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Cu on titanium alloy
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A soft and hard composite MAO coating was prepared by adding Cu particles to an alkaline phosphate-

borate electrolyte to modify the MAO coating on titanium alloy. The effects of Cu particles on the

thickness, structural features, and friction characteristics of the MAO coating were investigated. The

MAO coating formed in Cu particle-free electrolyte mainly comprised rutile and anatase TiO2. Cu and

CuO were detected in the oxide coatings obtained in the electrolyte with Cu particles. The hardness of

the coating prepared in the base electrolyte was approximately 420 HV, whereas that obtained in the

electrolyte containing 2 g L−1 Cu particles increased to 470 HV. While the friction coefficient of the base

MAO coating exhibited significant fluctuations, the friction coefficient of the MAO coating containing Cu

particles remained relatively stable. The MAO coating formed in the electrolyte containing 2 g L−1 Cu

particles demonstrated superior frictional performance, exhibiting a value approximately 3.6 times higher

than the base coating. Cu particles enter the MAO coating through electrophoresis, mechanical

agitation, and micro-melt adsorption to improve the compactness of the coating. Due to the excellent

plasticity of Cu, the friction properties of Cu-containing MAO coating were enhanced.
1. Introduction

Titanium alloys have excellent mechanical, physical, and
chemical properties and are widely used in various sectors such
as aerospace, petrochemicals, shipbuilding, and medical
equipment.1,2 However, titanium alloys have the problems of
low hardness and poor abrasion resistance, which limit their
application areas to some extent. Compared with traditional
anodic oxidation, the forming conditions of high-pressure
discharge of the MAO can form ceramic-like oxide coatings
with high hardness, corrosion resistance, tribological proper-
ties, and metallurgical bonding with titanium alloy.3–5

The MAO coatings on titanium alloy mainly comprise TiO2

and components derived from the electrolyte. Although its
hardness is signicantly enhanced compared with titanium
alloy, it suffers from the problems of poor toughness and brit-
tleness. In addition, the MAO coating formation process is
accompanied by intense spark discharge and gas escape, and
some holes, cracks, and other defects will inevitably appear in
theMAO coating with insufficient densication.6,7 To reduce the
defects and improve the performance of the MAO coating,
researchers have added micro- or nano-particles to the electro-
lyte. These particles enter the oxide coating under the combined
ring, North China University of Water
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action of electrophoresis, mechanical stirring, and micro-
discharge reaction, reducing the defects in the MAO coating,
thus obtaining a density and antifriction coating.8–11

Therefore, some hard particles with excellent mechanical
and thermomechanical properties, such as Al2O3, Cr2O3, ZrO2,
NbC, WC, SiC, etc., have been used to improve MAO coatings'
microstructure and tribological properties.12–15 Li et al. investi-
gated the inuences of a-Al2O3, Cr2O3, and h-BN particles on the
structural features and properties of the MAO coatings.14 The
microstructures of the MAO coating were improved using well-
dispersedWC particles as electrolyte additives. Compared to the
ordinary MAO coating, the wear resistance and corrosion
resistance of SiC composite MAO coating were better.15

Hard particles can signicantly enhance the hardness and
tribological properties of the MAO coatings. However, during
the friction process, aking MAO coating fragments cause
abrasive wear and exacerbate the damage to this brittle oxide
coating. Therefore, the researchers explored using self-
lubricating particles as electrolyte additives to obtain
composite MAO coatings with self-lubricating properties.16–18

Mu et al.16 prepared a ne and smooth self-lubricating MAO
coating in an electrolyte with graphite particles. They thought
that the worn MAO coating surface underwent a process of
“formation–destruction–repair–formation.” During this
process, graphite particles mixed with abrasive debris were
transferred to form a “lubrication lm” on the steel ball. In
addition, Mu et al.17 revealed the mechanism of MoS2 in
reducing the MAO coating's friction coefficient and wear rate.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Values of pH, conductivity, and zeta potential of different
electrolytes at 25 °C

Electrolyte pH
Conductivity
(mS cm−1)

Zeta potential
(mv)

0 g L−1 Cu 12.58 14.50 −14.6
1 g L−1 Cu 11.97 15.33 −13.2
2 g L−1 Cu 11.69 15.67 −12.1
3 g L−1 Cu 11.56 15.81 −11.3

Table 2 Elemental content of the MAO coating obtained in different
electrolytes

Electrolyte O (at%) Al (at%) P (at%) Ti (at%) Si (at%) Cu (at%)

0 g L−1 Cu 70.79 1.53 8.13 17.84 1.70 —
1 g L−1 Cu 67.66 1.99 10.83 16.47 1.86 1.19
2 g L−1 Cu 67.15 2.02 8.82 17.17 1.79 3.05
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MoS2 particles migrated to the opposing friction pair surface
during the sliding test and lubricated, enhancing the MAO
coatings' tribological properties.

Cu and some Cu alloys have good plasticity, which can
signicantly reduce the friction coefficient between friction
pairs, and are oen used as wear-resistant anti-friction mate-
rials.19,20 The main methods for obtaining Cu alloy anti-friction
layers on titanium alloys are cladding, electroplating, plasma
spraying, double glow plasma surface alloying.21–24 However,
these methods have their limitations. For example, the surface
accuracy of the cladding layer is poor, and the adhesion
between the plasma spraying and electroplating Cu layer and
the titanium alloy matrix is poor. Therefore, by introducing Cu
particles into the MAO electrolyte for titanium alloy, the Cu
particles can reduce the cracks, micropores, and other defects
in the MAO coating. Furthermore, Cu particles are widely used
as friction-reducing additives due to their particular surface
area, easy plastic deformation, and low shear strength.25

Therefore, the Cu particles incorporated in the MAO coatings
can act as friction-reducing agents, thus improving the tribo-
logical properties of the MAO coatings.

In this work, composite MAO coatings were fabricated in the
electrolyte containing different contents of Cu particles. The
inuences of Cu particles on the structural features and tribo-
logical properties of the composite oxide coatings were
investigated.

2. Material and methods

The Ti6Al4V alloy blocks (20 mm × 20 mm × 4 mm) were pol-
ished with 180#–800# SiC grit paper to remove the oxidized
layer, cleaned with acetone and DI water, dried with hot air, and
then treated with MAO. The equipment used in the MAO
process includes a pulsed power supply (JX-MAO, Lanzhou
Jingxin Power Supply Co., Ltd.), an electrolyte chamber, an
electric stirrer, and a circulating water-cooling system. TheMAO
power supply was used in constant current mode. The current
density, frequency, duty cycle, and oxidation time were set to 8 A
dm−2, 300 Hz, 25%, and 40 min, respectively. A stainless steel
plate was used as the cathode, and a Ti6Al4V alloy sample was
used as the anode. The base electrolyte composition and elec-
trical parameters were described in ref. 13. The base electrolyte
was (NaPO3)6 (10 g L−1), Na2B4O7$10H2O (8 g L−1), NaOH (4 g
L−1), and Na2SiO3$9H2O (2 g L−1). Additionally, an additive of 1–
3 g L−1 of 200 nm Cu particles (Hebei Leber Metal Material
Technology Co., Ltd.) was incorporated to produce composite
MAO coatings containing Cu. Aer ultrasonic dispersion for
1 h, the pH, conductivity, and zeta potential of the electrolyte
were measured using a pHmeter (PHS-3E), a conductivity meter
(DDSJ-308F), and a zeta potential meter (Zetasizer Nano ZS90) at
25 °C, respectively. Table 1 lists the electrolytes' pH, conduc-
tivity, and zeta potential. The electrolyte with Cu particles was
pre-stirred for 1 hour before the MAO treatment and continu-
ously stirred during the MAO process.

Scanning electron microscopy (SEM, TESCAN VEGA) equip-
ped with energy spectrometry (EDS, Bruker QUANTAX) was used
to study the coatings' surface, cross-sectional morphology, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
element compositions. X-ray diffraction (XRD, Rigaku Smart
Lab) was used to scan the samples in the 10°–80° range at a rate
of 6° min−1 and in combination with X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Nexsa) to determine the
phase and elemental composition of the MAO coatings (Table
2). XPS was performed using Al Ka (photon energy 1486.6 eV) as
the X-ray source and C 1s the reference. According to the
research results of Hultman's team, the peak value of C 1s was
closely related to the work function (FSA) of the sample, and
cannot simply be used as a reliable reference for calibration of
the binding energy (EB).26–32 Therefore, the binding energy of C
1s was calibrated using the formula EB + FSA = 289.58 eV,28

where the TiO2 work function FSA was 5.20 eV,33 then the EB of
the C 1s peak was 284.38 eV. XPS spectra were tted by the
“XPSPEAK” soware using a Shirley background and Gaussian–
Lorentzian peak shapes.

The hardness and friction properties of the MAO coating
were also tested as described in ref. 13. The MAO coatings'
hardness was determined using a microhardness tester (MVD-
1000JMT2) under 1 N load for 10 s. The hardness test was
conducted on a polished cross-section sample, and the hard-
ness of ve structurally homogeneous and dense areas was
tested and averaged. The friction properties of the MAO coat-
ings were evaluated using a multifunction tribometer (Rtec,
MFT-5000) under reciprocating sliding mode at room temper-
ature. A friction substrate made of SUS440C stainless steel with
a diameter of 4 mm was utilized. The test parameters included
a load of 1 N, an amplitude of 10 mm, a frequency of 5 Hz, and
a duration of 1200 s. Aer the friction tests, a 3D confocal
microscope equipped with the Rtec was used to analyze the wear
marks' morphology and measure the wear volume.
3. Results and discussion
3.1. Voltage–time behaviors

The variation of voltage with time in theMAO process at constant
current can reect the growth of the MAO coating. The voltage–
RSC Adv., 2024, 14, 32602–32612 | 32603
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Fig. 1 Voltage variation with time in the electrolyte with different
concentrations of Cu nanoparticles.
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time curves for different contents of Cu particles in the electrolyte
are displayed in Fig. 1. The voltage changes in the electrolytes
with 0 g L−1, 1 g L−1, and 2 g L−1 Cu particles are similar, with
a rapid voltage increase from 0 to 15min, which slows down with
time, and the nal voltage stabilizes around 505 V, 518 V, and
524 V, respectively. The difference in the voltage–time curves is
caused by the conductivity of the Cu particles and their partici-
pation in the MAO coating formation. As shown in Table 1,
adding Cu particles increases the conductivity of the electrolyte.
In general, an increase in the conductivity of the electrolyte
decreases the nal voltage. According to previous studies, parti-
cles in the electrolyte are involved in the formation process of the
MAO coating, changing its composition and phase composition,
which also causes a change in voltage. As a result, the time–
voltage curves of the MAO process in electrolytes with varying
levels of Cu particles show variations. However, when the Cu
particle content in the electrolyte is 3 g L−1, the voltage remains
Fig. 2 Average thickness of the MAO coating in the electrolyte with
different concentrations of Cu nanoparticles.

32604 | RSC Adv., 2024, 14, 32602–32612
stable mainly aer rising to about 417 V, and some dark brown
spots appear on the MAO coating surface. This suggests that
excessive addition of particles is detrimental to the MAO
discharge reaction, which is consistent with other investigations.

3.2. Coating thickness

Fig. 2 shows the MAO coating thickness obtained in electrolytes
with different Cu particle contents. The average thickness of the
coating formed in the base electrolyte is approximately 24.3 mm,
and the average thickness of the oxide coatings produced in
electrolytes containing 1–3 g L−1 Cu particles is 42.6 mm, 50.8
mm, and 25.2 mm, respectively. Compared to the base MAO
coating, the thickness of the coatings prepared by adding 1 and
2 g L−1 Cu particles is increased by approximately 75% and
109%, respectively. This indicated that Cu particles participated
in MAO coating formation and increased the coating formation
rate. It was benecial in reducing the energy consumption of
the MAO technology. When the content of Cu particles is 3 g
L−1, not only does the thickness of the coating decrease
signicantly, but the surface of the coating also has many
bumps with different colors and electrical erosion edges. The
concentration of Cu particles in a specic range helps to
improve the forming rate of MAO coatings, but too high is not
conducive to growing the coating. Therefore, the MAO coatings
fabricated in the electrolyte with 0–2 g L−1 Cu particles were
investigated.

3.3. Morphologies features

Fig. 3 displays the macroscopic images and microscopic struc-
tures of the MAO coating produced in electrolytes containing
varying concentrations of Cu particles. The coating prepared in
the base electrolyte is light grey. Aer adding the Cu particles,
the surface color of the coatings turns into a dark grey color,
indicating that the Cu particles penetrate the MAO coating.
Furthermore, the color of the base MAO coating is not
homogenous. Adding Cu particles makes the color of the
coating more uniform. The microscopic morphology of the
three coatings shows some crater-like micropores and cracks on
the surface, which is typical of MAO coating morphology.
Inuenced by the discharge plasma reaction and gas escape
during the coating formation process of the MAO, these defects
are of different sizes and depths due to the different intensities
of the local plasma discharge reaction. As illustrated in Fig. 3(b),
the pores on the coating surface decrease compared to the base
coating aer adding Cu particles, and the compact zone
increases in the red-circled area.

When the Cu particles' content is 2 g L−1, the compact region
increases, and the number of pores signicantly decreases, as
shown in Fig. 3(c). In addition, Image J soware was used to
determine the surface porosity and pore size of the MAO coat-
ings, and each data was measured three times and averaged to
minimize errors. The results showed that the porosity of the
base MAO coating is approximately 11%, and the maximum
pore is about 20 mm. When the content of Cu particles in the
electrolyte is 1 g L−1, the porosity of the coating decreases to
approximately 7%, and the maximum pore is about 16 mm. For
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Surface image of the MAO coating obtained in different electrolytes, (a) base electrolyte, (b) with 1 g L−1 Cu nanoparticles, (c) with 2 g L−1

Cu nanoparticles.
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the MAO coating obtained in the electrolyte with 2 g L−1 Cu
particles, its porosity decreases to approximately 5%, and the
maximum pore is about 12 mm. Many studies have shown that
adding micro and nanoparticles in the electrolyte can signi-
cantly improve the density of the MAO coating.7,10 The particles
can be doped into the surface layer or even inside the MAO
coating during the oxidation process to repair the defect loca-
tion of the coating and reduce defects such as holes and cracks.

Fig. 4 presents the cross-sectional morphologies of the MAO
coating obtained in different electrolytes. The MAO coatings
formed in the base electrolyte comprise a thin outer layer and
a relatively dense inner barrier layer. The interior of the base
MAO coating has many cracks and pores, and its densication
is poor, as shown in Fig. 4(a). In contrast, the inner layer is
relatively loose and porous for the coatings obtained in the
electrolytes containing Cu particles, while the outer layer of the
coating is denser. Moreover, three MAO coatings exhibit
signicant differences in thickness, and Cu particles signi-
cantly improve the coating thickness. Although a few noticeable
pores still exist in the MAO coating prepared in the electrolyte
with 1 g L−1 Cu particles, the densication increases consider-
ably compared with the base coating. As the Cu particle content
continues to grow, the overall structure of the oxide coating
becomes more uniform and denser. Fig. 4 and Table 1 present
the distribution and composition of the elements in the MAO
coatings. The main components of the base coatings are O, Al,
Si, P, and Ti, where Al and Ti come from the Ti alloy substrate,
© 2024 The Author(s). Published by the Royal Society of Chemistry
and O, P, and Si come from the electrolyte. Small amounts of Cu
element could be identied in the MAO coatings obtained in
electrolytes containing Cu particles. However, Cu is not
uniformly distributed in the oxide coating, primarily in the
outer part of the coating, as illustrated by the white arrows in
Fig. 4(c). Aer forming the internal barrier layer of the oxide
coating, the oxide process enters the microarc discharge stage,
which is the rapid growth stage of the MAO coating.7 Currently,
many fast-moving white sparks occur on the anode surface. The
electrical breakdown effect of spark discharge creates discharge
channels in the MAO coating. Due to the small size and short
duration of the sparks at the beginning of the microarc
discharge, a small number of Cu particles enter the discharge
channel by electromigration.13 The Cu particles enter the MAO
coating mainly by adhering to the melt produced by the sparks.
With the increase of Cu particles in the electrolyte, the proba-
bility of adhesion to the spark discharge melt increases.
Therefore, the Cu content is higher outside the MAO coating, as
shown in Fig. 4(c).

The MAO coating fabricated in the electrolyte containing
2 g L−1 Cu particles was analyzed by XPS to determine the
present form of the Cu element. Fig. 5(a) illustrates the full
XPS spectrum of the MAO coating, which indicates that the
oxide coating contains elements such as Na, O, P, Ti, and Cu.
The appearance of the characteristic peak of Cu further shows
that the Cu particles participate in the MAO coating. Fig. 5(b)
displays the high-resolution XPS spectrum of Cu 2p,
RSC Adv., 2024, 14, 32602–32612 | 32605

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06194b


Fig. 4 Cross-section and EDS morphologies of the MAO coating obtained in electrolytes with different contents of Cu nanoparticles, (a) base
electrolyte, (b) with 1 g L−1 Cu nanoparticles, (c) with 2 g L−1 Cu nanoparticles.
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demonstrating that Cu in the coating is mainly Cu and CuO.
Cu has two characteristic peaks in the 2p1/2 and 2p3/2 orbitals
with binding energies of 952.2 eV and 932.1 eV.34,35 In contrast,
32606 | RSC Adv., 2024, 14, 32602–32612
CuO has two characteristic peaks at 953.4 eV and 933.7 eV,36,37

while there is a weak satellite peaks of CuO at 943.1 eV with
shake-up structure.38 The corresponding ratio of Cu and Cu2+
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) XPS full spectrum of the MAO coating fabricated in the
electrolyte containing 2 g L−1 Cu nanoparticles, (b) high resolution
spectrum of Cu.

Fig. 6 XRD patterns of the MAO coatings obtained in the electrolytes
with different contents of Cu nanoparticles, (a) base electrolyte, (b)
with 1 g L−1 Cu nanoparticles, (c) with 2 g L−1 Cu nanoparticles.
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can be quantitatively analyzed based on the relative areas of
two Gaussian–Lorentzian peaks in the XPS spectrum.39 The
results show that the MAO coating contains approximately
67% Cu and 33% CuO. The Cu particles react with OH− in the
alkaline electrolyte to form a layer of Cu(OH)2 outside. During
the MAO coating formation process, the Cu(OH)2 in the outer
layer of the Cu particles is converted to CuO. In addition, some
of the Cu particles that enter the coating would be oxidized to
CuO during the subsequent MAO process. According to ref. 37
and 40, the MAO coating obtained in the electrolyte contain-
ing Cu particles has a dark gray color due to the presence of
black CuO.

3.4. Phase structures

Fig. 6 presents the XRD patterns of the MAO coating produced
in electrolytes containing varying concentrations of Cu
particles. All three oxide coatings comprise anatase TiO2 and
rutile TiO2. In the spark discharge stage, the oxide melt
© 2024 The Author(s). Published by the Royal Society of Chemistry
emitted from the discharge channels forms amorphous TiO2

under the rapidly cooling effect of the surrounding electro-
lyte. Amorphous TiO2 then would convert to anatase TiO2

under the impact of the subsequent high-temperature
discharge spark. With the increasing voltage, the discharge
reaction becomes more intense, and part of the internally
accumulated anatase TiO2 transforms into rutile TiO2 with
better thermal stability at a higher temperature.41 Due to the
low content of Cu in the MAO coatings, only one diffraction
peak related to Cu (111) appears in the MAO coatings fabri-
cated in the electrolyte with 1 g L−1 Cu particles. The relative
intensity of the Cu (111) peak increases as the Cu particle
content increases to 2 g L−1, which is consistent with EDS test
results. This further proved that Cu particles participated in
MAO formation and entered the oxide coating. Although Cu
reacted with OH− in the electrolyte, and the Cu entering the
oxide coating would be partially oxidized, it still existed
mainly in the form of Cu in the MAO coating.

3.5. Coating hardness

Fig. 7 displays the hardness of the MAO coatings. The hardness
of the MAO coating obtained in the electrolyte with 0 g L−1, 1 g
L−1, and 2 g L−1 Cu particles is about 420 HV, 460 HV, and 470
HV, respectively. As is commonly known, the hardness of pure
copper is relatively low, typically ranging from 50 to 100 HV.42,43

The incorporation of so Cu particles in the MAO coating did
not reduce the microhardness of the coating but increased it by
about 16.7% and 25.6%, respectively. Because the hardness
value of theMAO coating is related to its phase composition, the
density of the coating also has an essential effect on the hard-
ness. As shown in Fig. 7, adding Cu particles enhances the
densication of the MAO coatings, and the improvement in
densication contributes to increasing the hardness of the
coatings.
RSC Adv., 2024, 14, 32602–32612 | 32607
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Fig. 7 Hardness of the MAO coating obtained in electrolytes with
different contents of Cu nanoparticles.
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3.6. Tribological characteristics

Aer the friction test, it can be seen that the base MAO coating
has been thoroughly worn through, and the titanium alloy
matrix has leaked out. The MAO coatings' friction coefficient
and wear volume are shown in Fig. 8. The friction coefficient of
the base MAO coating rapidly increases to approximately 0.93
within the rst few seconds of the test, and the higher friction
coefficient indicates that the coating surface is coarse. Then, the
friction coefficient gradually declines to about 0.45 within 300 s.
Aerwards, the friction coefficient uctuates drastically,
ranging from 0.4 to 0.7 within 300–1200 s. Aer a period of
testing, the coating is entirely worn through due to the thin
thickness of the base MAO coating, and the stainless steel ball is
in contact with the titanium alloy. The temperature of the
contact surface between titanium alloy and stainless steel
increases during the sliding friction process, and cold welding
or gluing of the two occurs in certain micro-areas, which
increases the friction force instantaneously, thus causing uc-
tuations in the coefficient of friction.44 The friction coefficients
Fig. 8 Friction coefficient curves (a) and wear volume (b) of the M
nanoparticles.

32608 | RSC Adv., 2024, 14, 32602–32612
of the twoMAO coatings containing Cu coatings showed similar
trends. The friction coefficient increases rapidly at the begin-
ning of 100–200 s, then rises slowly and stabilizes at about 0.7.
Due to the roughness of the MAO coating surface, the beginning
stage is the friction between the bulges on the coating surface
and the stainless steel ball, which leads to a rapid increase in
the friction coefficient. Aerward, the convex parts on the MAO
coating are gradually smoothed out under conict, making the
friction coefficient stable. As a result, the friction coefficient of
the MAO coating obtained in the electrolyte containing 2 g L−1

Cu particles reaches stabilization in a shorter time due to its
better densication.

Fig. 8(b) presents the wear volume of the three oxide coatings
aer the friction test. The wear volume of the base MAO coating
is approximately 13.055 × 10−2 mm3. At the same time, the two
Cu-containing MAO coatings are 5.985 × 10−2 mm3 and 3.555
× 10−2 mm3, which reduces the wear volume by approximately
54% and 72%, compared with the base coating. It demonstrates
that incorporating Cu particles in the MAO coating stabilizes
the friction process and signicantly reduces the wear volume
of the oxide coating. According to the wear volume, the tribo-
logical property of the MAO coating obtained in the electrolyte
with 2 g L−1 Cu particles is about 3.6 times higher than that of
the base coating.

Fig. 9 illustrates the friction topography of the three MAO
coatings. The central blue area in Fig. 9(a) indicates that the
base MAO coating is completely worn through here, exposing
the Ti alloy substrate. As indicated by the red arrows, typical
plow-like abrasion marks, accompanied by coating aking,
appear in the surrounding area. These phenomena demon-
strate that the base MAO coating undergoes severe wear during
friction, and tribological mechanisms are primarily abrasive
wear and ake-off. The tribological properties of the oxide
coating fabricated in the electrolyte containing 1 g L−1 Cu
particles are greatly improved, with no wear-through, as
demonstrated in Fig. 9(b). The coating formed in the electrolyte
containing 2 g L−1 Cu particles is much slighter, and the friction
marks are much shallower, as illustrated in Fig. 9(c). The two
MAO coatings incorporating Cu have a dense and stable
AO coatings obtained in electrolytes with different contents of Cu

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Friction wear traces of the MAO coatings obtained in electrolytes with different contents of Cu nanoparticles, (a) base electrolyte, (b) with
1 g L−1 Cu nanoparticles, (c) with 2 g L−1 Cu nanoparticles.
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structure, and the form of wear with the stainless steel balls is
adhesive wear, corresponding to the friction coefficient and
wear volume (Fig. 8(b)).

4. Discussion

The results of various analytical tests indicate that the overall
doping of Cu particles in theMAO coating is low, and only about
3 at% in the electrolyte with a content of 2 g L−1 Cu particles,
which may be due to a combination of several factors. Solid
particles in the electrolyte can be driven by the electric eld, and
particles with sufficient negative charge (due to the adsorption
of negative ions) migrate to the anode surface at a higher elec-
trophoretic speed. This is one of the key steps in the process of
deposition of particles into the MAO coating. In addition, by
stirring the solution, the particles reach the boundary layer of
the anode surface under hydrodynamic action. Subsequently,
the particles pass through this boundary layer through diffu-
sion and get closer to the titanium alloy surface. When the Cu
particles reach the anode surface, they will stay on the anode
surface through adsorption. Although the Cu particles in the
alkaline electrolyte are negatively charged, the absolute value of
the zeta potential is small, making it difficult to enter the
discharge channel under the driving force of the electric eld.
Therefore, Cu particles are mainly deposited in the oxide
coating by adhering to the discharge melt on the anode surface
under mechanical agitation, which leads to a small number of
Cu particles entering the MAO coating.7,45 Finally, Cu particles
have good electrical conductivity, and excessive doping in the
oxide coating is bound to reduce the insulating property of the
coating, increase the intensity of spark discharge, cause
© 2024 The Author(s). Published by the Royal Society of Chemistry
electrical ablation, and even lead to the oxide lm spalling off.
Consequently, the MAO coating formed from the electrolyte
containing 3 g L−1 Cu particles is thin and has a non-uniform
surface.

Aer the start of MAO, anodic oxidation reactions occur on
the titanium alloy surface, forming an oxide coating mainly
composed of anatase TiO2, accompanied by O2− being oxidized
to generate O2 escaping. At this stage, limited by the particle
size and low zeta potential value of the Cu particles, only a few
Cu particles can be deposited on the anode surface. When the
voltage reaches a certain critical value, discharge channels form
on the anode surface, creating a high temperature and high-
pressure environment in the channels. These channels
provide paths for the deposition of Cu particles. As a result of
transient high temperatures, micro-zone melting occurs on the
substrate surface, leading to physical and chemical reactions
with the electrolyte entering the discharge channel. Whereaer,
the molten product is discharged from the discharge channel
and solidies on the anode surface to form an oxide coating
containing electrolyte components as the electrolyte rapidly
cools, which is the reason that the MAO coating appears to have
pores and cracks on the surface, like craters. Under mechanical
stirring, some Cu particles adhere to the melt produced by the
microarc discharges and are deposited in the MAO coating, as
illustrated in Fig. 10(b). Consequently, the Cu element is mainly
distributed outside of the MAO coating. Thus, microzone
discharge andmechanical agitation are critical in incorporating
Cu particles into the MAO coatings, which is consistent with M.
Shokouhfar's study of factors affecting nanoparticle
incorporation.46
RSC Adv., 2024, 14, 32602–32612 | 32609
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Fig. 10 Diagram of the grinding reduction mechanism of Cu nanoparticles.
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Incorporating Cu particles improves the friction properties
of the MAO coatings with more stable friction coefficients and
less wear volume than the base MAO coating. This is because
adding Cu creates composite MAO coatings with density
structures. As shown in Fig. 4, adding Cu particles to the elec-
trolyte enhanced the density of the outer layer of the MAO
coating. In the early stage of the microarc discharge, the
discharge sparks are tiny and uniform. The anode surface of the
melt accumulation is uniform, and incorporated Cu particles
can signicantly decrease the number and size of pores, making
the MAO coating dense. In the middle and late stages of MAO,
Cu particles play the role of mechanical stirring to break the
bubbles generated on theMAO coating. The air bubbles become
smaller, accelerate the escape, and play a role in reducing the
external loose layer of the MAO coating. The deposition of Cu
particles is helpful to ll the micropores and cracks in the MAO
coating, and improve the density and overall performance of the
coating. In addition, the Cu-containing composite MAO coat-
ings are composed of anatase TiO2, rutile TiO2, and a small
amount of Cu. The hardness of nano Cu is about 80–100 HV,
and the hardness of TiO2 can reach over 1000 HV.47,48 The MAO
coating's Cu and TiO2 (anatase and rutile) form a so–hard
composite structure. The excellent plasticity of the Cu in the
composite coating is crucial for enhancing the friction proper-
ties of the coating. However, the results show that the MAO
coating containing Cu has a higher coefficient of friction than
the base coating, while the wear volume is lower. Fig. 10
displays a simplied diagram of the tribological mechanisms of
the MAO coatings. Due to the presence of many bumps and
holes on the surface of the MAO coating, when the brittle area
outside the MAO coating is destroyed aer the sliding friction
begins, the formed abrasive particles adhere to the surface of
the MAO coating and the stainless steel ball. For the so and
hard composite MAO coating containing Cu, the Cu particles in
32610 | RSC Adv., 2024, 14, 32602–32612
the grinding chips have plastic deformation, and some Cu is
gradually transferred and adhered to the stainless steel ball.
Eventually, a copper layer slowly forms on the contact surface
between the stainless steel ball and the MAO coating, and the
friction between the stainless steel and the MAO coating is
transformed into friction between Cu and Cu. The coefficient of
friction between Cu/Cu ranges from 0.7 to 1.0,49 which is
consistent with the test results. The Cu layer between the fric-
tion sub-interfaces plays a role in stabilizing the friction coef-
cient and reducing the amount of wear. Although the Cu
content in the composite MAO coating is small, it can signi-
cantly reduce the wear volume of the MAO coating.
5. Conclusion

Grey MAO coatings of anatase type TiO2 and rutile type TiO2

were prepared on Ti6Al4V titanium alloy in a phosphate-borate
electrolyte. Different amounts of Cu particles were added to
the base electrolyte, and the results showed that adding Cu
particles increased the proportion of rutile TiO2 in the MAO
coating, and Cu and CuO were detected in the coating. In
addition, with the increase of Cu particle content in the elec-
trolyte, the MAO coating's thickness, uniformity, density, and
color were enhanced. However, the thickness of the MAO
coating decreased, and the spalling occurred due to the exces-
sive concentration of Cu particles. In the electrolyte with 2 g L−1

Cu particle, the MAO coating thickness increased by approxi-
mately 109% compared to the base coating. It is worth noting
that mechanical agitation facilitated the adsorption of sus-
pended Cu particles onto molten oxide produced by spark
discharge; consequently, most Cu was found outside rather
than within the oxide coating. Adding Cu particles to the elec-
trolyte formed a composite MAO coating with a so and hard
combination on the titanium alloy's surface. Compared with the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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base MAO coating, the composite coating had a stable friction
coefficient and small wear volume.
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