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Abstract: This study investigated the friction and wear characteristics of a plasma electrolytic oxida-
tion (PEO)-coated Mg–Al alloy (AZ31) in sliding contact against steel using graphene nanoplatelets
(GNPs) containing ethanol as a lubricant. The results revealed that the typically high coefficient of
friction (COF) of PEO-coated surfaces under dry sliding (0.74) was notably reduced to 0.18 during
the sliding tests conducted in GNP-free ethanol. When the ethanol contained 5 × 10−4 wt.% GNPs,
the COF of the uncoated AZ31 alloy further dropped to 0.17. The PEO-coated surfaces achieved a
significantly lower COF of 0.07 and demonstrated a marked reduction in wear rate, attributed to the
formation of a tribolayer incorporating graphene. These findings highlight the significant potential of
GNP-incorporated ethanol to improve the tribological performance of PEO-coated AZ31, presenting
a promising avenue for advancing lightweight, sustainable, and efficient automotive technologies.
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1. Introduction

The plasma electrolytic oxidation (PEO) process, also known as micro-arc oxidation
(MAO), is a coating technique that is particularly effective in enhancing the wear and
corrosion resistance of lightweight metals, such as magnesium (Mg), aluminum (Al), and
titanium (Ti), and this enhancement is achieved through electrochemical reactions that take
place in alkaline and molten salt electrolyte environments [1–5]. However, a significant
limitation of PEO coatings is their inclination to display a higher coefficient of friction
(COF) than the substrates when subjected to sliding contact with diverse counterfaces [6,7].
Considering their low density, protecting the surfaces of Mg alloys against wear and
corrosion with PEO coating could be promising for their extensive use in the automotive
industry. However, the elevated COF is a critical obstacle that hinders the widespread
adoption of PEO-coated Mg alloys. In order to reduce the COF of Mg alloys, several
attempts, like introducing graphene into the PEO coatings during processing, have been
made [8]. In this regard, Chen et al. [9] reported that integrating graphene into PEO coatings
fabricated on Mg–Li alloys reduced the COF from approximately 0.30 to around 0.11 when
tested against a GCr15 ball under dry sliding conditions. Vatan et al. [10] investigated the
wear behaviour of PEO coatings synthesized on an AZ31 alloy in dry sliding conditions
against a WC-6Co ball and reported that the presence of graphene in the PEO coating
reduced the COF to about 0.15 from the range of 0.21–0.31 of the graphene-free PEO coating.
Recently, the authors of this study observed that the utilization of diamond-like carbon
(DLC)-coated 52100 steel counterfaces in contact with a PEO-coated AZ31 Mg alloy led to a
substantial reduction in the COF, resulting in low values of 0.13 and 0.03 during dry sliding
at room and elevated temperature (200 ◦C), respectively [11,12].
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In addition to the introduction of graphene into the PEO coating and/or a suitable
counterface selection, another novel tribological approach lies in the pursuit of achieving a
favourable balance between a low COF and high wear resistance during lubricated sliding.
This approach warrants comprehensive investigation. This manuscript investigates the
potential of utilizing GNPs in ethanol used as a lubricant to reduce the COF while maintain-
ing or even enhancing the wear performance of PEO coatings. The primary drive behind
this study is to provide environmentally conscious solutions for tribological applications,
particularly addressing the automotive industry’s requirement for advanced, low-friction
coatings with a minimal ecological footprint. This objective is pursued through the investi-
gation of incorporating GNPs in ethanol, aiming to achieve improved performance while
reducing the ecological impact.

Ethanol, characterized by its polarity due to the presence of a hydroxyl (–OH) group
that imparts both positive and negative ends, exhibits inherent lubricating properties.
This polarity enables ethanol to establish a thin lubricating film between solid surfaces,
thereby diminishing friction and wear. Ethanol is utilized as a lubricant in applications
involving small-scale mechanical systems or light-duty machinery operating under low
loads and conditions. Specific examples include small motors, low-power engines, and
primary mechanical assemblies. Moreover, ethanol frequently serves as a component in fuel
blends with varying ethanol concentrations, such as E10 (10% ethanol and 90% gasoline),
E15 (15% ethanol and 85% gasoline), or E85 (85% ethanol and 15% gasoline) [13]. One of
the advantages of incorporating ethanol into these low-grade fuel blends is its ability to
decrease emissions. Recently, it has been reported in a few studies that when ethanol comes
into contact with a CrN coating, a chemical reaction occurs that forms chromium ethoxide,
which acts as a boundary film that reduces the COF [14,15].

The dispersion of graphene in ethanol, when added to a fuel blend, has the potential to
form a lubricating film on the surfaces of moving components in a powertrain system. When
graphene is dispersed in ethanol, the polar groups on the graphene surface can interact with
the polar molecules of ethanol through hydrogen bonding and other intermolecular forces.
These interactions help stabilize graphene’s dispersion and prevent its agglomeration or
settling. Incorporating GNPs represents a novel approach to enhance the tribological
properties of PEO coatings, thereby improving efficiency and endurance in automobile
components and potentially addressing ethanol-based fuel lubricity challenges.

Nevertheless, there are no publications on the tribological performance of PEO-coated
Mg alloys in graphene-containing ethanol to the best of the authors’ knowledge. In some
other tribological systems, friction reduction mechanisms in oil-based lubricants that
incorporate graphene have been investigated. These mechanisms include the formation
of protective boundary films [16–27], the reduction of surface roughness and asperity
contact [28–31], the enhancement of load-bearing capacity [32,33], and the improvement
of lubricant viscosity and rheological properties [34,35]. A few studies have examined the
tribological properties of graphene and its derivatives in water [36,37] and ethanol [38,39],
recognizing the benefits of these solvents in preventing the agglomeration of GNPs due
to their polar nature, which is imparted by –OH groups. In one of these studies [36], the
dispersion of single-layer graphene oxide (GO) sheets in water, with a concentration of
1.0 wt.%, was utilized as a lubricant in tests involving stainless steel plates and a tetrahedral
amorphous carbon (ta-C) counterface. The result was a notable reduction in the COF
value to 0.05 compared to tests conducted without GO in which the COF was 0.15. This
decrease in the COF, along with reduced wear, was attributed to the adsorption of GO
sheets onto both the plate and ball surfaces. Wu et al. [37] conducted a study in which
sulfonated graphene (SGO) was employed as a lubricant additive in water, specifically for
the tribological testing of the sliding of M50NiL bearing steel disks against 40CrNiMoA
pins. By incorporating SGO, the COF and wear scar diameter were significantly reduced
by 74% and 15.7%, respectively.

Moreover, SGO demonstrated superior lubricating properties compared to graphene
oxide (GO). In another study [38], graphene platelets suspended in ethanol at 1 mg/L were
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used to lubricate steel-on-steel (440C grade) contact. A recent investigation [39] demon-
strated that the graphene within the tribolayer underwent deformation and damage, as
evidenced by Raman spectroscopy. Using high-resolution transmission electron microscopy,
detailed cross-sectional analyses revealed that sliding contact caused the graphene layers
to bend and fragment sporadically. This bending of the graphene in the sliding direction
was proposed to facilitate the smooth shear of the graphene layers, thereby potentially
contributing to the observed low COF values. Additionally, the graphene layers deposited
onto the tribolayer surface played a role in achieving these low COF values.

The objective of this work was to investigate the potential of ethanol-based lubricants
to reduce the COF for wear-resistant PEO-coated Mg alloys during their interaction with
steel surfaces. Our primary goal was to explore whether the addition of a small quantity of
GNPs to ethanol lubricants could result in a significant COF reduction. Simultaneously, we
aimed to understand the variations in friction reduction mechanisms between PEO-coated
AZ31 alloys and their uncoated counterparts to provide a comprehensive explanation
for how the incorporation of minute quantities of graphene in ethanol contributed to
reducing the COF on PEO-coated surfaces as compared to their uncoated counterparts.
To accomplish these objectives, we utilized scanning electron microscopy (SEM), energy-
dispersive X-ray (EDX) analysis, micro-Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS). These techniques were employed to examine the microstructures and
compositions of the contact surfaces that underwent sliding wear. This allowed us to gain
a better understanding of the alterations in the tribological properties of PEO-coated Mg
alloys resulting from sliding in the presence of GNP-added ethanol.

2. Experimental Procedure

Test specimens measuring 4 mm by 15 mm by 15 mm were precisely machined from
the as-cast AZ31 alloy (composed of 3 wt.% aluminum and 1 wt.% zinc), which exhibited
a hardness of 0.75 GPa. Following the standard grinding and polishing processes, the
samples were placed in an electrolyte containing 15 g/L sodium metasilicate (Na2SiO3,
Aldrich, Saint Louis, MO, USA) and 2 g/L potassium hydroxide (KOH, Aldrich) and
subjected to the PEO process (DSM30, DISI Numerical Control Equipments, Changsha,
China) utilising a current density of 2.2 A/cm2 for a duration of 4 min at a frequency of
500 Hz. The electrolyte temperature was maintained at 20 ± 2 ◦C throughout the PEO
process. After completing the PEO process, the samples underwent ultrasonic cleaning in
acetone and distilled water, followed by air drying.

Back-scattered electron (BSE) SEM micrographs (TM-1000, Hitachi, Tokyo, Japan)
were acquired from both the surface and cross-section of the PEO-coated AZ31 samples.
Additionally, X-ray diffraction (XRD, MMA 06, GBC, Melbourne, Australia) spectra of the
PEO-coated surface were obtained using Cu-Kα radiation at a range of scanning angle
between 20–80◦ and scanning speed of 1◦/min [11]. The resultant PEO coating, with an
average thickness of 13 µm, was composed of MgO and Mg2SiO4. It displayed a distinctive
microporous structure with an average pore size of 4.51 ± 2.68 µm. The arithmetic average
surface roughness (Ra) of the coating determined via an optical profilometer (WYKO NT-
1100, Billerica, MA, USA) measured 0.69 ± 0.07 µm. Furthermore, the coating exhibited a
hardness of 5.49 ± 0.51 GPa. Anhydrous ethanol (absolute ethanol) with a concentration
of 99.9% by volume was utilized in the sliding tests. The GNPs with an average thickness
of <3–8 nm were obtained from Graphene Laboratories Inc. (Ronkonkoma, NY, USA).
To disperse the GNPs, they were placed in a glass beaker and submerged in absolute
ethanol. The beaker was then subjected to ultrasonication for 30 min, allowing for the
thorough dispersion of the GNPs in the ethanol. The investigation involved four different
GNP concentrations in ethanol: 1.3 × 10−4 wt.%, 2.5 × 10−4 wt.%, 5 × 10−4 wt.%, and
7.6 × 10−4 wt.%. The solutions were transferred to vials and placed in a desiccator for 72 h
to observe any settling or agglomeration of GNPs in ethanol. There were no agglomerations
observed for the 5 × 10−4 wt.% GNP concentration in ethanol, indicating a homogeneous
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distribution in the solution. Further details on optimizing GNP concentrations can be
found in [39].

The sliding wear experiments were conducted on a unidirectional rotating ball-on-
block tribometer (CSM) with 6 mm diameter AISI 52100 steel balls with a hardness of
approximately 58 HRC [40]. The applied load and speed were fixed at 1 N and 0.02 m/s,
respectively. Throughout the sliding experiments, both the steel balls and the test sam-
ples were immersed in ethanol or ethanol-containing GNPs. By considering the ratio
(λ = hmin/r*) of the lubricant thickness (hmin) to the root mean square (RMS) roughness of
the surfaces upon initial contact (r*), it was established that λwas <1, indicating that the
boundary lubrication condition was achieved [39].

During testing, two primary aspects of friction behaviour were assessed. Firstly, the
initial COF peak, commonly observed during the running-in period, was examined. This
peak represents the highest COF value within this period and was denoted as µR. The
subsequent steady-state COF values, designated as µS, were also determined. These values
were derived by averaging the COF data collected during the stable and consistent portions
of the friction curves, typically after approximately 200 revolutions. The average µS values
were computed by taking the arithmetic mean of the steady-state segments within the
friction curves, typically following 200 revolutions. Three separate tests were conducted
under the same experimental conditions to determine the average values for both the initial
COF peak (µR) and the steady-state COF (µS). Additionally, the corresponding standard
deviations for these values were computed.

Wear losses of both the PEO-coated AZ31 and the uncoated AZ31 were calculated
by measuring the volume of material removed along the circular sliding wear track with
a radius of 1.50 mm at four locations. The volume loss was determined using a white
light interferometry technique, specifically employing the Wyko NT 1100 optical surface
profilometer.

In order to gain a comprehensive understanding of the characteristics of surface
damage, thorough examinations were performed using an FEI Quanta 200 FEG SEM
equipped (Hillsboro, OR, USA) with a SiLi-type energy-dispersive X-ray spectroscopy
(EDS) detector. Raman spectra of the GNPs were captured using a Horiba Raman micro-
spectrometer (Burlington, ON, Canada) employing a 50 mW Nd–YAG laser with a 532 nm
excitation line. These observations were conducted using a 50× objective lens, with the
laser spot having a diameter of 1 µm on the specimen surface.

3. Results
3.1. Tribological Properties of the PEO-Coated AZ31 and Uncoated AZ31

Figure 1a displays the typical plots of the COF versus the number of revolutions for
the PEO-coated AZ31 when subjected to sliding against a 52100 steel counterface. Dry
sliding tests at 34% RH resulted in a high and continuously increasing COF that eventually
stabilized around 0.7 after 600 cycles. It can be estimated that a µR of 0.51 was reached
at around 200 cycles. During the sliding tests conducted with the samples immersed in
ethanol, the specific test depicted in Figure 1a revealed an initial running-in phase with a
µR value of 0.27. Following the running-in phase, a steady-state regime with a µS of 0.22
was reached. The characteristic trend of the COF variation with the number of revolutions
for a representative test carried out in ethanol containing 5 × 10−4 GNPs, displaying a
notably low and consistent COF, is illustrated in Figure 1a.
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The uncoated AZ31 exhibited significant fluctuations in the COF when sliding against a
steel counterface, and these fluctuations increased as the number of revolutions progressed,
as depicted in Figure 1b. Unlike that of the PEO-coated AZ31, large fluctuations were
observed on the friction curve of the uncoated AZ31, which yielded an average COF value
of 0.34 ± 0.04. Testing the uncoated AZ31 samples in ethanol resulted in an improvement,
as it reduced the fluctuations in the COF and provided a stable COF value of 0.22 for
cycles higher than 200. Adding 5 × 10−4 GNPs to ethanol resulted in the lowest µR for the
uncoated samples and a stable and low µS during the test.

The average values of µR and µS for both the uncoated AZ31 and the PEO-coated
AZ31 are summarized in Figure 2a,b, revealing that the highest average values for both the
uncoated AZ31 and the PEO-coated AZ31 were observed during dry sliding, as expected.
Utilizing ethanol as a lubricant resulted in a notable reduction in both µR and µS values
compared to dry sliding for the uncoated and PEO-coated AZ31 sliding against steel,
as previously described in Figure 1. However, the PEO-coated AZ31 exhibited lower
average values of µR (0.27) and µS (0.17) compared to that of the uncoated AZ31 (µR = 0.32
and µS = 0.22) when tested in ethanol. In summary, the PEO-coated AZ31 consistently
demonstrated lower COF values and exhibited more stable friction behavior across all
testing conditions when sliding against steel compared to the uncoated AZ31. The addition
of GNPs in ethanol contributed to achieving the lowest average µR of 0.11 ± 0.01 and µS of
0.07 ± 0.01 for the PEO-coated AZ31. These values were notably lower than those obtained
for the uncoated AZ31 under the same GNP–ethanol mixture testing conditions.

Figure 3a shows the wear rates of the uncoated AZ31 and the PEO-coated AZ31
tested under dry sliding conditions in ethanol alone and with GNPs. The wear rate
of the uncoated AZ31 after dry sliding was measured at 2.12 × 10−5 mm3/Nm, which
decreased to 1.85 × 10−5 mm3/Nm in ethanol. The lowest wear rate was observed in
ethanol with GNPs, measuring 1.75 × 10−5 mm3/Nm. The PEO-coated AZ31 showed the
lowest wear rate of 0.33 × 10−5 mm3/Nm when tested in ethanol with GNPs, compared to
1.89 × 10−5 mm3/Nm in dry sliding and 0.85 × 10−5 mm3/Nm in ethanol.
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Figure 3. (a) Comparison of wear rates of PEO-coated AZ31 and uncoated AZ31 in dry, ethanol, and
ethanol with 5.0 × 10−4 wt.% GNPs conditions. (b) Typical 2D profile of the wear track formed on
PEO-coated AZ31 and uncoated AZ31 after sliding in ethanol with 5.0 × 10−4 wt.% GNPs. (c) Typical
3D profile of the wear track formed on the surface of PEO-coated AZ31 after sliding in ethanol with
5.0 × 10−4 wt.% GNPs. (d) Typical 3D profile of the wear track formed on the surface of uncoated
AZ31 after sliding in ethanol with 5.0 × 10−4 wt.% GNPs. The edges of the wear tracks were showed
by black arrows.

The effectiveness of the PEO-coating process was further demonstrated using 2D pro-
files of the worn surfaces, which provided both a visual representation and a quantification
of the low wear rates observed for the PEO-coated AZ31 in ethanol with GNPs, as shown
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in Figure 3b. The maximum worn surface depth for the uncoated AZ31 was 12 µm in
this typical section. When compared, the worn surface depth for the PEO-coated AZ31
was just 2 µm, signifying a notably lower wear rate for the coated specimen. Additionally,
representative 3D surface profiles of the worn surface that were generated on the uncoated
and PEO-coated AZ31 are shown in Figure 3c,d. The surface damage on the PEO-coated
AZ31 was so minimal that it was challenging to discern, providing further evidence of the
high wear resistance offered by the PEO coating.

The observations of this section are gathered in Figure 4 as a “Wear Rate vs. COF”
diagram. This figure clearly illustrates the effect of ethanol on reducing both the COF and
the wear rate of the PEO-coated AZ31. In particular, the lowest values of the COF and the
wear rate were achieved when the tests were conducted with ethanol-containing GNPs.
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3.2. Worn Surfaces and Transfer Layer Formed during Testing in Ethanol and GNP-
Added Ethanol

SEM analysis was conducted to examine the surface damage from wear developed on
the PEO-coated AZ31 samples during sliding tests conducted in ethanol. The morphology
of the worn surface generated on the PEO-coated AZ31 displayed no distinct differences
from the surrounding regions, as evidenced by the secondary electron (SE) image presented
in Figure 5a. The distinctive surface features of PEO coatings were still evident on the worn
surface, aligning with the findings shown in the 3D profilometer in Figure 3c,d. The EDS
mapping shown in Figure 5b shows that some areas on the worn surface appear as darker
stains, possibly due to the reaction between Mg and ethanol. Figure 5c, the mapping of O
proved that the worn surface was intact, and there was no sign of any detachment of the
coating. The distribution of O was uniform along the worn surfaces.

An SEM analysis of the wear damage inflicted on the uncoated AZ31 subjected to
sliding contact with steel in ethanol revealed evidence of local detachments, which were
likely formed during material transfer to the counterface (Figure 5d). Carbon-rich stain
marks were noticeable at the periphery of the wear region (Figure 5e). The majority of
oxidation took place along the wear area, as depicted in Figure 5f.

In the BSE image presented in Figure 6a, the worn surface of the PEO-coated AZ31,
subjected to testing against the AISI 52100 steel ball in ethanol with GNPs, revealed distinct
darker patches of C and O on the worn surface (Figure 6b,c). This observation suggests the
creation of a tribolayer enriched with GNPs, which was formed almost uniformly along
the sliding surface.
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The worn surfaces of the uncoated AZ31 tested against 52100 steel balls in ethanol
with GNPs were also examined. As shown in Figure 6d, the formation of tribolayers
containing GNPs was discernible on the worn surface of the uncoated AZ31. However, this
tribolayer exhibited non-uniformity. Compositional EDS mapping of C and O (Figure 6e,f)
indicated that the GNP-containing layers were predominantly situated at the edges of
the worn surface rather than being evenly distributed within the worn surface. Impor-
tantly, no indications of iron (Fe) transfer from the counterfaces were identified within the
worn surfaces.

Results of the micro-Raman analyses performed on the pristine GNPs and the tribo-
layer generated on the PEO coating after sliding tests conducted in GNP-incorporated
ethanol are shown in Figure 7. The peak positions of the D, G, 2D, and 2D’ peaks on the
Raman spectra of the pristine GNPs were identified as 1346 cm−1, 1573 cm−1, 2705 cm−1,
and 3233 cm−1, respectively [39]. The identification of peak positions for D, G, 2D, and 2D’
at 1326 cm−1, 1563 cm−1, 2700 cm−1, and 3223 cm−1, respectively, on the Raman spectra of
the tribolayer provided confirmation that the carbon-rich tribolayers depicted in the SEM
images (Figure 6a) were indeed composed of GNPs. Notably, it is important to observe
that the D peak within the Raman spectra derived from the tribolayers displayed a more
pronounced intensity compared to that of the pristine graphene. This heightened intensity
of the D peak in the Raman spectra is often linked to structural irregularities like vacancies,
edges, and grain boundaries. Additionally, the (D + G) peak appeared at ~ 2935 cm−1 in
the Raman spectra of the tribolayer. As a result of the significant intensity of the D peak
and the appearance of the (D + G) peak, there is evidence of the development of defects
within the tribolayers [41].
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XPS analysis of the tribolayers, resulting from the sliding interaction between the
PEO-coated AZ31 and the AISI 52100 steel in an ethanol environment enriched with GNPs,
is depicted in Figure 8. The C1s peaks, detailed in the XPS spectrum in Figure 7, manifest at
binding energies of 284.76 eV for C–C/–C–H, 286.36 eV for –C–OH/–C–O–C, and 288.86 eV
for –O–C = O. These peaks are indicative of chemical alterations from the expected graphitic
structure due to the tribological stress and interaction with ethanol, suggesting the presence
of defects in the tribolayer. Such alterations are evidenced by the introduction of oxygen-
containing groups and the disruption of the sp2 hybridized carbon network, which are
not typical for an unreacted graphitic lattice. Prior studies [42–44] support these findings,
proposing that these functional groups can form as a result of mechanical and chemical
processes during sliding. Complementary Raman analysis, presented in Figure 6, confirms
the structural disorder associated with these chemical states, revealing the passivation of
defects through the incorporation of –H and –OH moieties. These groups are presumably
derived from the dissociation of ethanol, signifying a dynamic interplay of mechanical and
chemical transformations within the tribolayer during the wear process.
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Figure 8. XPS C 1s spectrum of the GNP-enriched tribolayer formed on the wear track of a PEO
coating after sliding against a steel counterface. The spectrum reveals surface passivation of the GNPs,
characterized by predominant –H and –OH functionalities, contributing to the surface passivation of
the GNPs. Peaks for oxygen-containing functional groups such as C=O and O–C=O appear at higher
binding energies and are depicted by other coloured curves in the spectrum.

3.3. Wear and Surface Characterization of Counterface Balls Used in Sliding Wear Tests

Table 1 provides an overview of the volume losses experienced by the 52100 steel
counterface in various conditions when sliding against the uncoated AZ31 and the PEO-
coated AZ31. These tests were conducted in three different environments: dry, ethanol,
and ethanol-containing GNPs. The estimation of counterface wear utilized a spherical
cap volume loss model, accounting for the diameter of the worn surface formed on the
counterface material.
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Table 1. Volume losses of 52100 steel balls against uncoated AZ31 and PEO-coated AZ31 in the
following conditions: dry, ethanol, and ethanol with GNPs.

Materials Dry
(×10−4 mm3)

Ethanol
(×10−4 mm3)

Ethanol with GNPs
(×10−4 mm3)

Uncoated AZ31 33.41 29.32 22.34
PEO-coated AZ31 37.29 18.36 11.02

Consistent with expectations, the highest volume losses were observed during dry
sliding, followed by sliding in an ethanol environment. Notably, tests carried out in ethanol
with GNPs demonstrated a distinct advantage. These conditions facilitated the develop-
ment of a tribolayer enriched with graphene on the contact surface of the counterfaces,
leading to a reduction in counterface damage. For the uncoated AZ31, the recorded vol-
ume loss from the counterface was 22.34 × 10−4 mm3. In contrast, the PEO-coated AZ31
exhibited a 50% reduction in volume loss (11.02 × 10−4 mm3). These results underscore the
notable effectiveness of the PEO coating in mitigating counterface wear. Furthermore, the
incorporation of GNPs in ethanol as a lubricant additive provided an additional advantage,
enhancing the overall tribological performance.

The contact surfaces of the counterface 52100 balls used to test the PEO-coated AZ31
and the uncoated AZ31 were examined using SEM and EDS. Figure 9a displays the tribo-
layer that developed on the upper surface of the steel counterface during sliding in ethanol
containing GNPs. The EDS maps for Fe (Figure 9b) and C (Figure 9c) provided evidence
that the resulting tribolayer was predominantly composed of C. Similarly, a tribolayer
rich in C was formed on the upper surface of the counterface steel ball employed in the
tests involving the uncoated AZ31 in the GNP-incorporated ethanol solution (Figure 9d).
This was confirmed through the EDS mapping of Fe and C (Figure 9e,f). Notably, the
carbon-rich layer observed on the steel surface (Figure 9e) displayed similarities to the steel
balls utilized for the testing of the PEO coating (Figure 9b,c). This carbon-rich tribolayer
on the counterface is likely a consequence of the presence of GNPs, which can form a thin
layer on the counterface surface during the sliding process. The XPS analysis indicated the
presence of C–C/–C–H and –C–OH/–C–O–C bonds on the surface, which implies that the
H and –OH species derived from the ethanol dissociation have acted to passivate the C–C
interactions between the graphene layers of the GNPs and the metal surfaces. This suggests
that the passivation of the C–C interactions likely contributes to the mechanism responsible
for the observed low COF in the PEO coating. This passivation of graphene within the
tribolayer can reduce friction and wear between the sliding surfaces by inhibiting the ad-
hesive transfer of counterface materials and decreasing surface energy. This phenomenon
occurs because passivation creates a barrier layer that effectively separates the surfaces
in contact, thereby reducing the shear strength and contact area. Moreover, passivation
can stabilize the tribolayer, preventing its removal and leading to reduced wear rates and
COF values.
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Figure 9. (a) BSE image of the steel ball surface after sliding against PEO-coated AZ31 in ethanol with
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GNPs. Corresponding elemental EDS maps show distributions of (e) Fe and (f) C.

4. Discussion

To initiate the discussion, it is pertinent to analyze the COF curves generated during
the dry sliding of the uncoated AZ31 and the PEO-coated AZ31. While the uncoated
AZ31 demonstrated a lower COF than the PEO-coated AZ31, it also displayed significant
fluctuations. These COF fluctuations correspond with the reciprocating transfer of detached
material fragments between the worn surface of the uncoated AZ31 and the counterface
during sliding contact. This phenomenon resulted in the oxidation of the worn surfaces
and the transferred material.

A reduction in the COF value of the Mg alloys in aqueous media (i.e., water, simulated
body fluid) compared to dry sliding contact was reported in the literature [43,45,46]. The
reduction in the COF was linked to the generation of Mg(OH)2 on the worn surfaces due to
the tribo-chemical reactions of Mg and MgO with the dissociated species in the aqueous
media (such as -H and -OH) according to the following reactions [43]:

2Mg + O2 → 2MgO (1)

Mg + 2H2O → Mg(OH)2 + H2 ↑ (2)

MgO + H2O → Mg(OH)2 (3)

While no specific tribo-chemical reaction has been reported for the sliding contact of
Mg alloys in ethanol, the lubricating effect of alcohols on various metallic surfaces during
sliding contact has been associated with the formation of metal ethoxides [44,47,48]. The
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formation of magnesium ethoxide (Mg(C2H5O)2) under static conditions is represented by
the following equation [44]:

MgO + 2C2H5OH → Mg(C2H5O)2 + H2O (4)

This reaction entails the displacement of water (H2O) from the surface of MgO by
ethoxide ions (C2H5O−), creating Mg(C2H5O)2 and H2O. Typically, this reaction occurs
under static conditions, where MgO and ethanol remain in contact for an extended duration.
However, sliding contact would expedite the amalgamation and tribo-chemical interplay
between MgO and ethanol.

Figure 10a,b illustrate schematic models that depict the wear mechanisms of the
uncoated AZ31 and the PEO-coated AZ31, respectively, when exposed to ethanol. For the
uncoated AZ31 alloy, the expected formation of Mg(C2H5O)2 could follow the sequence of
reactions 1 and 4. This is tentatively linked to the fluctuating friction curve of the untreated
AZ31 in ethanol, a contrast to the smoother curve of the PEO-coated AZ31 (as shown in
Figures 1 and 2). The MgO present in the PEO coating may facilitate the formation of an
ethoxide layer, potentially contributing to the observed reduction in the COF and the wear
rate (Figure 4). It should be noted, however, that the direct observation of Mg(C2H5O)2
formation due to tribo-chemical reactions in the presence of ethanol was not achieved in
this study. Nevertheless, the known lubricating effects of alcohols on metallic surfaces
suggest that similar reactions could be at play, influencing tribological behavior [14,15]. For
example, the existence of O along the wear track of the uncoated AZ31 tested in ethanol
(Figure 5f) may imply the formation of magnesium ethoxide. To confirm these proposed
mechanisms, future work should include in situ spectroscopic analysis during sliding to
elucidate the chemistry–tribology interplay within the tribolayer.
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A model illustrating the underlying mechanism behind the enhanced tribological
performance of the PEO-coated AZ31 in GNP-incorporated ethanol is presented in Figure 11.
The addition of GNPs to the ethanol lubricant significantly reduced the COF and the wear
rate for AZ31; this improvement was observed in both the uncoated and PEO-coated
variants, although the mechanisms contributing to these reductions differ. Notably, the
lowest COF and wear rate were recorded for the PEO-coated AZ31. In this case, the damage
to the graphene in the tribolayer, evidenced by the decreased D to G band intensity ratio
in Raman spectroscopy, results in fractured edges and structural vacancies [28,49]. These
defects are believed to enhance the graphene’s ability to passivate [41,50,51], facilitating
the formation of C–C/–C–H and –C–OH/–C–O–C bonds on the surface, as identified
in Figure 8. This passivation is postulated to prevent further tribolayer degradation,
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improve its stability, and thus contribute to the reduction in friction and wear for the
PEO-coated surfaces.
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5. Conclusions

This study investigated the tribological behaviour of AZ31 Mg alloys with and without
a PEO coating under sliding contact with steel in anhydrous ethanol and examined the
effects of the addition of graphene nanoplatelets (GNPs). The main findings demonstrated
that the incorporation of GNPs in ethanol effectively decreased the COF of the PEO-coated
AZ31 compared to the uncoated AZ31. Furthermore, sliding tests with GNP-incorporated
ethanol reduced the wear of the PEO-coated surfaces, creating a more favourable sliding
environment compared to the uncoated AZ31 surfaces. This resulted from differences in
tribolayer formation between the PEO-coated AZ31 and the uncoated AZ31 alloys.

Based on the results of this study, the following conclusions can be drawn:

i. The PEO-coated AZ31 surfaces maintained a steady-state COF of 0.18 in ethanol, a
value lower than that observed in dry sliding (0.74), and closely matched that of
uncoated AZ31.

ii. Tests conducted in ethanol with the addition of 5 × 10−4 wt.% GNPs signifi-
cantly decreased the COF to 0.07 and the wear rate of PEO-coated AZ31 from
18.36 × 10−4 mm3 (when tested in ethanol) to 11.02 × 10−4 mm3, demonstrating
superior performance compared to the uncoated AZ31.

iii. XPS, Raman spectroscopy, and SEM analyses revealed the formation of a stable
tribolayer on the PEO-coated AZ31 and the steel counterface during sliding in
ethanol with dispersed GNPs.

iv. GNPs in ethanol were less effective as a lubricant for the uncoated AZ31. The
enhanced performance of the PEO-coated AZ31 in ethanol with GNPs was due
to a combination of the formation of graphene-incorporated tribolayers and their
chemical interactions within the ethanol environment.
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