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Abstract: Four ceramic coatings are fabricated on 6061 aluminum alloy substrates with a micro-arc
oxidation technique in silicate electrolytes with different TiO2 nano-additive concentrations. To explore
the cavitation erosion resistance of the micro-arc oxidation (MAO) coating, cavitation tests are
performed using a vibratory test rig. After cavitation tests lasting 10 min, the mass losses, surface
morphologies, and chemical compositions of the samples after cavitation tests are examined using
a digital balance, scanning electron microscopy (SEM), and energy dispersive spectroscopy (EDS),
respectively. The results indicate that, in contrast to the aluminum alloy, the MAO coatings,
by adjusting TiO2 nano-additive concentration, can decrease the mean depth of erosion rate (MDER)
due to the cavitation damage, and lead to an excellent cavitation erosion resistance. The results also
show that: In contrast to aluminum alloy, MAO coatings can decrease the MDER due to the cavitation
damage in a short period of time by adjusting TiO2 nano-additive concentration. With the increase
of TiO2 nano-additive concentration, the compactness and the surface hardness of MAO coatings
decrease, which can easily lead to larger erosion pits.

Keywords: TiO2 nano-additive; aluminum alloy; micro-arc oxidation coating; cavitation erosion
resistance; pits

1. Introduction

Aluminium magnesium alloy, with low density, high strength [1] and a good corrosion resistance [2],
receives significant attention in hydraulic machinery, such as ships, pumps and valves. In these flowing
systems, however, cavitation can occur if the pressure at any location falls below the vapor pressure of
the liquid at the operating temperature. The resulting vapor bubbles or cavities are transported by the
flow and subsequently collapse when the pressure recovers to a value above the vapor pressure. If the
bubbles collapse adjacent to the solid material surface, it can result in pitting or erosion of the surface
and component failure [3,4]. In particular, the dealloying process of Al under the cavitation exposure
also has an influence on cavitation erosion resistance [5].

The protection of aluminum alloys by applying micro-arc oxidation (MAO) coatings is currently of
a great interest [6–8]. With the introduction of hard ceramic coatings by means of micro-arc oxidation,
the wear resistance, corrosion resistance, cavitation erosion resistance, and electrical insulation of
the metals were increased [9–13]. In recent years, nanometer-TiO2 or nanometer-SiO2 as additives
were incorporated into coatings or greases, which improved the wear resistance of the protective
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film [14,15]. Furthermore, ceramic coatings were fabricated on aluminum alloy substrates by MAO in
silicate electrolytes doped with different concentrations of the TiO2 nano-additive. When increasing
the nano-additive TiO2 concentration to 3.2 g/L, the adhesion value increased, while mean friction
coefficient and mass loss decreased [16]. Nevertheless, there is little research work on their cavitation
erosion resistance, and in particular, the influence of nano-additives on performance of MAO coatings.
In light of this, the main aim of the current work is to (a) investigate effects of TiO2 additives on
cavitation erosion resistance of Al-Mg alloy micro-arc oxidation coating by a vibratory test rig, and
(b) attempt to reveal the cause of these effects by surface analyses.

2. Experiment Details

2.1. Material Preparation

The 6061 aluminum alloy was used as the specimen substrate. The surface of the specimen,
with dimensions of 35 mm × 35 mm × 4 mm, was successively polished by fine emery papers down to
5000 grit, which provided the surface roughness of Ra < 0.2 µm. All the specimens were cleaned with
acetone in an ultrasonic cleaner and dried in the air before cavitation erosion tests. The specimen’s
chemical composition, given in Table 1, was analyzed by an energy dispersive spectroscopy (EDS)
system (GENESIS2000XMS60, EDAX Inc., Pheonix, AZ, USA).

Table 1. Chemical composition of the 6061 alloy (wt.%).

Al Cu Mn Mg Zn Cr Ti Si Fe

96.75% 0.2% 0.15% 1.0% 0.25% 0.2% 0.15% 0.6% 0.7%

2.2. Micro-Arc Oxidation Treatment

The electrolyte was a dilute aqueous solution of 5 g/L NaOH, 10 g/L Na2SiO3, and 0.5 g/L KF.
Rutile TiO2 nano-additive with a size of about 20 nm was dispersed evenly in the solution, and the
concentration of nano-additives was in a range of 0.0–9.0 g/L. The electrolyte was agitated with a
mechanical stirrer. A five liter bath made of stainless-steel was used. The samples and the wall of
the stainless-steel bath were used as the anode and the cathode respectively. The power supply was
pulsed DC MAO equipment (DSM30F, Harbin Di Si CNC Equipment Co. LTD, Harbin, China) with a
maximum voltage amplitude of 1000 V. During the MAO process, the current density was fixed at
5 A/dm2 by controlling the voltage amplitude, the pulse width was 2500 µs. The system was cooled by
cold water pumped through the double walls of the bath, and the solution temperature was kept at
25–30 ◦C throughout the oxidation process. According to different concentration of nano-additives,
0.0, 3.0, 6.0, and 9.0 g/L, four MAO coatings were prepared on the top of samples and were labeled
MAO-1, MAO-2, MAO-3, and MAO-4, respectively. In the study, the four MAO coatings prepared
were further ground with the SiC paper, and the polished inner layers with a thickness of 10 µm
respectively were left before tests. Then the micro hardness of thick oxide coatings was evaluated by
means of an HV-1000 hardness tester (Shanghai JuHui Instrument Manufacturing Co. LTD, Shanghai,
China) with a Vicker indenter at a load of 25 g and for a loading duration of 5 s. The detailed process
parameters employed in this study are listed in Table 2. As shown in Table 2, the hardness of MAO
coatings increased and then decreased with TiO2 addition to coating, and reached a higher value
of 1000 HV as the nano-additive concentration was 3.0 g/L. However, as the TiO2 concentration is
higher than 3.0 g/L, the decreasing hardness value may be caused by too much TiO2 nano-additive
incorporation since the hardness of ceramic Al2O3 is lower than that of TiO2.
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Table 2. The process parameters employed in this study.

No.
Concentration

of TiO2
(g/L)

Constant
Current
(A/dm2)

Pulse
Width
(ms)

Time
(min)

Coating
Thickness

(µm)

Roughness
(µm)

Hardness
(HV)

MAO-1 0 5.0 2.5 50 10 0.2 800
MAO-2 3 5.0 2.5 50 10 0.2 1000
MAO-3 6 5.0 2.5 50 10 0.2 900
MAO-4 9 5.0 2.5 50 10 0.2 700

6061 polished using grade 5000 emery papers 0.2 150

2.3. Test Procedures

Cavitation was produced in tap water by a vibratory test rig illustrated in Figure 1, according
to ASTM-G32 [17]. The test rig consists of a quartz transducer, a vibration horn, a cooling system,
a power supply, a sample holder, and a beaker with tap water. The specimen was fixed on the sample
holder and immersed in water. The distance between the sample and the horn bottom was 1 mm so as
to cause cavitation erosion. The test rig was operated at a frequency of 20 ± 0.5 kHz and 1 kW power
with a vibration amplitude of 20 µm to produce ultrasonic cavitation. Since the test water temperature
markedly affects the degree of cavitation erosion, the temperature of tap water was kept within 24± 2 ◦C
by a circulating cooling water system. Before or after each test, the samples were cleaned with acetone
in an ultrasonic cleaner, dried in air, and weighed separately. All reported results were the average
values of at least three instances of weighing. After a duration of 10 min in the cavitating condition,
the detailed features (pit morphology) of the sample surfaces were examined by the JSM-6360LV
scanning electron microscope (SEM, JEOL, Tokyo, Japan), and the chemical elements of the individual
damaged surfaces of the samples were further analyzed by the EDS system (GENESIS2000XMS60).
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Figure 1. Schematic of vibratory cavitation test rig. 
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Figure 1. Schematic of vibratory cavitation test rig.

Furthermore, as the density of Al is less than that of aluminum oxides, the erosion loss of materials
is expressed in terms of the mean depth of erosion (MDE) and the mean depth of erosion rate (MDER)
is calculated by the following equations:

MDE (µm) = (1000·∆m)/(%·π·r2) (1)

and
MDER (µm/min) = (1000·∆m)/(%·π·r2

·∆t) (2)

where ∆m is the mass loss in each time interval in g, % is the density of the sample surface layer
(6061 alloy, 2780 Kg/m3, MAO coating, 3950 Kg/m3), r is the erosion radius of the sample (0.008 m), and
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∆t is the time interval in min. In actual calculation, the critical thickness of coverings is equal to 10 µm,
shown in Table 2. As the MDE is less than 10 µm, % is equal to 3950 Kg/m3. Otherwise, % is equal to
2780 Kg/m3.

3. Results and Discussion

3.1. Mass Loss

Figure 2a shows the mass loss curves of the five specimens. As shown in Figure 2a, the mass loss
of all four samples increased with the test time, which reflects the acceleration period. After the 10 min
test, the MAO-4 has the greatest mass loss (22.8 mg), which is about 1.15 times greater than those of
Al alloy specimens (19.9 mg). In contrast, the MAO-2 exhibits the lowest mass loss (10 mg), which
decreases the mass loss by 49.7% compared to those of the Al specimen. In contrast, the mass losses of
MAO-1 and MAO-3 are 17 and 18 mg respectively. It can be seen from Figure 2a that the incubation
period is shorter and much less than 2.5 min under higher acoustic power of 1 KW. The results suggest
that the applied layer has negligible anti-erosion properties. In addition, the MDER is an important
parameter for the study of cavitation erosion resistance. It can be seen from Figure 2b that the MDER
of the five samples all increase with the increase of time. The MDER of 6061, MAO-1, MAO-2, MAO-3,
and MAO-4 are 3.01, 1.61, 0.96, 1.71, and 2.52 µm/min at 2.5 min cavitation tests, respectively. While for
the 10 min cavitation tests, all MAO coatings were removed and the erosion occurred in the substrate,
and five samples had the larger MDER of 4.29, 4.08, 2.36, 4.29 and 4.99 µm/min, respectively.
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3.2. Surface Topography

Figure 3 gives the damaged area of the Al alloy specimen after a different test time. It is found that
the original surface is smooth besides the polished lines in Figure 3a and craters formed (Figure 3b)
after being exposed to cavitation erosion for 3 min. Since the 6061 alloy is much softer than the
ceramic coatings, work hardening and fracturing occurred in the substrate preferentially after 3 min
in Figure 3b. With the continuation of the damage for 6 min, it can be seen that the adjacent craters
merged into a large defect and the surface roughness increased. Work hardening and fracturing as
well as large craters in the substrate also increased (Figure 3c). As is shown in Figure 3d, after the
10 min test, the Al alloy surface layer was damaged by ductile fracture, and then completely removed.
Meanwhile, chippings may be seen on the new surface layers, and are very rough.
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Figure 3. The damaged area of the Al alloy specimen after different test times. (a) before test; (b) after
3 min test; (c) after 6 min test; (d) after 10 min test.

Figure 4 shows the SEM images of the typical damaged area of the four specimens before and
after 10 min test. It can be seen from Figure 4a,c,e,g that, some micropores which are the spark
discharge channels [18] in the micro-arc oxidation process are distributed on the initial surface of
the four specimens. The diameter of these pores is in a range of 1–40 µm. When content of TiO2

increases from 3 to 9 g/L, the amount of micropores increases in the MAO coating surface. As shown
in Figure 4b,d,f,h, the specimen surfaces are totally eroded after test, and the worn surfaces are
characterized as intergranular cracking and detachment of grains owing to fatigue processes initiated
by imploding clouds of cavitation bubbles. These worn surfaces show a combination of intergranular
and transgranular cracking which resulted in detachment of material from the loaded surface due to
fatigue processes. When content of TiO2 is less than 3 g/L, the size of the erosion pits decreases with
the increase of content of TiO2. But when content of TiO2 is more than 3 g/L, the size of the erosion
pits increases with the increase of TiO2 content. Some continuous large crater characteristics of the
MAO coating with 9 g/L TiO2 are apparently different from those of 6 g/L TiO2, 3 g/L TiO2, and 0 g/L
TiO2. These erosion pits with the diameters of more than 100 µm are formed on the eroded surfaces
(Figure 4h). However, the MAO coating with 3 g/L TiO2 is only fine-scale damaged in form of rough
surfaces (Figure 4d), which led to less mass loss than the other MAO coatings, observed in Figure 2a.
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Figure 4. The SEM images of the typical damaged area of the four specimens before and after 10 min
test. (a) micro-arc oxidation (MAO)-1 before test; (b) MAO-1 after test; (c) MAO-2 before test; (d) MAO-2
after test; (e) MAO-3 before test; (f) MAO-3 after test; (g) MAO-4 before test; (h) MAO-4 after test.

3.3. Discussion

The main goal of the study is to investigate the effects of TiO2 additives on cavitation erosion
resistance of Al-Mg alloy micro-arc oxidation coatings. To explore this, typical areas in Figure 4a–h
are selected and analyzed by EDS. The EDS spectra of the four MAO coating surfaces are shown
in Figure 5a–h, and the resulting data are listed in Table 3. It is found in Figure 5a,c,e,g that Al, Si,
and O are the main components of the sample, while a small quantity of Ti, Mg, and Na are also
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detected. These EDS spectra indicate that the Al2O3 phases are the main oxides existing on four
MAO coatings before testing. These enhance in hardness with the addition of the reinforcing phase
(Table 2). Meanwhile, when the concentration of the additive TiO2 increases from 0 to 9 g/L, the weight
concentration of Ti in the MAO coating also increases from 0 to 4.17%. However, when the TiO2

concentration is 3 g/L, the hardness of the MAO-2 coating reaches a higher value of 1000 HV than
the other three MAO coatings (see Table 2) due to a lower amount of micropores and higher coating
compactness. Consequently, the hardness can have an effect on the cavitation erosion resistance of the
MAO coating. Thus, our experimental results in Figure 2b are also verified: At the 5 min cavitation
tests in Figure 2, the lower MDER value of the MAO-2 coating is only 1.05 µm/min due to higher
hardness of 1000 HV, whereas the higher MDER value of 2.77 µm/min occurred in the MAO-4 coating,
whose hardness was only 700 HV. In addition, it can also be seen from Figure 5b,d,f,h that Al and Mg
became the main components in the cavitation area of the specimen, and O, Ti, Si, and Na disappeared
after the 10 min cavitation test. It can be seen from Table 3 that the weight concentration of Al in the
substrate increased after the 10 min cavitation test. A possible reason is that the dealloying of Al in the
MAO coating might occur in the cavitation test, leading to the increasing Al content in the substrate.
Figure 6 shows the typical progress of erosion with SEM micrographs of the MAO-2 sample after
various test time. After the 2.5 min test, some erosion pits (Figure 6a) have formed on the MAO surface,
and the weight loss is less than 2 mg. With the increase of the number of pits, removal of the MAO
surface gradually extended to almost the whole coating surface (Figure 6b) at the 5 min test. After the
10 min test, the MAO coatings were completely detached and the erosion continued into the 6061 alloy
substrate, accelerating cavitation erosion (Figure 6c). Thus, MAO coating detachment is a problem
limiting application at this point.
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Figure 6. The typical progress of erosion with SEM micrographs of the MAO-2 sample after various
test times. (a) 2.5 min; (b) 5 min; (c) 10 min.

Table 3. Weight concentration (wt.%) of MAO coating surfaces before and after test.

Specimen Al Mg Si Na O Ti

MAO-1 (Figure 4a) 34.17 − 5.35 0.79 59.69 −

MAO-1 (Figure 4b) 98.81 1.19 − − − −

MAO-2 (Figure 4c) 40.03 − 2.49 − 55.44 2.03
MAO-2 (Figure 4d) 99.1 0.9 - − − −

MAO-3 (Figure 4e) 41.41 − 1.79 − 53.68 3.13
MAO-3 (Figure 4f) 98.85 1.15 - − − −

MAO-4 (Figure 4g) 38.84 − 1.56 − 50.43 4.17
MAO-5 (Figure 4h) 98.75 1.25 − − − −

4. Conclusions

• MAO coatings are fabricated on 6061 aluminum alloy substrates with the micro-arc oxidation
technique in silicate electrolytes with different TiO2 nano-additive concentrations. The hardness
of MAO coatings range from about 4.7 to 6.7 times higher than that of the substrate.

• In contrast to aluminum alloy, MAO coatings by adjusting TiO2 nano-additive concentration can
decrease the MDER due to the cavitation damage in a short period of time. However, after a certain
period of cavitation erosion, MAO coating detachment is still a problem limiting application at
this point.

• Since the hardness of TiO2 is lower than that of ceramic Al2O3, with the increase of TiO2

nano-additive concentration, the compactness and the surface hardness of MAO coatings are
decreasing, which can easily lead to larger erosion pits.
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