 0.13 2.47 ± 0.47
Soybean 1.48 ± 0.64 1.85 ± 0.34 1.88 ± 0.05
Peanut 2.52 ± 1.25 4.61 ± 1.76 4.79 ± 0.69

Sunflower - 2.48 ± 2.43 5.00 ± 4.28

Lubricants 2024, 12, x FOR PEER REVIEW  11  of  17 
 

 

anodized layers, after wear tests at the different applied loads, are reported in Figure 5. 

First of all, the different scales of the micrographs must be noted to better appreciate the 

proportion of the wear phenomena. Figure 5a,b depict the wear track on the G disk when 

a 5 N normal load was applied and olive oil was used as lubricant. Wide cracks alongside 

the sliding direction are found to define the edges of the wear track (white arrows in the 

figure), but no variations in the superficial topography could be detected. Abedini et al. 

[17] found similar cracks at the edges of the wear track as a result of the plastic defor-

mation of the anodized layer filled with Ni particles. The same type of wear damage was 

found on all worn surfaces tested under the same normal load irrespective of the vegetable 

oils. 

   

(a)  (b) 

Figure 5. Representative VPSEM micrographs of the wear tracks on the anodized layers after wear 

tests at applied  loads of 5 N  for  (a) G and  (b) GP samples. The white arrows show wide cracks 

alongside the sliding direction. 

On the other hand, at 10 N and 15 N, a different surface morphology was observed 

on the wear tracks, which appeared with a wavy-shaped profile, as depicted in Figure 6. 

Especially, these profiles were found to be constituted by an alternation of pile-up and 

depressed areas with circular edges both  in the case of G and GP anodized layers. The 

main wear mechanism seemed to be the same for both anodized layers at 10 and 15 N, 

with wide cracks alongside  the direction of  reciprocating sliding  (see Figure 6a,b) and 

thicker cracks  longitudinal and  transverse  to  the  sliding direction  (red circle  in Figure 

6c,d). The yellow arrows in the figure highlight a number of cracked  junctions between 

the zones. The causes of such behavior may be different. One of the biggest limitations 

associated with using vegetable oils as lubricants includes their poor oxidation stability, 

which depends on their number of unsaturated fatty acids [56,57]. Oxidation can deterio-

rate the lubricity effect of vegetable oils, determining high COF and WR [58]. The decaying 

effectiveness of  these oils combined with  the  thinning of  the meatus could have deter-

mined an increase in the extent of contact between mating surfaces. Similar wavy-shaped 

profiles of the wear tracks were also found by Bahari et al. [26] while investigating the 

friction and wear resistance of a grey cast iron coupled with 100Cr6 steel balls, after recip-

rocating ball-on-flat wear tests under  lubrication with palm and soybean oils and their 

blends. The authors demonstrated that the contact pressure between the mating surfaces 

overstepped the shakedown limit, determining plastic ratcheting [59,60]. This phenome-

non causes,  in turn, the plastic deformation of the softer material during cyclic sliding. 

The alternation of pile-up and depressed areas also seems to explain the large standard 

deviation of the WR in the case of applied loads equal to 10 and 15 N (see Table 8). The 

different wear mechanism agrees with the findings shown in Figure 4, in which the worst 

wear resistance of the coatings was obtained at the highest loads. 

Figure 5. Representative VPSEM micrographs of the wear tracks on the anodized layers after wear
tests at applied loads of 5 N for (a) G and (b) GP samples. The white arrows show wide cracks
alongside the sliding direction.

On the other hand, at 10 N and 15 N, a different surface morphology was observed
on the wear tracks, which appeared with a wavy-shaped profile, as depicted in Figure 6.
Especially, these profiles were found to be constituted by an alternation of pile-up and
depressed areas with circular edges both in the case of G and GP anodized layers. The
main wear mechanism seemed to be the same for both anodized layers at 10 and 15 N, with
wide cracks alongside the direction of reciprocating sliding (see Figure 6a,b) and thicker
cracks longitudinal and transverse to the sliding direction (red circle in Figure 6c,d). The
yellow arrows in the figure highlight a number of cracked junctions between the zones. The
causes of such behavior may be different. One of the biggest limitations associated with
using vegetable oils as lubricants includes their poor oxidation stability, which depends
on their number of unsaturated fatty acids [56,57]. Oxidation can deteriorate the lubricity
effect of vegetable oils, determining high COF and WR [58]. The decaying effectiveness of
these oils combined with the thinning of the meatus could have determined an increase
in the extent of contact between mating surfaces. Similar wavy-shaped profiles of the
wear tracks were also found by Bahari et al. [26] while investigating the friction and wear
resistance of a grey cast iron coupled with 100Cr6 steel balls, after reciprocating ball-on-flat
wear tests under lubrication with palm and soybean oils and their blends. The authors
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demonstrated that the contact pressure between the mating surfaces overstepped the
shakedown limit, determining plastic ratcheting [59,60]. This phenomenon causes, in turn,
the plastic deformation of the softer material during cyclic sliding. The alternation of
pile-up and depressed areas also seems to explain the large standard deviation of the WR in
the case of applied loads equal to 10 and 15 N (see Table 8). The different wear mechanism
agrees with the findings shown in Figure 4, in which the worst wear resistance of the
coatings was obtained at the highest loads.

A representative VPSEM micrograph showing the detail of the cracked wavy-shaped
profile of the worn anodized layers after wear tests at the highest loads is depicted in
Figure 7, together with semi-quantitative EDS analysis at different positions on the wear
track. The elemental composition of the light grey zone (blue arrow) revealed the presence
of a high concentration of Al and traces of Si and Fe. This finding proves the failure of the
anodic oxide layers by chipping, similar to that reported by Kwolek et al. in [61]. The EDS
semi-quantitative analysis of the positions denoted by the red arrows also revealed the
presence of Ag-rich particles as additional evidence of the failure of the coating.

Lubricants 2024, 12, x FOR PEER REVIEW  12  of  17 
 

 

 

(a)  (b) 

 

(c)  (d) 

Figure 6. Representative VPSEM micrographs of the wear tracks on the anodized layers after wear 

tests at applied loads of (a,b) 10 N and (c,d) 15 N. (a,c) refer to G wear tracks obtained under sun-

flower oil lubrication. (b,c) refer to GP wear tracks obtained under sunflower oil lubrication. The 

white arrows in (a,b) show wide cracks alongside the sliding direction. In (c,d), the yellow arrows 

indicate cracked junctions between depression zones, whereas the red circle shows thick cracks lon-

gitudinal and transverse to the sliding direction. 

A representative VPSEM micrograph showing the detail of the cracked wavy-shaped 

profile of  the worn anodized  layers after wear  tests at  the highest  loads  is depicted  in 

Figure 7, together with semi-quantitative EDS analysis at different positions on the wear 

track. The elemental composition of the light grey zone (blue arrow) revealed the presence 

of a high concentration of Al and traces of Si and Fe. This finding proves the failure of the 

anodic oxide layers by chipping, similar to that reported by Kwolek et al. in [61]. The EDS 

semi-quantitative analysis of the positions denoted by the red arrows also revealed the 

presence of Ag-rich particles as additional evidence of the failure of the coating. 

Figure 6. Representative VPSEM micrographs of the wear tracks on the anodized layers after wear
tests at applied loads of (a,b) 10 N and (c,d) 15 N. (a,c) refer to G wear tracks obtained under sunflower
oil lubrication. (b,c) refer to GP wear tracks obtained under sunflower oil lubrication. The white
arrows in (a,b) show wide cracks alongside the sliding direction. In (c,d), the yellow arrows indicate
cracked junctions between depression zones, whereas the red circle shows thick cracks longitudinal
and transverse to the sliding direction.
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4. Conclusions

In the present work, the tribological properties of the EN AW-4006 Al alloy treated by
the innovative G.H.A.® hard anodizing process were investigated in the case of lubrication
with vegetable oils. The influence of olive, soybean, peanut, and sunflower vegetable oils
was considered, together with the effect of different normal loads (5, 10, and 15 N). The
coefficient of friction, specific wear rate, and main wear mechanisms were investigated to
better comprehend the tribological behavior. Based on the results, the following conclusions
can be drawn:

• The two different sealing procedures did not affect the properties of G and GP an-
odized layers. Similar thickness values, Vickers microhardness values, and roughness
parameters were obtained.

• The COF values followed different trends at the investigated normal loads. When a
15 N load was applied, the higher the UN of the vegetable oil, the higher the COF. At
loads equal to 5 and 10 N, lubrication with peanut oil determined the lowest and the
highest average values of the coefficient of friction, respectively.

• Two different tribological behaviors were suggested by WR values. The lowest values
of the WR were obtained for G and GP samples using olive and soybean oils at each
applied load, while peanut and sunflower oils determined the highest WR. The large
standard deviations at 10 and 15 N suggested irregular-shaped wear tracks.

• Concerning wear mechanisms, at 5 N, wide longitudinal cracks along the sliding
direction were detected as a result of the plastic deformation of the anodized layers.
On the other hand, wavy-shaped profiles were found on the wear tracks at 10 and
15 N. These profiles were constituted by an alternation of pile-up and depressed areas
with circular edges with cracked junctions.



Lubricants 2024, 12, 383 14 of 17

Author Contributions: Conceptualization, C.S. and A.F.; methodology, C.S.; software, E.B.; validation,
C.S., M.M. and G.L.G.; formal analysis, M.M.; investigation, C.S., E.B., A.F. and M.M.; resources, A.F.;
data curation, C.S. and E.B.; writing—original draft preparation, E.B.; writing—review and editing,
C.S., A.F. and M.M.; visualization, C.S. and E.B.; supervision, G.L.G. and M.M.; funding acquisition,
M.M. and G.L.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by FAR 2024 funding from the University of Ferrara (Ferrara,
Italy), aimed at the tribological characterization of wrought aluminum alloys treated by innovative
hard anodizing treatments involving the sealing of anodic oxide pores with silver ions.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: The authors gratefully acknowledge G.H.A. Europe s.r.l. for supplying the
materials and the anodizing treatments investigated in this work. The authors also wish to thank
Franco Cicerchia, Eng. Costantino Cicerchia and Alessandro Savelli for the technical assistance. The
authors would like to acknowledge Eng. Nicola Zanini and Eng. Valentina Mazzanti for the support
during the vegetable oils characterization. The authors would also like to thank Eng. Elia Mantovani
for the support during the tribological investigations.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

In this section, the coefficient of friction (COF) evolutions against the sliding distance
for all test conditions are reported. It should be noted that Figure 3a,b are also reported,
showing the representative COF evolution against the sliding distance at the different
applied loads and for G samples lubricated with olive and peanut oils.
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