Rare Metal Materials and Engineering
Volume 48, Issue 8, August 2019
Available online at www.rmme.ac.cn

[TTT]1 .
éa Science Press

Cite this article as: Rare Metal Materials and Engineering, 2019, 48(8): 2474-2479.

Study on Micro Arc Oxidation Coating Based on Ti-5AI-1V-
1Sn-1Zr-0.8Mo Alloy with Applied Voltage in Stages

Lv Kai, Guo Baoquan, Zhang Yaping,

Inner Mongolia University of Technology, Hohhot 010051, China

Chen Weidong

Abstract: The aim of this work is to study how applied voltage in stages incorporates into the prepared micro arc oxidation (MAO)

coatings on titanium and control the characteristics and resistances. The microstructure of MAO coatings were characterized by

scanning electron microscope (SEM) and laser scanning confocal microscopy, and the coating composition was analyzed by energy

dispersive spectrometer (EDS) and X-ray diffraction (XRD). Thickness, roughness and corrosion resistance of coatings were

evaluated. Compared with the coating obtained in different applied voltage stages, the coating formed on substrate alloy with first

applied voltage 320 V for 180 s and second applied stage 420 V for 720 s shows a minimal roughness. The coating with first applied

voltage 320 V for 120 s and second applied stage 420 V for 780 s exhibits a dense micro structure and the best corrosion resistance.
The XRD result shows that the MAO coating is composed of TiO, and Ti,O5 in metastable state.
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The micro arc oxidation technology can form an oxide
coating in situ on the surface of Al, Mg, Ti, Zr and other light
metals, and improve the wear resistance, corrosion resistance
and other properties of the substrate alloy!'*!. Therefore, this
technology is widely used in many areas, such as biomaterial,
aeronautics, astronautics, and shipbuilding!®*®.

At the beginning of micro arc oxidation, a passivated
coating is formed on the surface of the substrate alloy during
the process of voltage increasing, which indicates the
increased resistance of the substrate. When the voltage is high
enough to breakdown the passivated coating, the molten metal
starts to gush out, reacts with the electrolyte and solidifies to
form a thicker coating. Since the high-temperature melt
solidifies instantaneously, a large amount of stresses induce
cracks and discharge channels. These locations become the
weak points of the next breakdown, which make the coating
grow continuously. Therefore, the intensity, location and
uniformity of the discharge and breakdown will affect the
distribution and release of stress in the coating, and further
affect the quality and performance of the coating'”.

At present, the common methods of power supply for micro
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arc oxidation are constant voltage and constant current mode.
With constant voltage mode, the current is changed passively,
and this change determines the process of micro arc discharge
and structure of micro holes!"”. Therefore, the discharge and
breakdown of micro arc can be controlled by controlling
voltage, which can reduce internal stress and the cracks. It is
generally believed that the constant voltage is easy to control
the thickness of the coating!""’, but the breakdown capacity is
insufficient at the end of treatment process. The discharge arc
and coating formation appear when the applied voltage is over
arcing voltage. Due to the high energy discharge concentrating
in an area, common methods using one-time applied voltage
often lead to a non-uniform thickness coating. Therefore, the
paper is focused on discharge and breakdown process by
controlling the applied voltage, to obtain a suitable treatment
method of micro arc oxidation technology.

1 Experiment

The substrate for micro arc oxidation is Ti-5Al-1V-1Sn-1Zr-
0.8Mo alloy. The specimens were cut into the flake-like with
30 mmx20 mmx5 mm in dimension before heat treatment
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(950 °C/4 h/water quench). Then, the specimens were
polished by sand paper step by step and washed with acetone.
An electrolyte solution is composed of 16 g-L" Na,SiO;, 2.0
gL Na,EDTA and 10.0 g-'L"' Na,HPO,. The applied forward
voltage was divided into two stages by T-30b type micro arc
oxidation power. The applied voltage in first stage was over
the arcing voltage (315 V), and the second applied voltage
was 420 V. In order to study the influences of stay time and
applied voltage of first stage on MAO coatings, they were
selected as shown in Table 1. Negative voltage was 80 V, and
the electrolyte by circulating water cooling system controlled
between 20 °C to 30 °C. The current change were recorded
per second.

The thickness of the coating was measured by eddy current
thickness meter (HCC-25). The morphology images of the
coating were analyzed by scanning electron microscope
(QUANTA FEG 650) and laser scanning confocal microscopy
(LSM700). Laser confocal microscopy was also used to
measure the roughness. Six equal distance locations of X-axis
and Y-axis were selected for line scanning from the area of 1.3
mmx1.3 mm. To measure the roughness of coatings, the
average of the data was taken as the roughness result of the
coating. The X-ray diffraction (XRD) analysis was performed
on an X-ray diffract meter (PW1700, Cu Ka radiation) to
identify the different phases present in the coatings. The scans
were acquired from 20° to 80° at a step scan of 0.02°. The
corrosion tested by
electrochemical workstation at room temperature. A corrosive

resistance of the coating was
medium with 3.5% NaCl was used for the test. The reference
electrode was saturated calomel electrode and auxiliary
electrode was platinum plate. The test area was 10 mmx10
mm.

2 Results and Discussion

2.1 Discharge process with different applied voltage
According to the change trend of current with S1, it can be
divided into two stages: the first stage, the forward current
peaks and then falls back to the trough during 0~120 s. With
the increase of forward voltage from 0 V to 420 V (0 s to 30 s),
the forward current increases rapidly to the maximum value.
This is because the rising of voltage is much higher than the
increase of thickness of oxidation coating, which means that
thin coating represents low resistance and the current in the

Table 1 Specimen code and applied voltage process

Specimen code Forward voltage (treating time)

Sl 0420 V (900 s)

) 0340 V (120 5)—~420 V (780 s)
s3 0360 V (120 5)—~420 V (780 s)
S4 0320 V (120 5)—420 V (780 5)
85 0320V (180 5)—~420 V (720 s)
S6 0320 V (240 5)—~420 V (660 s)
7 0320V (300 5)—~420 V (600 s)

circuit is high. Then, due to the formation of oxide coating,
resistance increases, and the forward current gradually
decreases with constant voltage (420 V). In the second stage
(120 s to 900 s), due to the action of voltage, discharge
breakdown occurs at the weak area on the coating surface and
the current increases. In this process, the thickness of the
coating increases continuously and the current decreases until
arc blowout. The method of applying voltage in stages can
change the process of current “up-down” from two times to
three times and control the growth of the coating by
controlling the arc breakdown (discharge energy), which can
obtain a more reasonable treatment process.

Based on the variation of current of S1, as shown in Fig.1a,
at the time of 120 s of MAO process, the current curve is at its
lowest, and then it starts to go up until the time of 300 s. As
can be seen in Fig.la, during 0~120 s, because the forward
voltage of S2 and S3 is lower than 420 V, the current is lower,
and the coating on S2 and S3 is thinner. With the 120 s stay at
340 and 360 V, the obtained coating is more likely to
breakdown than S1 at 420 V, so the current increases
significantly. In Fig.1b, after a stay of 180, 240 and 300 s at
320V, the current is lower than that of the S1, which indicates
that the thickness of the coating increases as the stay time
increases, and the breakdown becomes difficult, so the current
decreases.

2.2 Surface morphology of coatings

The reaction of micro arc oxidation process with one-time

applied voltage is intense, the larger porosity and thicker
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Fig.1 Variation of current with oxidation time at different applied
voltages in stages: (a) SI~S3 and (b) S4~S7
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coating is obtained, and there are many cracks on the surface, as
shown in Fig.2a. There are a lot of raised melt oxides with
irregular shape after solidification which are the result of intense
discharge. It is proved that the coating formed at the end of the
process is only broken down by partial discharge. The coating
in Fig.2b is relatively flat, and the circular hole diameter
distributed on the surface is basically the same. There are a large
number of cracks in Fig.2c. The coating formed on S3 after the
transition voltage from 360 V to 420 V is not different from that
of S1 significantly. A few micro cracks can be seen in Fig.2d,
and there is also a large amount of melt oxides in the holes, but
they do not erupt with the completion of the discharge arc. It is

indicated that the strength of discharge on the coating of S4 is
appropriate. The holes distributed on the coating of S5 have the
smallest diameter and the most uniform distribution, as shown
in Fig.2e. As can be seen in Fig.2f and 2g, the diameters of the
discharge holes are uneven, which means that there are large
irregular holes and small micro holes. This is the result of the
micro arc oxidation reaction which is not uniform with first
applied voltage stage over 180 s.

Fig.3 shows the 3D morphology and line scanning analysis
of the coatings which are formed by different applied voltage
processes. As can be seen from the figures, the surface of the

coating is a three-dimensional structure with ups and downs,

Fig.3 3D morphologies and line scanning analysis of MAO coaings: (a) S1, (b) S2, (c) S3, and (d) S4
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and the convex part is the melt oxide particles observed in the
surface morphology. When the voltage is loaded at one time,
there are individual “high-altitude” area and concave area
below coating surface, as shown in Fig.3a, with one-time
applied voltage. This position is caused by local peeling
during high-energy breakdown. When the applied voltage
process is sectional, the first stage applied voltage is lower
(320 and 340 V), the coating is smooth relatively, as shown in
Fig.3b and Fig.3d. When the first applied voltage is 360 V, as
shown in Fig.3c, the fluctuation and unevenness of the coating
are obvious, but the distribution of the bulge is more uniform
than that of S1 surface.

2.3 Thickness and roughness of coatings

Fig.4 shows the thickness and roughness of the micro arc
oxide coatings obtained by different applied voltage process. As
can be seen from the figure, the thickness is affected by the
voltage obviously, and the thickest coating of 87 um is obtained
by the one-time applied voltage. When the voltage is applied in
subsection, the coating is gradually thickened with the increase
of the first stage applied voltage. High voltage makes the
discharge more energetic and the reaction more intense, so a
thicker coating is obtained. When the first stage applied voltage
is 320 V, the thickness of the coatings is almost not affected by
prolonging the time of first stage. This phenomenon is the result
of two reasons. Firstly, the current before 120 s falls off
obviously, which means that the first stage applied voltage (320
V) is not enough to breakdown the dense coating. Secondly, the
next stage applied voltage for all is 420 V, which means the
effect of second stage applied voltage for thickness is almost
ignored.

It also can be seen from Fig.4 that the roughness of the
coating decreases significantly with subsection applied voltage
process. A comparison of roughness of the three coatings with
different first stage applied voltages (S2, S3 and S4) indicates
that the roughness of coating increases with the rising of the
first stage applied voltage. The reason is that the thinner coating
was obtained with lower first stage applied voltage (320 V), and
the smooth and uniform coating was formed by more weeny
discharge arc at the second stage (420 V). However, when the
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Fig.4 Thickness and roughness of MAO coatings

first stage applied voltage is too high, because of the positive
feedback effect!'”, the growth of coating can only be carried
out by the breakdown of discharge arc at a few weak positions,
which will lead to the increase of the coating roughness.
By comparison of coatings with the low first stage applied
voltage (320 V), the lowest roughness of the coatings is
detected on S5 which was loaded for 180 s at first stage. This
result corresponds to the surface morphology. According to
the current curve of S5, as shown in Fig.1b, its current is
minimal with slight change during the second applied stage. It
indicates that the micro arc oxidation reaction on the surface
of S5 is not intense, and the growth of the coating is uniform,
so the roughness of the coating is minimal.
2.4 Coating composition

The elemental composition and phase composition of the
coating on the surface of the substrate alloy staying at first
applied stage of 320 V for different oxide time are compared,
and the results are shown in Table 2 and Fig.5. The main
component elements of the coatings are O, Na, Si, Ti and Al,
among which Na, Si and O are from the electrolyte. Ti and Al
are the main components of the substrate which all exist in the
form of their oxides. With the one-time applied voltage, the
contents of Al and Si in the coating of S1 are more than others,
which should be the amorphous mullite form and it is not
detected in the XRD result of Fig.5. Content of Ti in the
coating of S4 is the highest, and the result in Fig.5 shows that
there is Ti,O; in metastable state besides TiO,. In addition, the
anatase TiO, phase content is also higher than that in other
coatings. This is due to the lack of complete reaction of the
melt in the pores of the coating of S4. With extending the

Table 2 Element composition of MAO coatings (wt%)

Specimen code (6] Na Si Ti Al
S1 54.33 492 2524 1297 254
S4 54.76 497  20.13  19.05 1.09
S5 59.46 220 2279 14.50 1.05
S6 58.59 2.23 21.73  15.68 1.77
S7 57.48 2.68 2326 15.21 1.37
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Fig.5 XRD patterns of MAO coatings
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first stage of applied voltage, the content of O element in
coatings of S5, S6 and S7 decreases slightly. This indicates
that the reaction is fully carried out and the diffraction peak of
T,05 decreases.
2.5 Corrosion resistance of coatings

The polarization curves are shown in Fig.6, and the
calculated values of corrosion potentials (E.,,) and corrosion
current density (/..;) are shown in Table 3. The results mainly
indicate the corrosion resistance of all coatings are affected by
applied voltage process.

In thermodynamics, E.,, is mainly determined by the pro-
perties of the material itself. A higher E,, causes a decrease in
tendency of corrosion occurrence. Compared to other coatings,
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Fig.6 Polarization curves of MAO coatings with different applied
voltage processes: (a) S1~S3 and (b) S4~S7

Table 3 Corrosion potentials and corrosion current density
of MAO coatings

Specimen Corrosion potential,  Corrosion current density,

code Econ/ V Teo/nA-cm™
S1 —0.3569 12.8
S2 —0.4689 4.78
S3 —0.4345 15.4
S4 —0.3904 2.45
S5 —0.5027 3.62
S6 -0.51 7.95
S7 —0.5111 8.66

the corrosion potentials (E,.) of the coating on S1 and S2
surface are positive shift slightly, which means a decrease in
thermodynamic tendency of corrosion occurrence. As the time
of first stage of applied voltage (320 V) increases, E.,, tends
to be similar. However, E.,, can only show the corrosion
tendency, while the corrosion resistance depends on the
corrosion current density in the specific corrosion
environment.

The corrosion resistance of micro arc oxidation coating is
mainly dependent on the thickness, microstructure and surface
defects of the coating. Thereinto, the microstructure is mainly
reflected by the number of micro pores and porosity, while the
surface defects are mainly about the microcracks. In the case
of MAO process of S1, although the coating is thicker than
others, its surface is not smooth and dense. The thicker coating
is due to the large amount of melt oxides and means that there
are amount of surface defects. Therefore, the corrosion
resistance of the coating on S1 is worse. As the applied
voltage in the first stage is higher (S3, 360 V), the corrosion
medium can easily penetrate the coating and corrode the
substrate due to a large number of cracks, as shown in Fig.2c.
Therefore, compared with other coatings, its I, is the largest
and the costing has poor corrosion resistance. Applied voltage
is lower in the first stage (320 V), the effect of treating time in
first stage on its thickness is small, and the main affecting
factors of the corrosion resistance are the microstructure and
surface defects. As can be seen in Fig.2d, the dense coating is
obtained with the melt oxide in the micro pores. Thus, it can
prevent the corrosive Cl into the coating, resulting in the
lowest corrosion current density, and corrosion resistance
improves. After the first stage time is prolonged, such as the
coating of S6 and S7, cracks and irregular discharge channels

appear, resulting in poor corrosion resistance.
3 Conclusions

1) The applied voltage in stages can change the process of
current “up-down” from two times to three times and control
the growth of the coating by controlling the discharge energy.

2) The dense coating is obtained with the melt oxide in the
micro pores on the coating surface with the first stage applied
voltage 320 V for 120 s. The holes distributed on the coating
with the first stage applied voltage 320 V for 180 s have the
smallest diameter and the most uniform distribution.

3) The thickest coating of 87 pm is obtained by the
one-time applied voltage. The minimal roughness of coating is
obtained with the first stage applied voltage 320 V for 180 s.

4) The coating with first stage applied voltage 320 V for
120 s exhibits the lowest corrosion current density and the
best corrosion resistance.
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