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Abstract: TC4 titanium alloy was treated by microarc oxidation (MAO) with adding Si,N, nanoparticles into the base electrolyte. The

effect of the Si;N, content on the surface morphology, corrosion resistance, and wear resistance of the coatings was studied. The

results show that MAO coatings with Si,N, addition present the porous structure, and the coating is the thickest when the Si;N,

content is 1 g/L. The coating with the addition of 1 g/L Si,N, after acid corrosion test for 7 d shows excellent corrosion resistance with

the lowest corrosion rate of about 0.057 mg-cm™-d™". With the addition of Si,N,, the antibacterial property of MAO coatings is firstly

increased and then decreased, which is optimal when the Si;N, addition is 1 g/L. The Si;N, addition can obviously enhance the wear

resistance of the coatings in the simulated seawater. When the Si,N, addition is 3 and 4 g/L, the friction coefficient of MAO coatings

is low and stable. In addition, MAO coating with the addition of 3 g/L Si;N, shows the excellent wear resistance.
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Due to the low density, high specific strength, and good
biocompatibility, titanium and its alloys have been widely
studied and applied in biomedical, aerospace, and marine
fields"”. The low surface hardness and poor tribological
properties of titanium alloys lead to serious surface wear and
degradation, especially in corrosive environment, which

1619 " Qurface treatment

restricts the application in marine field
is a feasible way to improve the properties of titanium alloys.
Microarc oxidation (MAO), namely the spark plasma
electrolytic oxidation!""'*, has been developed in recent years
to improve the properties of Ti, Mg, Al, and the related alloys
through arc discharge on the substrates by electric
breakdown™>". Due to the complex physical, chemical, and
electrochemical reactions during MAO process, various
factors, such as the electrolyte, electrical parameters, and
substrate materials, may exert an influence on the alloy
properties. Additionally, the properties of MAO coatings can
be improved by doping nanoparticles into electrolyte!**".
Since Si,N, has high hardness, fine lubrication, and good
wear resistance, it is widely used in ceramic manufacture as

the reinforcement phase” . In order to improve the wear
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resistance of titanium alloys, the composite coatings on
titanium alloys via MAO with Si,N, particles doped into the
electrolytes were investigated™. Lou et al® investigated the
influence of the addition of Si,N, particles into the electrolyte
on the microstructure, mechanical performance, and
anticorrosion property of MAO coatings on AZ31 Mg alloy. It
is found that the corrosion resistance of the coatings achieves
the optimal state after addition of 2 g/L Si,N, to the
electrolyte, and the coatings have a low coefficient of friction
and good adhesion strength.

In this research, in order to improve the surface properties
of titanium alloys to meet the requirements of the marine
environment, the effects of Si;N, nanoparticles with different
addition contents on the surface morphologies, corrosion
resistance, wear resistance in the simulated seawater, and
antibacterial property of MAO coatings were studied.
Furthermore, the optimal content of Si,N, nanoparticle

addition in the base electrolyte was obtained.
1 Experiment

TC4 alloy plates with the diameter of 20 mm and thickness
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of 4 mm were polished with 240#, 600#, 800#, 1000#, 1500#,
and 2000# sandpaper and ultrasonically cleaned with ethanol
for 10 min as the substrate preparation. During the MAO
process, TC4 alloy was used as the anode and the stainless
steel barrel containing the electrolyte was used as the cathode.
Meanwhile, the substrate was completely immersed in the
electrolyte. The electrolyte was composed of (NaPO,)+
Na,WO,+KF+KOH+CuSO,+C,H;Na,O,. In addition, different
contents of Si;N, nanoparticles (1, 2, 3, and 4 g/L) with
diameter of 50 nm were added into the electrolyte. The
CH,NaO,S (1 g/L) was also added to disperse the
electrolyte. The electrolyte temperature was kept below 40 °C.
MAO coatings were obtained under the constant voltage of
450 V, frequency of 750 Hz, and duty ratio of 3% for 10 min.
Finally, the coated specimens were rinsed in the deionized
water and dried.

The scanning electron microscope (SEM) and energy
dispersive spectroscopy (EDS) were used to characterize the
morphologies and element distribution of MAO coatings. The
coating thickness was measured with a thickness gauge. The
coated specimens were tested by the friction test with GCrl15
grinding materials under the wear load of 500 g for 30 min.
The friction coefficient curves of the coatings with different
Si,N, addition contents were obtained. The common
staphylococcus aureus was used to test the antibacterial
activity of MAO coatings. The cocci were inoculated in Luria-
Bertani (LB) medium and activated at 37 °C for 24 h. The
specimens were put into 12 plates, and then the simulated sea
water was poured into the plate. The activated bacteria were
added into the plate and cultured for 3 d. After that, the
specimens were taken out and dried. The bacteria adhesion on
the specimen surface was observed by SEM. The corrosion
resistance of the coated specimens was tested in 0.5 mol/L

hydrochloric acid for 7 d, and the specimens during corrosion
test were washed in alcohol, dried, and weighed every 2 d.

2 Results and Discussion

2.1 Morphologies of MAO coatings

Fig. 1 shows the surface morphologies of MAO coatings
with different addition contents of Si,N, particles. These five
MAO coating morphologies are similar, all showing porous
structures, and the diameter of “volcanic vent” is relatively
uniform of 5~6 um. During MAO process, the alloys are
molten by the high voltage electric field and high current, and
then enter the cold electrolyte, thereby leaving micropores on
MAO coatings”. Furthermore, there are a few microcracks in
MAO coatings, because a large amount of heat generated by
the interface between the electrolyte and the coating cannot be
transmitted in time. Therefore, a large amount of thermal
stress exists in the interior coating, forming the microcracks'®.

Fig.2 shows the thickness of MAO coatings with different
contents of Si,N, addition. It can be seen that the four MAO
coatings with Si,N, addition are thicker than the coating
without Si,N, addition, which is consistent with Ref.[17]. The
Si,N, in the electrolyte enters MAO coating in-situ by
electrophoretic effect, so the coating is thicker than the
coating without adding Si,N, particles. Thus, due to the
positive direct current pulse of MAO process, the negatively
charged ions (because Si,N, particles adsorb charged particles
in the solution, the unequal absorption of anions and cations in
the solution shows negative electricity) tend to move to the
anode substrate in the electrolyte®™. With MAO process
continuously proceeding, the number of these particles in
MAO coating is increased and therefore the coating becomes
thicker™. In particular, when the Si,N, content is 1 g/L, the
thickness of related coating is the largest of 22.39 pm.

10 pm

Fig.1 Surface morphologies of MAO coatings with different Si;N, addition contents: (a) 0 g/L, (b) 1 g/L, (c) 2 g/L, (d) 3 g/L, and (e) 4 g/L
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Fig.2 Thickness of MAO coatings with different Si;N, addition

contents

The binding states of coated specimens were investigated
by X-ray photoelectron spectroscopy (XPS). Fig. 3a shows
XPS spectra of ceramic coatings with Si,N, addition. It can be
seen that Ti, Al, Si, O, and C elements exist in TC4 alloy
substrate. The C 1s signal peak from the external carbo-
naceous organism is used as the calibration. Fig.3b~3d show
XPS spectra of Ti 2p, Al 2p, and Si 2p of MAO coating with
Si,N, addition, respectively. Fig.3b indicates that the titanium
exists as Ti*". The Ti 2p spectra exhibit two peaks at 458.7 (Ti
2p,,) and 464.7 (Ti 2p,,) eV, indicating the TiO, existence™.
The Al 2p spectra of coatings show only one peak at the
binding energy of 74.6 eV, indicating the existence of the
ALQ, in the coating™. Furthermore, it is found that TiO, and
AlO, are formed by the combination of Ti and Al from the
substrate and O from the external environment. The peak at

101.2 eV of Si 2p spectra corresponds to the characteristic
peak of Si,N,, suggesting that the Si,N, nanoparticles enter the
MAO coating.

2.2 Corrosion resistance of MAO coatings

The corrosion rates of MAO coatings with different Si;N,
addition contents immersed in hydrochloric acid for 7 d are
shown in Fig. 4. It is found that the corrosion rates of the
obtained coatings are firstly increased and then decreased. At
the initial stage of corrosion, due to the existence of
micropores and cracks on MAO coating surface, Cl" in
hydrochloric acid directly contacts with the substrate through
the coating, forming many tiny corrosion galvanic cells,
which results in higher corrosion rates. After that, the
corrosion rate is reduced because the corrosion ion further
corrodes the matrix through micropores and cracks. After
corrosion for 7 d, the MAO-coated specimen with 1 g/L Si,N,
shows the lowest corrosion rate of 0.057 mg-cm™-d™', because
this MAO coating is the thickest, and the inhibition effect on
corrosion ion is more obvious. The final corrosion rate of the
four coatings with Si,N, addition is all lower than that without
Si;N, addition. Although the ceramic coatings with Si,N,
addition are coarser, the chemical stability of Si,N, in the
ceramic coating plays an important role in the corrosion
resistance of the coatings.

Fig. 5 shows the corrosion morphologies of MAO-coated
specimens in hydrochloric acid for 7 d. With increasing the
content of Si;N, particles, the corrosion of the coated
specimens becomes serious, and the diameter of micropores
and the number of microcracks on the coatings are increased
gradually. When the Si;N, content is 1 g/L, the coating is
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Fig.3 XPS spectra of MAO-coated specimens with Si,N, addition of 4 g/L: (a) total; (b) Ti 2p; (c) Al 2p; (d) Si 2p
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Fig.4 Corrosion rates of different MAO-coated specimens in

hydrochloric acid

intact without obvious corrosion trace. When the Si,N, content
is 4 g/L, the coating is rougher than others, although the Si;N,
nanoparticles are inert particles. The corrosion of the coating
is serious, because CI™ in the corrosion solution can enter the
micropores of the coating, which accelerates the further
corrosion. Meanwhile, the microcracks of the coating are
increased slightly, compared with those before corrosion.
Although the corrosion products gradually accumulate in the
micropores of the coating, it can avoid the contact between the
corrosion ions and the coating, inhibiting the corrosion
process. Finally, with the corrosion process proceeding, the
accumulation of a large number of corrosion products leads to
the increase in microcracks of coating, even resulting in the
coating falling off from the TC4 substrates'™"*.

2.3 Antibacterial properties of MAO coatings

SEM morphologies of staphylococcus aureus adhesion on
MAO coatings with different contents of Si;N, addition are

shown in Fig.6. It is obvious that many bacteria are attached
to MAO coating without Si,N, addition, so its antibacterial
performance is poor. When the Si,N, addition is 1 g/L, the
antibacterial property of MAO coating is the optimal with the
least bacteria attached to the coating surface. The antibacterial
performance of MAO coatings is determined by the lubricity
characteristic of Si;N, particles and the roughness of coating
surface. As shown in Fig.6¢, when the Si,N, addition is 2 g/L,
more bacteria are attached to MAO coating, compared with
those with the addition of 1 g/L Si,N,. Besides, MAO coating
surface with the addition of 1 g/L Si;N, is rougher than that of
2 g/L Si)N,. Therefore, the antibacterial performance of MAO
coating surface of 2 g/L Si;N, is reduced. It can be seen from
Fig. 6d and 6e that the bacteria are slightly increased,
suggesting even more inferior antibacterial performance. This
can be attributed to the micro-bumps formed by SiN,
particles on the MAO coating, which are easy to be attached
by the bacteria.
2.4 Wear resistance of MAO coatings

As shown in Fig.7, the friction coefficient of MAO coatings
with different contents of Si,N, is firstly increased and then
decreased in the simulated seawater, because in the early stage
of wear, the coatings are mainly damaged by the surface
protrusion. With further applying the shear stress, the wear
debris generated in the early stage of wear test enters the
micropores of the coatings, therefore reducing the friction
coefficient. Then, the micropores of the coating are filled and
the excess wear debris occurs, resulting in the slightly
increasing friction coefficient. In addition, it can be seen from
Fig. 7 that the Si;N, addition in the four MAO-coated
specimens has a positive influence on the friction coefficient,
i. e., the friction coefficient of MAO-coated specimen with

Fig.5 Corrosion morphologies of MAO-coated specimens with different Si;N, addition contents in hydrochloric acid for 7 d: (a) 0 g/L, (b) 1 g/L,

(¢)2g/L,(d)3 g/L, and (e) 4 g/L
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Fig.6 SEM morphologies of bacterial adhesion on MAO coatings with different Si,N, addition contents: (a) 0 g/L, (b) 1 g/L, (¢) 2 g/L, (d) 3 g/L,

and (e) 4 g/L
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Fig.7 Friction coefficients of different MAO-coated specimens in

simulated seawater

Si,N, addition is small and stable, compared with that of the
MAO coating without Si,N, addition. When the addition
content of Si;N, is 3 and 4 g/L, the friction coefficients of the
obtained coatings are relatively small (below 0.2) in the whole
wear process. So the Si,N, addition can improve the wear

resistance of the coating and significantly reduce the friction

coefficient. Although the Si,N, addition in MAO coating
results in the generation of micro-bulge (green circle in
Fig. 8a), the friction coefficient of the coating is obviously
decreased due to excellent lubrication characteristic of Si,N,.
SEM images and Fe element distributions of the wear scars
of MAO coatings with different contents of Si,N, addition in
the simulated seawater are shown in Fig.8. It can be seen from
Fig.8a and 8b that a lot of wear products are formed on the
MAO coatings with and without Si,N, addition, and the wear
failure mode is abrasive wear due to the uneven coating
surface. When the Si;N, addition is 2 and 4 g/L, MAO
coatings are peeled off locally from the substrates, and
corrosion pits (red circles in Fig.8c and 8e) are formed by the
corrosive simulated seawater, which reduces the protective
effect and results in the failure of coatings. MAO coating with
the addition of 3 g/L Si,N, is not obviously damaged and the
adhesion of wear products on this MAO coating is less. The
friction coefficient of this coating is also small and stable
during the wear process, so MAO coating with the addition of
3 g/L Si,N, has the optimal wear resistance in the simulated
seawater. It is also found that the Fe element from GCrl5
grinding materials moves to the surface of all MAO coatings

200 pm

Fig.8 Wear morphologies and Fe element distributions of MAO-coated specimens with different Si;N, addition contents in simulated seawater:

()0 g/L, (b) 1 g/L, (c) 2 g/L, (d) 3 &/L, and (¢) 4 g/L
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