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Abstract: By contrast with the traditional method of adding hard particles into micro arc oxidation
(MAO) coating to improve its wear performance, this study introduced copper into the MAO
coating on TC4 alloy by adding copper pyrophosphate to enhance the wear property in a marine
environment and the antibacterial property. The results demonstrated that the MAO coating with
copper pyrophosphate addition showed a porous structure, and Cu was mainly concentrated around
micropores. CuO and Cu2O were formed in this MAO coating. This MAO coating with Cu had a high
bonding strength to the substrate. Although the hardness of the coating with Cu had been reduced,
it could reduce the friction coefficient and enhance the wear property in simulated seawater due to
the lubrication of Cu. Furthermore, this MAO coating with Cu addition had obvious antibacterial
and bactericidal effects due to the antibacterial effect of Cu.

Keywords: TC4; micro arc oxidation; coating; microstructure; properties

1. Introduction

TC4 titanium alloy has been used in many fields due to its excellent comprehensive
properties [1–4]. However, TC4 alloy has poor anti-wear property and low hardness. Some
components made of TC4 alloys, such as turbine and turbofan engine blades and impellers,
are limited in service life and reliability under severe wear conditions [5–8]. A large
number of studies have shown that micro arc oxidation (MAO), as a common surface
modification technology, can improve the anti-wear property and service life of TC4
parts [9–16]. Nonetheless, as the MAO-coated titanium components work in the seawater,
they were subjected to erosion due to the porous structure of the coating surface [17]. Some
hard granules such as Si3N4 [18], ZrO2 [19], AlN [20], or Al2O3 [21] are added to reduce
the friction coefficient and improve wear performance of the MAO coatings. However,
adding microparticles to the basic electrolyte during the MAO process can cause solution
instability. The effects of adding K2ZrF6 or K2TiF6 additives on the microstructure and
properties of MAO coatings on titanium substrates were studied [22], and it was found
that the MAO coating with K2ZrF6 addition exhibits a good anti-wear property and the
best corrosion resistance. However, in the marine environment, titanium components not
only need to withstand corrosion and wear, but also need to have an antibacterial property.
At present, it is difficult for the prepared MAO coatings on titanium alloys to meet the
collaborative improvement of protection and antifouling performance. Copper and its
oxides have lubrication and excellent antibacterial properties, adding copper into MAO
coatings may improve their protection and antifouling properties. Yao et al reported that
the MAO coating obtained with Cu nanoparticles in the electrolyte exhibited excellent
antibacterial activities [23]. Furthermore, the preparation and formation mechanism of the
MAO coatings with Na2CuY addition on TC4 alloys has been studied [24].
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In our previous research, we have revealed the effect of copper pyrophosphate concen-
tration on friction performance of MAO coating of TC4 alloy, and found that the designed
coatings have excellent anti-wear property in simulated seawater. In the MAO coating with
increasing copper pyrophosphate concentration in particular, the fluctuation of friction
coefficient and wear scar width all decrease [25]. Therefore, in this paper, based on the
above research results, the concentration of copper pyrophosphate was further increased
(10 g/L), and compared with the TC4 substrate and the MAO coating without Cu, the mi-
crostructure, adhesion, mechanical property, wear resistance in the simulated seawater and
antibacterial property of the MAO coating with Cu doping were systematically studied.

2. Experiment

TC4 titanium alloys (Baoji Titanium Industry Company, Baoji, China) circular speci-
mens (Φ30 mm × 5 mm) were used as the substrate material in this work. The compositions
of this alloy were Al (5.5~6.8 wt%), V (3.5~4.5 wt%), Fe (≤0.30 wt%), C (≤0.10 wt%),
N (≤0.05 wt%), H (≤0.015 wt%), O (≤0.20 wt%). All substrates were polished with
400#~1500# abrasive papers and then ultrasonically washed with ethanol, and finally
dried in a cool air stream. Na2SiO3 (20 g/L), Na2WO4 (3 g/L), KF (4 g/L) and KOH (3 g/L)
(Tianjin kemio chemical reagent Co., Ltd, Tianjin, China) was the base electrolyte with the
pH value of 10. Copper pyrophosphate (Cu2P2O7, 10 g/L) (Tianjin kemio chemical reagent
Co., Ltd, Tianjin, China) with potassium sodium tartrate (NaKC4H4O6, 15 g/L) (Tianjin
kemio chemical reagent Co., Ltd., Tianjin, China) was added into the base solution. The
TC4 sample was the anode, the stainless steel barrel was the cathode, and the distance
between the anode and cathode was 15 cm. The MAO experiment was conducted at a
constant voltage of 450 V, frequency 800 HZ, and a duty cycle of 6% for 15 min. The
electrolyte temperature was maintained at 35 ◦C.

The surface morphologies of MAO coatings and TC4 alloy were observed by SEM
+ EDS (FE-SEM, S-4800, Hitachi, Japan), and the binding bond energy of the elements
in MAO coating with Cu addition was tested by XPS(Axis Ultra DLD, Tsushima, Japan).
Image Pro Plus software (Media Cybernetics Co., Ltd., Rockville, MD, USA) can divide
different graphics into regions, and then measure the parameters, area, average radius,
perimeter, optical density and other information of each region, then the average pore
diameter, average pore area and porosity of MAO coatings can be calculated. The bonding
strength between MAO coatings and the underlying substrate was performed by a scratch
tester (WS-2005, Zhongke Kaihua Co., Ltd., Lanzhou, China). The scratch length was 5 mm,
the loading rate was 60 N/min and the test load range was 0–100 N. The hardness of the
coatings was obtained by using a micro-Vickers sclerometer. For each sample, more than
five effective indentations were carried out. The wear test of the coatings was carried out by
the ball-disk wear tester (HT-1000, Lanzhou Zhongke Kaihua, Co., Ltd., Lanzhou, China)
under the simulated seawater condition. The GCr15 steel ball with 6 mm in diameter was
in the form of a pair of grinding balls (wear resistance test). The load and speed were 200 g
and 224 r/min, respectively. The friction radius and wear time were 5 mm and 30 min,
respectively. The antibacterial property of the micro arc oxidation coating was evaluated
by observing the bactericidal effect on Staphylococcus aureus. Firstly, the washed bacterial
solution was moved into the 12 orifice plate of 1500 µm by a pipette gun. Then it was
put into a constant temperature shaking table for culture at 37 ◦C for 3 days. In order to
ensure the uniform distribution of bacteria on the MAO coating, the rotating speed of the
shaking table was set to 160 rpm. After the culture, the optical density (OD) was measured
by microplate reader (Multiskan MK3, Thermo Fisher, Waltham, MA, USA).

3. Results and Discussion

Figure 1 shows surface morphologies of TC4 and the MAO coatings prepared in
various solutions. As shown in Figure 1a, the surface of TC4 without MAO coating is
smooth and flat. It mainly contains Ti, Al and V elements, and each element is evenly
distributed. As shown in Figure 1b, the MAO coating without Cu has many crater-shaped
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discharge channels, showing some volcanic bulges. The roughness of this coating is
1.95 µm. The average aperture and area is 0.66 and 0.76 µm2, respectively. This coating
is mainly composed of Ti, Si and O elements, and Ti comes from the TC4 substrate, O
and Si from the electrolyte. Solute ions are strongly involved in the formation of MAO
coating, which is consistent with the literature [26]. It can be obtained by Image Pro Plus
software that the average aperture and area of MAO coating with Cu is 0.91 µm and
1.08 µm2, respectively, and the roughness of this film is 2.19 µm, shown in Figure 1c. The
higher surface roughness may be related to the more intense micro arc discharge process
caused by the addition of copper pyrophosphate. The EDS results of the coating are shown
in Figure 1d. It is found that Cu element is concentrated around the pore. Wang et al.
obtained similar research results [27]. It is known that the growth of MAO coating is a cyclic
process of breakdown and condensation [28–30]. Due to a low melting point of Cu, it is
preferentially attached to the coating by the strong discharge. As a result, the enrichment of
copper in turn led to poor insulation in this region and preferential breakdown discharge.
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Figure 1. Scanning electron microscopy (SEM) images and energy-dispersive X-ray spectroscopy
(EDS) of TC4 × 1000 (a), micro arc oxidation (MAO) coatings without Cu × 1000 (b); MAO coatings
with copper pyrophosphate (c) and (d) ×10,000.

XPS spectra and high-resolution XPS spectra of MAO-with Cu coating show mainly O,
Si, Ti, and Cu elements, Figure 2a. The binding energy of Si2p peak at 102.70 eV indicates
the existence of SiO2. High-resolution XPS spectra for Cu 2p of ceramic oxide coating
consist of four characteristic peaks, indicating that both Cu2O and CuO are present to
ceramic oxide coating. However, Li et al report that Cu in MAO coatings exists mainly
in the form of Cu2O [24]. This is related to the different ways of introducing Cu into
MAO coatings and the different electrical parameters during the MAO process. The Ti
2p spectrum (Figure 2b) includes peaks at 458.3 eV and 464.0 eV, which are attributed to
typical binding energies of TiO2. Obviously, as copper pyrophosphate was added to MAO
base solution, the microhardness of the oxide film was reduced due to the formation of
copper oxide.
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The bonding strength between the MAO coating and substrate affects its performance
to a great extent, and obtaining high hardness is an effective way to improve the wear
resistance of the coating. The bonding force and hardness values of TC4, MAO without
Cu, and MAO coating with Cu are shown in Figure 3 The bonding force of MAO coating
without Cu and MAO coating with Cu was 84.58 and 84.65 N, respectively. This high
bonding strength of the high coating substrate has exceeded the bonding strength of
the hard film on tool, which is due to the metallurgical bonding between coating and
substrate [31]. The microhardness values of TC4, MAO coating without Cu, and MAO
coating with Cu were separately 363 HV, 558 HV and 384 HV, respectively. Obviously, the
microhardness of the coating decreased after the addition of copper pyrophosphate due to
a low hardness value of copper oxide.

The friction curves of TC4 and two MAO coatings is shown in Figure 4a. The friction
coefficient of the TC4 substrate was high and fluctuated greatly. Compared with the
substrate, the friction coefficient of the MAO coating without Cu changed low, but its
fluctuations are still evident. The friction coefficient of the MAO coating with Cu was
smooth and the fluctuation is very small in the simulated seawater, showing excellent
tribological behavior, which was due to the self-lubrication of Cu in the MAO coating.
Figure 4b illustrates the wear track (about 561 µm) of the TC4 alloy, showing furrow wear
property. Fe element from the grinding ball appeared in the wear track, and the distribution
of O at the wear track was obvious, indicating the oxidation phenomenon occurred during
the wear process in the simulated seawater. As shown in Figure 4c,d, the wear tracks of the
two MAO coatings were 474 µm and 373 µm, respectively. It could be found that smooth
and continuous oxide glaze layers were formed, which is characteristic of adhesive wear.
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For the MAO coating with Cu in particular, the existence of Cu had a self-lubricating effect
and improved the tribological property in simulated seawater.
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Figure 5 shows SEM morphologies of Staphylococcus aureus cultured for 3 days on
TC4 substrate and MAO-coated samples. The number of Staphylococcus aureus on the
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MAO-coated sample increased significantly compared with the substrate, which was due
to its porous microstructure and it being more conducive to the adhesion and increment
of bacteria. Only a small amount of Staphylococcus aureus adhered on the MAO coating
with Cu, and the bacterial aggregation significantly decreased. Yao et al. have found that
both direct contact killing and an ion release antibacterial mechanism play a major role in
the antibacterial activities of Cu [23]. Furthermore, the OD value of Staphylococcus aureus
cultured in MAO coating with Cu for 3 days was 0.410, which was lower than the TC4
substrate (1.084) and the MAO coating without Cu (1.180), showing that this oxide coating
with Cu had an obvious antibacterial and bactericidal effect. So, the authors believed
that the porous surface of the MAO coatings made it easy for the bacteria to adhere and
the antibacterial property became bad, but copper in the MAO coating could effectively
improve the antibacterial property.
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4. Conclusions

1. The MAO coating with Cu on TC4 alloy was prepared in the base electrolyte with
copper pyrophosphate addition, in the form of Cu2O and CuO. This coating still
showed a porous structure, and Cu was mainly concentrated around micropores.

2. The addition of Cu increases the porosity in the MAO coating, having a high bonding
strength with the substrate. Although the addition of Cu reduces the hardness of the
MAO coating, its friction coefficient was stable and low, and the wear track width
was the smallest, which was due to the lubrication of Cu.

3. Although the porous characteristics of the MAO coating make it easy for bacteria to
attach, this MAO coating with Cu demonstrated excellent antibacterial property due
to the antibacterial activities of Cu.
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