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Abstract: Micro-arc oxidation (MAO) is an emerging technology employed to produce high hardness or anti-
corrosion ceramic coatings on lightweight metals such Al, Ti, Mg and their respective alloys. However, under
non-lubrication conditions, such coatings exhibit relatively high friction coefficients. To enhance the friction
reduction properties of the MAO coatings, we employed a one-step MAO process with varying concentrations
of graphene oxide (GO) in an aluminate system electrolyte to create composite coatings on the surfaces of Ti-
6Al-4V alloy. The effect of concentrations of GO particles on microstructure, composition, and wear behavior
of the resulting composite coatings was investigated. Measurements of the coating's thickness, hardness, and
roughness have also been conducted. Ball-on-disk friction test under dry condition were carried out to reveal
tribological behavior of the MAO coating. The addition of graphene oxide in the electrolyte reduces the friction
coefficient, with the composite coating containing 5 g/L of GO particles displaying the most effective friction
reduction. Moreover, coating thickness increases with higher GO concentration. This friction reduction can be
attributed to the particles in the coating acting as lubricants during friction, while GO also reduces adhesive
damage, shifting the wear mechanism from adhesive to abrasive.
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1. Introduction

Owing to its high strength-to-weight ratio, excellent corrosion resistance and biocompatibility,
titanium alloy have been extensively used in aerospace, marine and biomedical industries[1]. The
TC4 titanium alloy is currently the most widely used a+f3 titanium alloy, its amount accounts for
more than half of the total consumption of titanium alloys[2]. Components made from titanium alloys
are often in tribological contact with different media, under stationary or dynamic loading[1]. And
the poor tribological properties of titanium alloy, such as low surface hardness, high friction
coefficient, and poor wear resistance, have limited their scope of application[3]. Some surface
engineering techniques that have been employed for titanium alloy include surface oxidation,
PVD/CVD coating, ion implantation etc[4]. However, these methods are quite expensive and may
not provide a thick layer. As the most popular technique for the surface modification of titanium
alloy, anodic oxidation generates thin films of amorphous hydrated oxide or crystalline TiO2 in the
anatase form, which can’t provide adequate load support under heavy load[5,6].

Micro-arc oxidation (MAO), also referred as plasma electrolytic oxidation (PEO), is an
environmentally friendly technology used to produce ceramic coatings with good adhesion on valve
metals such as aluminum (Al), titanium (Ti), magnesium (Mg), zirconium (Zr), and their alloys[7].
This technique is similar to metal anodic oxidation within an electrolytic solution, employing voltages
that induce plasma micro-discharges at the electrode's surface. This film is modified through spark
micro-discharges initiated at potentials exceeding the breakdown voltage of the growing oxide film
and rapidly moving across the anode surface[8]. At the same time, the local temperature and pressure
within the discharge channel can reach 10°-10* Kelvin and 10?-10° MPa[9]. These conditions are high
enough to induce plasma thermochemical interactions between the substrate and the electrolyte[10].
These interactions result in the formation of melt-quenched high-temperature oxides and complex
compounds on the surface. These compounds consist of oxides of both the substrate material and
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modifying elements carried by the electrolyte[11]. These coatings typically have high wear resistance
due to its high hardness, but exhibit high friction under dry friction condition[12]. The property and
quality of the ceramic coatings can be adjusted by changing the composition of the electrolyte, various
electrical parameters and the process temperature[13].

Researchers have attempted to reduce the friction coefficient and enhance wear resistance of the
coatings by synthesizing self-lubricating coatings through a one-step process in lubricant-containing
solutions[14]. Chang et al.[15] reported that good adhesion and better tribological properties were
obtained for the MAO grown coatings by adding 4 g/L MoS: particles in the electrolyte. Liu et al.[16]
prepared a composite coating containing graphene nanosheets and TiO2 on Ti-6Al-4V alloy. The
addition of graphene provides higher hardness and smoother surface, resulting in improved wear
resistance. Zhang and coworkers[17] investigated the influence of Graphene oxide (GO) on
tribological and corrosion performance of magnesium alloy, showing adding of GO blocked part of
the micropores and made the coating more compact and even.

Graphene oxide represents an intermediate byproduct arising during the production of
graphene through the oxidation of graphite. It belongs to the class of two-dimensional materials like
graphene[18]. GO is inherently hydrophilic, owing to the presence of oxygenated functional groups,
including hydroxyl, epoxide, and carboxyl moieties, which significantly broaden its utility[19].
Research has already demonstrated that adding GO to the solution can significantly enhance the
tribological properties of MAO coatings on magnesium and aluminum alloys[20,21]. However, there
is limited research regarding the influence of GO concentration on MAO coatings for titanium alloys.
In this article, an attempt has been made to explore influence of the amount of GO on MAO ceramic
coating by changing the concentration of GO particles in the electrolyte during MAO process. The
ceramic coatings were formed on Ti-6Al-4V titanium alloy by micro-arc oxidation with a DC power
supply in the aluminate system electrolyte with and without GO. The phase constituent and
microstructure of the ceramic coatings were analyzed by X-ray diffraction (XRD), and scanning
electron microscopy (SEM). The friction reduction and wear resistance of the coatings prepared in
electrolyte containing different concentration of graphene oxide were tested and analyzed. The effects
of GO particle concentration on the thickness, hardness and roughness of the coatings were also
discussed.

2. Experimental details

2.1. Material and MAQO procedure

The Ti-6Al-4V alloy (5.5-6.75% Al, 3.5-4.5% V, 0-0.3% Fe, 0-0.2%0, and balance Ti) with a size of
50 x 20 x 1 mm were ground and polished with SiC abrasive paper to obtain an average roughness Ra
~ 1.0 um, and then washed in distilled water, ultrasonically degreased in alcohol prior to drying in
cool air. A pulse power supply (MAO-WH30A-T) was used to perform MAO treatment at a constant
voltage 350 V, frequency of 100 Hz, 10% duty cycle for 20 mins in a water-cooling bath with a stainless
steel as cathode. The Ti-6Al-4V alloy sample was connected to the anode. The schematic diagram of
the device is shown in Figure 1. Aqueous solutions of electrolytes were prepared using chemically
pure NaAlO: and NasPOs, and the concentration is 30 g/L NaAlO: and 5 g/ NasPOu. The temperature
was maintained between 17-19 °C. A certain quantity of GO particles (particle size:10-40 um) was
added to the electrolyte to obtain different concentrations of 0,1,3,5,10 g/L with a magnetic stirrer
operating to disperse GO particles. The ceramic coatings produced in the electrolyte containing 0, 1,
3, 5, 10 g/L GO were named as SO, S1, S3, S5, S10 respectively. Coated samples were flushed with
water after the treatment and dried in warm air.

doi:10.20944/preprints202310.1334.v1
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Figure 1. The schematic diagram of the experimental device.

2.2. Composition and microstructure analysis

The composition of coatings was explored by a grazing incidence X-ray diffractometer (Cu Ka
radiation,) with the step size of 0.02° and a scan range of 20°-80°. The X-ray generator settings were
30 kV and 40 mA. A SEM was employed to observe the surface and cross-sectional microstructure.
The thickness of the ceramic coatings was also observed and measured by a SEM. An energy
dispersive spectrometer (EDS) attachment was used for qualitative element chemical analysis. The
surface roughness of each coating was analyzed using a profilometer.

2.3. Tribological evaluation

The microhardness of the coatings was measured by a HVS-1000 Vickers hardness tester at a
load of 1 kg. Ten different positions of each coated sample were tested. The tribological performance
of MAO films were evaluated using a ball-on-disc tribology tester, which was carried out under a
load of 3 N, 100 rpm and a diameter of 3 mm. The counter ball is made of SiC with a diameter of 6.35
mm, and the temperature was controlled to 20«1 °C. After testing, the morphologies of the wear scars
were observed by the scanning electron microscope, and the wear track diameter of the frictional
counterparts was measured by an optical microscope.

3. Results and discussion

3.1. Phase composition

Figure 2 displayed the X-ray diffraction pattern of MAO ceramic coatings fabricated in
electrolyte containing different amount of GO. It is clear that the predominant composition of all
coatings is ALTiOs, accompanied by a portion of y-Al20s phase and minor quantities of low-valence
titanium oxide. In addition, a small amount of rutile TiO2 phase is also detected. Minor amounts of
a-AlOs were detected in S1, S2, and S3, which were prepared in electrolyte with relatively low GO
concentration. However, when the GO concentration reached 5 g/L and 10 g/L, a-Al2Os was not
detected in the coatings. The peak intensity of Al2TiOs exhibits a decreasing trend with the increase
in GO concentration. Furthermore, due to the thickness of the coatings, trace amounts of titanium
were detected in all coatings.
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Figure 2. X-Ray diffraction patterns of MAO films produced in electrolytes with different
concentrations of GO particles.

The relative content of the main elements Al, Ti, V and C on the surface of the coating was
analyzed by EDS shown in Figure 3. The results indicate that with the increasing concentration of GO
particles in the solution, there is an upward trend in the relative carbon content within the coatings
Furthermore, increasing the GO concentration has minimal impact on the Al content, but leads to a
decrease in Ti content within the coating. The particle concentration does not exhibit a significant
impact on the vanadium element content within the coatings.

Observing the distribution map of Al elements, it can be noticed that the content of Al elements
is nearly zero in certain regions. By combining this with SEM images, it becomes apparent that areas
with low Al content correspond to the noticeable bumps (as shown by red circles) on the surface. This
implies that the bump regions of the coating contain minimal aluminum oxides, and, in turn, suggests
that the predominant constituents of these areas are titanium oxides.
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Figure 3. EDS analysis results on the surface of ceramic coatings.

3.2. Coating morphology

The surface morphologies of MAO coatings with different GO concentration are shown in Figure
4. From the magnified images, it can be observed that all MAO coatings exhibit a porous
microstructure. The pores are typical features of MAO coatings which were mentioned in other
papers[22]. These micro pores were possibly produced by eruption of melted material from inner
part of the coating and emission of gas generated by the high-temperature of discharge[23,24]. From
Figure 4, it can be observed that the coatings prepared in a solution containing no GO have slightly
larger pore sizes than the other coatings, and the pore sizes of coatings containing different
concentrations of GO do not show significant differences.

Furthermore, obvious cracks can be observed in Figure 4(a) and Figure 4(b) (as shown by yellow
circles), the formation of cracks is due to the release of thermal stress generated during the film
growth process[25,26]. The cracks become smaller and less noticeable on the surface of 53, 54 and S5,
which indicates that the addition of GO can decrease thermal stress in the MAO treatment.

The introduction of GO particles into the MAO coatings significantly impacts the surface
roughness and coating morphology. The surface of coating S2 and S3 is slightly smoother than that
of the coating prepared in particle-free solution. It is clearly evident that the increase in GO
concentration results in a smoother and more uniform surface of the coating. However, when the GO
concentration reaches 10 g/L, the coating surface exhibits a laminar structure, which is completely
different from the other four coatings. This implies relatively weak bonding strength between the
layers. The reason is that excessive amount of GO got involved in the coating generation process,
which weakened the cohesive strength between layers.
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Figure 4. Surface morphology and microstructure of the MAO coatings by SEM: (a) S1; (b) S2; (c) S3;
(d) S4; (e) S5.

Figure 5 illustrates the cross-sectional microstructure of the ceramic coatings that were generated
in the electrolytes with different concentrations of GO particles. As shown in Figure 5, all coatings
exhibited relatively uniform thickness. The addition of GO particles to the electrolyte had a significant
effect on the thickness. It can be clearly seen that the coatings become thicker with the increase of GO
concentration. As the GO concentration reaches 10 g/L, the thickness rises above 21 um, which is
twice that of the coating prepared in GO-free electrolyte. Several cavities can be clearly seen within
the thickness of coating S1, whereas no significant pores were observed in the cross-sectional image
of coating prepared in the GO-free electrolyte. This indicates that the addition of GO can reduce the
porosity of the coating, thereby increasing its compactness.
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Figure 5. Cross-section microstructure of MAO coatings: (a) S1; (b) S2; (c) S3; (d) S4; (e) S5.

Figure 6 illustrates the surface roughness and hardness of MAO coatings prepared in electrolyte
containing different concentrations of GO particles. The microhardness of the MAO coatings was
measured by an HV-1000Z hardness tester at a load of 9.8 N applied to a Vickers indenter with a
holding time 10 s. Coating S1 exhibits higher hardness compared to the other coatings, and
furthermore, with the increasing concentration of GO, the hardness of the coatings shows a
decreasing trend. The trend in hardness variations illustrating that the incorporation of GO leads to
a decrease in coating hardness, and this decrease is positively correlated with the GO content. With
the increase in GO concentration, more particles enter the coating, disrupting continuity of the
coating, thereby leading to a decrease in hardness. The roughness of coatings S1, S2, and S3 is quite
similar, indicating that there is minimal impact on roughness when the particle content is relatively
low. This aligns with the observations by SEM analysis in Figure 4. The surface roughness of S4 and
S5 is nearly identical, indicating that the reduction in coating surface roughness occurs only when
the GO concentration surpasses a certain threshold.
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Figure 6. Surface roughness and hardness of MAO coatings with different concentrations of GO.

3.3. Tribological performance

Figure 7 shows the evolution of friction coefficient with sliding time under dry sliding condition
for coatings prepared in electrolyte with different GO concentration. All coatings reached a relatively
stable level of friction coefficient within five minutes. During the friction process, both the coating
and the counterpart ball were continuously worn, resulting in an increasing contact area between
them. This led to a gradual rise in the friction coefficient for all coatings over time. The friction
coefficients of coating S1, S2, and S3 are all lower and more stable than that of the particle-free coating.
As the GO concentration increased from 1 g/L to 5 g/L, the stable friction coefficients show a
decreasing trend. However, when the GO concentration reached 10 g/L, the friction coefficient
become higher than that of the particle-free coating. The decrease in the friction coefficient with an
increase in particle concentration can be attributed to the GO nano-sheet acting as solid lubricants
during the friction process. The increase in the friction coefficient of S5 can be attributed to excessively
high concentrations causing a reduction in coating hardness. This results in wider wear tracks than
those observed in other coatings, which implies a larger contact area during the friction process,
subsequently leading to the higher friction coefficient.
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Figure 7. Friction coefficient of MAO coatings prepared with different concentrations of GO.

Scanning electron micrographs of the wear tracks generated on MAO coatings are exhibited in
Figure 8. The coatings fabricated without the presence of GO in the solution exhibit the narrowest
wear scar width. As the concentration of GO increases, the wear scar width become larger. The wear
mechanism of MAO coatings can be easily obtained according to the scanning electron micrographs
of the wear track. It can be clearly observed that plastic deformations occurred on central area of the
wear scar on Sl coating, whereas, in contrast, the GO-composite coatings do not show distinct
adhesive damage, which reveals the heavy ploughing because of abrasive wear. As illustrated in
Figure 6, an increase in GO concentration correlates with a decrease in the hardness of the coating.
Coatings with lower hardness are more susceptible to wear during the friction process, resulting in
wider wear scars[27]. On the other hand, GO sheets act as lubricants during friction process, thereby
reducing adhesive damage in the friction process and lowering the friction coefficient[28].

To further validate the impact of particle addition on the wear resistance of the coatings, the
variations in wear scar diameter on the counterpart ball against different coatings were studied and
shown in Figure 9. The results indicate that the changes in the diameter of the counter-material wear
scars follow a similar pattern to the variations in coating wear scar width. With the increasing
concentration of GO, the decrease in coating hardness results in reduced wear resistance,
consequently leading to wider wear scars.
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Figure 8. The wear tracks of the MAO coatings.
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Figure 9. Wear track width of the counterpart.

To investigate the influence of GO concentration on the tribological performance of the coatings,
the wear track depth profiles of the respective specimens were also measured and shown in Figure
10. The profile images of the wear scars on the coatings clearly reveal the variations in wear scar
depth with changing GO concentrations. The coating without GO exhibits the shallowest wear scar.
As the concentration increases, both the depth and width of the wear scar slightly increase, consistent
with the SEM results. The wear track depth and width of S3 and 54 show no significant difference, as
their hardness is almost the same in Figure 6. When the GO concentration reaches 10 g/L, the wear
scar depth is approximately twice that of S1. The observed differences in wear track depth among the
various coatings demonstrate a strong correlation with their respective hardness. With increasing GO
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concentration, the coating's hardness decreases, resulting in deeper wear scars during the friction
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Figure 10. Depth profiles of the wear tracks.

4. Conclusions

GO particles were effectively incorporated into MAO coatings on the Ti-6Al-4V alloy surface.
The composite coating consisted mainly of Al:TiOs, y-Al20s, with minor quantities of low-valence
titanium oxide. Particle concentration had little impact on the coating composition. The addition of
GO led to a smoother coating surface, with increased smoothness as particle concentration rose.
However, at a 10 g/L concentration, excessive particles in the coating disrupted layer cohesion,
resulting in a laminar structure on the coating surface.

The incorporation of GO reduced pore size and minimized surface microcracks, resulting in a
denser coating structure. Coating hardness decreased with increasing particle concentration due to
particle-induced structural disruption. Additionally, coating thickness significantly increased with
rising concentration.

Incorporating GO reduced the friction coefficient, with the 5 g/L concentration coating
demonstrating optimal anti-friction properties. However, coating hardness and wear resistance were
inferior to GO-free coatings. Both wear scar width and depth increased with higher particle content
due to the introduced GO disrupting coating structure and reducing cohesion. The addition of GO
mitigated adhesive damage during friction, shifting the wear mechanism from adhesive to abrasive.
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