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Abstract: This paper investigates the effect of graphene oxide (GO) particles on the friction reduction
and wear resistance of coatings on a Ti-6Al-4V alloy generated using the micro-arc oxidation (MAO)
technique. Different concentrations of GO were added in aluminate-phosphate electrolyte. The
composition of the MAO coatings was investigated using X-ray diffraction and the energy dispersive
spectrum. Measurements of the coating’s thickness, hardness, and roughness have also been con-
ducted. Ball-on-disk friction tests under dry conditions were carried out to reveal the tribological
behavior of the MAO coating. The results showed that the coating consisted of Al,TiO5 and y-Al,Os.
The addition of GO greatly reduced the friction coefficient by 25%. The coating with 5 g/L of GO
particles exhibited the lowest friction coefficient (reduced from 0.47 to 0.35). Moreover, the coating
thickness become thicker (from 10 to 20 um) with an increase in GO concentration from 0 to 10 g/L.
The wear mechanism was revealed via worn surface analysis. This study provides a helpful way to
improve the surface wear resistance of titanium alloys.
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1. Introduction

Due to their exceptional strength-to-weight ratio, remarkable corrosion resistance, and
outstanding biocompatibility, titanium alloys have found extensive utilization within the
aerospace, maritime, and biomedical sectors [1]. The TC4 titanium alloy presently stands
as the most extensively employed o + {3 titanium alloy, with its quantity constituting more
than half of the total consumption of titanium alloys [2]. Components crafted from titanium
alloys frequently experience tribological interactions with various media, whether subjected
to static or dynamic loads [1]. The inadequate tribological characteristics of titanium alloys,
including a low surface hardness, elevated friction coefficients, and limited wear resistance,
have constrained their application scope [3]. Various surface engineering techniques have
been applied to titanium alloys, including methodologies such as surface oxidation, and
physical vapor deposition (PVD) and chemical vapor deposition (CVD) coatings, as well
as ion implantation, among other methods [4]. Nevertheless, these methodologies are
associated with high costs and often result in the production of relatively thin surface
layers. Anodic oxidation, as the most widely used technique for surface modification in
titanium alloys, typically yields thin films comprising either amorphous hydrated oxides or
crystalline TiO; in the anatase phase, which may not offer sufficient load-bearing capacity
when subjected to heavy loads [5,6].

Micro-arc oxidation (MAO), also known as plasma electrolytic oxidation (PEO), is an
eco-friendly technology employed for the generation of ceramic coatings characterized by
strong 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
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at the electrode’s surface. This film is altered by means of micro-discharges, which are
initiated at potentials surpassing the breakdown voltage of the developing oxide film
and then swiftly traverse the anode surface [8]. Simultaneously, the local temperature
and pressure within the discharge channel can achieve temperatures of 10°~10* Kelvin
and pressures of 1010 MPa [9]. These conditions reach a level where they prompt
thermal and electrochemical interactions between the substrate and the electrolyte [10]. As a
consequence of these interactions, the surface undergoes the generation of high-temperature
oxide and intricate compound formations through the melting and quenching process.
These compounds comprise oxides originating from both the substrate material and the
elements from the electrolyte [11]. These coatings typically exhibit high wear resistance
due to their high hardness; however, they also tend to demonstrate high friction levels
under dry friction conditions [12]. The characteristics and quality of the ceramic coatings
can be tailored via altering the electrolyte composition, various electrical parameters, and
the process time [13].

Researchers have attempted to improve the lubrication performance and enhance the
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 can be obtained for the MAO-grown coatings via the
incorporation of MoS; particles into the electrolyte. Liu et al. [16] prepared a composite
coating containing graphene nanosheets and TiO, on Ti-6Al-4V alloy. The addition of
graphene provides a higher hardness and smoother surface, resulting in improved wear
resistance. Zhang and coworkers [17] investigated the effect of graphene oxide (GO) on the
tribological and corrosion behavior of magnesium alloys, showing that adding GO blocked
part of the micropores and rendered 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 behavior of MAO coatings
prepared on magnesium and aluminum alloys [20,21]. Grigoriev and coworkers [18]
reported that after incorporating 0.1 g/L, 0.3 g/L, 0.5 g/L GO particles in the silicate—
hypophosphite electrolyte and micro-arc oxidizing for 30 min, respectively, the friction
coefficient was slightly reduced from 0.73 to 0.69, and the hardness of the coating increased
from 331 to 366 HV. Despite advancements, the lubricating performance and hardness of
the coating still remain inadequate for some specialized applications. Consequently, this
gap in performance calls for continued research into the development of coatings with
lower coefficients of friction and a greater hardness.

Currently, there is limited research regarding the influence of high GO concentrations
on MAO coatings prepared in aluminate electrolyte for titanium alloys. This study aims
to investigate how the inclusion of GO additives in the aluminate-phosphate electrolyte
influences the phase composition, surface morphology, and tribological characteristics of
coatings generated through the micro-arc oxidation process on the Ti-6Al-4V titanium alloy.

2. Experimental Details
2.1. Material and MLAO Procedure

The Ti-6Al-4V alloys (5.8%-6.55% Al, 3.6%—4.4% V, 0%—0.2% Fe, 0%-0.3% O, and
balance Ti) with a size of 50 x 20 x 1 mm? were subjected to grinding and polishing using
SiC abrasive paper to achieve a desired average surface roughness R, ~ 1.0 um. Then, the
specimens were cleaned in distilled water, subjected to ultrasonic degreasing in alcohol
and, finally, air-dried in a warm air environment. A pulse power supply (MAT-WH30A-T,
Microarc Age, Nanjing, China) was used to perform MAO treatment at a constant voltage
of 350V, frequency of 100 Hz, and 10% duty cycle for 20 min in a water-cooling bath with
stainless steel as the cathode. The Ti-6Al-4V alloy sample was connected to the anode. The
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schematic diagram of the device is shown in Figure 1. Aqueous solutions of electrolytes
were prepared using chemically pure NaAlO, and NazPO,, and the concentration was
30 g/L NaAlO, and 5 g/L NazPO,, The temperature was maintained between 17 and 19 °C.
The electrolyte was incorporated with distinct GO concentrations of 0, 1, 3, 5, 10 g/L, with
a magnetic stirrer operating to disperse GO particles, with particle sizes ranging from 10
to 40 nanometers. The ceramic coatings produced in the electrolyte containing 0, 1, 3, 5,
10 g/L GO were named as S0, S1, S3, S5, 510, respectively. After the treatment, the coated
samples were rinsed with water and subsequently dried using warm air.

AC pulse
power supply % (:() W Cold water out[e Cooling
system

Hot watm inlet

_

Figure 1. The schematic diagram of the MAO processing device.

2.2. Composition and Microstructure Analysis

The composition of coatings was explored using a Malvern Panalytical Empyrean X-
ray diffractometer (Cu Ko 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 (LYRA3 GM, TESCAN, Brno,
Czech Republic) was employed to observe the surface and cross-sectional microstructure.
The thickness of each coating was measured at three points using an SEM, with the average
of these measurements taken as the representative value. An energy dispersive spectrome-
ter (EDS) attachment was used for qualitative element chemical analysis. Surface roughness
was assessed using a profilometer (MFT-5000, RTEC, San Jose, CA, USA) at ten distinct
positions on each coating. Following the removal of the highest and lowest values, the
mean of the remaining measurements was computed as a representation of the surface
roughness of the coatings.

2.3. Tribological Evaluation

The microhardness of the coatings was determined using a Vickers hardness tester (HV-
1000Z, Leeb Testing Instrument, Chongging, China) at a load of 1 kg. Ten distinct positions
on each sample were tested, and the coating’s hardness is represented by the average
value obtained after excluding the highest and lowest measurements. The tribological
performance of the MAO films was assessed using a ball-on-disc tribometer (MFT-5000,
RTEC, San Jose, CA, USA), which was carried out under a load of 3 N, 100 rpm, and a
diameter of 6 mm. The counter ball was made of SiC, with a diameter of 6.35 mm, and
the temperature was controlled to 20 & 1 °C. After testing, wear scar morphologies were
analyzed using SEM, and wear track widths were averaged from four measurements per
scar using a profilometer (MFTI-5000, RTEC, San Jose, CA, USA).

3. Results and Discussion
3.1. Phase Composition

Figure 2 displays the X-ray diffraction results for MAO ceramic coatings prepared
in electrolytes containing different amounts of GO. It is clear that the predominant com-
position of all the coatings is Al,TiOs5, accompanied by a portion of y-Al,O3 phase and
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minor quantities of low-valence titanium oxide. No GO-related phase was found due to
its limited amount. In addition, a small amount of rutile TiO, phase was also detected.
Shokouhfar and coworkers [22] revealed the same phenomenon and implied that the low
TiO; content in the coatings prepared in aluminate-based solution could be attributed
to the fact that the formation of Al,TiO5 consumes a significant portion of the produced
TiO,. Minor amounts of x-Al,O3 were detected in S1, S2, and S3, which were prepared in
electrolytes with relatively low GO concentrations. Furthermore, due to the thin thickness
of the coatings, trace amounts of titanium were detected in all coatings. The same results
were also reported by Liu et al. [16] in their study on the impact of graphene on the ceramic
coatings formed on Ti-6Al-4V.

m y-Al;03 00-Al)O3 4 Rutile-TiOy v Ti o ALTiO ¢ ¢ Ti5O5
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Figure 2. XRD patterns of different MAO films.

The relative contents of the elements Al, Ti, V, and C on the coating’s surface was
analyzed via EDS, as 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. Chen et al. [23] also reported a similar phenomenon
in their study on the effect of graphite on coating composition. 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. When we combine this with SEM images, it
becomes apparent that areas with a low Al content correspond to the noticeable bumps
(shown using 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.

3.2. Coating Morphology

Figure 4 illustrates the surface characteristics of MAO coatings with different GO
concentration levels. From the magnified images, it can be observed that a porous mi-
crostructure appeared in all MAO coatings. The presence of pores is a common characteris-
tic in MAO coatings, as noted in previous research papers [23]. These micro pores were
possibly produced via the eruption of melted material from the inner part of the coating
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and the emission of gas generated via the discharge-induced high temperature [24,25].
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 GO do not show significant differences.

Element Element Distribution Map Relative Content

Element  Relative Content

Al 67.44
Ti 31.81
\ 0.75

Element  Relative Content

Al 59.00
Ti 15.23
C 15.23
\ 0.67

Element  Relative Content

Al 60.65
Ti 14.83
C 23.95
\ 0.57

Element  Relative Content

Al 60.70
Ti 11.96
C 26.89
\ 0.44

Element  Relative Content

Al 58.19
Ti 12.97
C 28.33
Vv 0.51

Figure 3. EDS analysis results for the surfaces of MAO coatings.

Furthermore, obvious cracks can be observed in Figure 4a,b (as shown using yellow
circles); the development of cracks can be attributed to the release of thermal stress that
accumulates during the film growth process [22,26]. The cracks become smaller and less
noticeable on the surface of S3, S4, and S5, which indicates that the addition of GO can
decrease thermal stress in MAO treatment. The surface microstructure of the coating
containing GO exhibits a noticeable enhancement compared to the GO-free coating, which
can be attributed to the incorporation of graphene filling pores and the sealing of cracks [27].
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 a
relatively weak bonding strength between the layers. This can be attributed to the excessive
incorporation of GO into the coating, which led to a reduction in the cohesive strength
within the coating.

Figure 5 illustrates the cross-sectional microstructures of the ceramic coatings produced
in electrolytes with varying concentrations of GO particles. As shown in Figure 5, all
coatings exhibited a relatively uniform thickness. Several cavities can be clearly seen within
coating S1, whereas no significant pores were observed in the cross-sectional image of the
coating prepared in the electrolyte containing GO. This suggests that the inclusion of GO
can decrease the porosity of the coating, consequently enhancing its density. Shokouhfar
and colleagues [22] postulated that nanoparticles could attain negative surface charges
within the electrolyte and be electrostatically attracted to the positively charged substrate
surface through electrophoretic mechanisms. These particles can fill in the pores and cracks
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and enter the coating during this process, rendering it denser. The introduction of GO
particles into the electrolyte had a notable impact on the coating thickness. As evident from
Table 1, it is apparent that the coatings exhibit an increased thickness as the concentration
of GO rises. As the GO concentration reaches 10 g/L, the thickness rises above 21 pm,
which is twice that of the coating produced in GO-free electrolyte. This is because, with
the same thickness, the coating containing GO has a lower breakdown voltage due to its
conductivity, so the coating containing GO needs to be thicker to stop the reaction at the
same termination voltage.

500;‘1111 1 : S500um 500um

S00um

Figure 4. Surface morphology and microstructure of the MAO coatings observed via SEM: (a) S1,
(b) S2, (c) S3, (d) S4, and (e) S5.
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Figure 5. Cross-section microstructure of MAO coatings: (a) S1, (b) S2, (c) S3, (d) S4, and (e) S5.
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Table 1. Thickness of the MAO coatings.

Number S1 S2 S3 S4 S5
Average thickness 10.4 13.2 15.1 16.6 21.8
(um)

Figure 6 presents the surface roughness and hardness of the MAO coatings fabricated
in electrolytes with varying concentrations of GO particles. The microhardness of the MAO
coatings was determined using an LHV-1000 hardness tester, applying a load of 9.8 N
to a Vickers indenter with a 10 s holding period. Coating S1 exhibits a 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 GO particles were absorbed onto
the anode surface due to cathaphoretic effects and, subsequently, integrated into the coating
during the MAO procedure. GO disrupted the crystal structure of the coating, resulting
in its discontinuity. Consequently, this led to a reduction in the cohesive strength of the
coating, resulting in a reduced coating hardness. Ao and coworkers [28] also discovered a
similar phenomenon regarding the impact of excessive hBN on the wear resistance of the
coating. Their findings indicated that a high concentration of hBN resulted in a decline
in the coating’s cohesive strength, leading to the decreased hardness of the coating and,
subsequently, a reduced wear resistance. The roughness of coatings 51, 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 via SEM analysis shown in Figure 4.
The roughness of 54 and S5 is about 0.5 microns lower than that of the coating prepared
in a solution containing a low concentration of GO. The unbound particles within the
electrolyte were attracted to the coating’s surface through electrophoretic effects, filling
pores and sealing cracks, thereby leading to a decrease in the coating’s roughness.

25 Surface roughness | 800
= I Hardness
} - 700
g |
2 2.0 1 } I L 600 =
2 1 -
g I I L 500 2>
fn 1.5 4 I E
g - 400 2
S 2
g 104 L 300 E
o
= =
& L 200
0.5
- 100
0.0 0
0 1 3 5 10
GO Concentration (g/L)

Figure 6. Surface roughness and hardness of MAO coatings with different concentrations of GO.

3.3. Tribological Performance

In Figure 7, the progression of the friction coefficient over the sliding time is presented
under dry sliding conditions for coatings produced in electrolytes with various concen-
trations of GO. 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 coatings S2, S3, and 54 all exhibit reduced values and a greater stability compared to
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those of the particle-free coating. As the GO concentration increased from 1 g/Lto 5 g/L,
the stable friction coefficients showed a decreasing trend. The incorporated GO in the
coating was gradually released during the frictional process. The released GO formed a
discontinuous deformed layer on the surface, and the transfer deformed layer worked as a
lubricant, consequently reducing the friction coefficient. However, when the GO concen-
tration reached 10 g/L, the friction coefficient become higher than that of the particle-free
coating. An excess of particles adversely influenced the development of the composite
coating, leading to a significant increase in the number of defects within the coating. As
a result, the cohesive strength of the coating was reduced in comparison to the GO-free
coating, ultimately leading to a higher friction coefficient.
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Figure 7. Friction coefficient of MAO coatings prepared with different concentrations of GO.

Figure 8 displays the scanning electron micrographs depicting the wear tracks formed
on MAO coatings. It can be clearly observed that plastic deformations occurred at the
central area of the wear scar on the S1 coating, whereas, in contrast, the GO-composite
coatings do not show distinct adhesive damage, which revealed that the wear tracks were
primarily caused by abrasive wear from ploughing. The wear scar width of different
coatings is shown in Figure 9. As the concentration of GO increases, the wear scar width
become larger. As depicted in Figure 9, a rise in the concentration of graphene oxide (GO)
exhibits a negative correlation with the coating’s hardness. Coatings with a lower hardness
are more susceptible to wear during the friction process, resulting in wider wear scars [29].
On the other hand, GO sheets act as lubricants during the friction process, thereby reducing
adhesive damage in the friction process and lowering the friction coefficient [30].

To explore the impact of GO concentration on the wear resistance performance of the
coatings, the depth profiles of the wear tracks for each specimen were also measured and
are presented 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, which is consistent with the SEM results.
The wear track depth and width of 53 and S4 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
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hardness. With increasing GO concentration, the coating’s hardness decreases, resulting in
deeper wear scars during the friction process.

SEMHV: 200 kv : LYRAsTESCAN[ll SEMHV:200kV | WD:f000mm | [ vRA3 TESCANI  SEMHV:200kV | WD:093 mm LYRAS TESCAN|
SEMMAG: 150 X 3 SEM MAG: 110X Dot: SE. 500 pm. SEM MAG: 180 x Det: SE 200 pm
View field: 1.38 mm Date(midJy): 10110123 Performance in nanospace View field: 1,89 mm Date(midly): 05724123 Performance in nanospace View field: 1.15 mm Date(mdly): 052423 Performance in nanospace

)

SEMHV:200kV | WD: 992 mm

L sTEscANfll SEMHV:200kv | WD:992mm Gl
SEM MAG: 120 x Det: SE 500 pm

Det: SE 200 pm

View fleld: 1.73 mm Date(midly): 05124123 mm | Date(midy): 05/24/23

Figure 8. The SEM images of wear tracks of the MAO coatings: (a) S1, (b) S2, (c) S3, (d) S4, and (e) S5.
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Figure 9. Wear track width of the MAO coatings.
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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,TiOs5 and y-Al,O3, with minor
quantities of low-valence titanium oxide. The incorporation of GO into the coating formu-
lation resulted in a reduction in the pore size and the number of microcracks. Furthermore,
the presence of GO led to a thicker and denser coating. The friction coefficient decreased
from 0.47 to 0.35 when the GO concentration in the electrolyte increased from 0 to 5 g/L.
However, an increase in GO concentration caused a decrease in coating hardness, ranging
from 600 to 450 HV, which reduced the wear resistance correspondingly. The integration
of graphene oxide GO into the MAO electrolyte for the development of a self-lubricating
coating with a low friction coefficient on the surface of a titanium alloy represents a novel
and promising methodology. An essential area for future research will be directed toward
improving the lubrication performance of microarc oxidation coatings without inducing a
notable decline in coating hardness.
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