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Abstract: Based on orthogonal experiments, the effects of voltage, frequency, duty ratio and their interactions on the
thickness and corrosion resistance of coatings prepared by plasma electrolytic oxidation (PEO) on aluminum in an
alkaline silicate-containing electrolyte were investigated. The thicknesses of these coatings were obtained by measuring
their cross-section using Image J software. Their corrosion resistances were evaluated in HCl and NaCl media through
spot test and electrochemical test. The results show that the experimental design of this study is the key to investigate
the interactions among these electrical parameters. Additionally, not only each independent factor, but also their
interactions exhibit a remarkable influence on the coatings. The combination of high voltage, low frequency and large
duty ratio significantly increases the coating thickness and content of the corrosion resistance phase, and thus improves
the corrosion resistance of the coating in HNO; medium. Conversely, the coating possessing the densest microstructure
and best corrosion resistance in NaCl medium is obtained when low voltage and high frequency match with a small
duty ratio.
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1 Introduction

Aluminum and its alloys are widely used in the
domains of machinery, electronics, textile and
aerospace due to their excellent properties, such as
low density, high specific strength, good toughness
and excellent machinability. Unfortunately, they
are susceptible to corrosion, which significantly
restricts their further application, especially in
extreme service conditions [1,2]. Therefore, it is
necessary to modify the surface of aluminum and
its alloys to resist corrosion by adopting appropriate
surface modification techniques including electro-
chemical plating, chemical conversion, physical
vapor deposition, laser cladding, anodic oxidation,

and plasma electrolytic oxidation (PEO) [3.,4].
Among them, PEO has been proven to be a novel
and useful surface modification technique. It
originates from traditional anodic oxidation and can
be directly used to prepare ceramic-like coatings on
the surface of aluminum, magnesium, titanium and
their alloys. In addition, PEO is increasingly
becoming popular owing to its simple operation,
environmentally friendly electrolyte and the
excellent wear and corrosion resistance of the
obtained coatings [5—7].

The resultant PEO coatings can be controlled
by a series of process parameters such as electrolyte,
treatment time and electrical parameters including
voltage, frequency, duty ratio and current density
and so on. Among these, electrical parameters are
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the most important parameters [§—10].

The applied high voltage can lead to the
occurrence of breakdown discharge during the PEO
process, causing the obtained coating to differ from
traditional anodic oxidation coating in essence.
Thus, the voltage plays an extremely important role
in PEO coating, and its influence has been studied
in detail by several researchers [11—-13]. For
instance, LI et al [13] showed that with the increase
of cathodic voltage, the growth rate of the coating
was clearly enhanced and finally, the wear
resistance of the coating was improved due to the
thicker inner layer.

Regarding the frequency and duty ratio,
researchers have inferred that they could modify the
discharge characteristics of the coatings and thus,

could improve their properties by adjusting
the microstructure and thickness of the
coatings [14—-16]. EGORKIN et al [17]

demonstrated that increasing the duty ratio resulted
in augmentation of the coating thickness, elastic
modulus and anti-wear property of the coatings.
Additionally, ARUNNELLAIAPPAN et al [18]
suggested that the coating formed at lower
frequency (50 Hz) exhibited more pores and that
prepared under a larger duty cycle (80%) showed
more microcracks. In contrast, a higher frequency
(1000 Hz) and a smaller duty cycle (20%) produced
a smoother coating which possessed the most
positive pitting potential, the highest polarization
resistance and the best scratch resistance.

In addition, in our previous research [19], it
has been found that, among the three electrical
parameters including voltage, frequency and duty
ratio, the voltage exhibits the greatest effect on
coatings. With the rise of voltage, the coating
thickness increases, and the corrosion resistance of
the coatings is enhanced. Frequency and duty ratio
have little effect on the coating thickness but exert a
significant influence on the surface porosity and
corrosion resistance of the coating.

However, the above studies on electrical
parameters have mostly been carried out by
adopting a single factor as the variable, and
ignoring the influence of interactions among
electrical parameters. In order to study the
interactions among electrical parameters, the
experimental design of this study is extremely
important. Consequently, in this study, based on the
orthogonal experimental design, the influence of

voltage, frequency and duty ratio on the
microstructure and corrosion resistance of PEO
coatings was studied, with emphasis being placed
on the effects of the interactions among electrical
parameters. Additionally, the underlying influence
mechanisms of the three factors and their
interactions on the coatings were also explored.

2 Experimental

2.1 Materials and preparation of coatings

Pure aluminum specimens with dimensions of
30 mm x 20 mm x 10 mm were used as the
substrate material in the experiments. Prior to the
experiments, the specimen surfaces were
successively ground using a series of SiC abrasive
papers with four grades of 150, 400, 800 and
1200 grit, and then washed with distilled water and
dried under normal atmospheric conditions. PEO
treatment was performed by using a home-made
pulsed power supply, and the specimen and
stainless steel were used as anode and cathode,
respectively. Samples were treated for 11 min under
the constant voltage regime in the alkaline silicate
electrolyte which was composed of 35 g/L Na,SiO;,
5 g/L NaOH and 5 g/L KF. During PEO process, the
temperature of the electrolyte was maintained at
20 °C using a stirring and cooling system.

According to our previous research results [19],
the electrical parameters including voltage (4),
frequency (B) and duty ratio (C) were selected as
three factors for this investigation. The orthogonal
design table Lg(2”) was applied to studying the
effects of voltage, frequency and duty ratio on the
thicknesses and the corrosion resistances of the
coatings, and more importantly to investigate the
interactions among them (AxB, AXC, BxC, and
AxBxC). Each factor and their levels are listed in
Table 1. At the same time, the corresponding
experimental schemes are listed in Table 2. In
addition, the coating thickness, corrosion resistance
in HNO; medium and the corrosion current density
in NaCl medium of the coatings were used as

Table 1 Factors and levels of orthogonal experiments

Factor
Level  voltage, Frequency, Duty ratio,
AV B/Hz Cl%
340 2000 20
2 480 700 30
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Table 2 Experimental schemes based on orthogonal design table Lg(27)

Scheme Factor
No. 1(4) 2(B) 3(A%B) 4(0) 5(4xC) 6(BxC) 7(AxBxC)
1 1(340) 1(2000) 1 1(20) 1 1 1
2 1(340) 1(2000) 1 2(30) 2 2 2
3 1(340) 2(700) 2 1(20) 1 2 2
4 1(340) 2(700) 2 2(30) 2 1 1
5 2(480) 1(2000) 2 1(20) 2 1 2
6 2(480) 1(2000) 2 2(30) 1 2 1
7 2(480) 2(700) 1 1(20) 2 2 1
8 2(480) 2(700) 1 2(30) 1 1 2

evaluation indexes, and their data were analyzed
with the method of range analysis by using Excel
software.

2.2 Characterization of coatings

The surface and cross-section morphologies of
PEO coatings were studied by field emission
scanning electron microscope (FESEM). The
thickness of the coating was obtained via measuring
the thickness of its cross-section at 8§ randomly
selected positions on the obtained cross-section
SEM images by using Image J software. Meanwhile,
the distribution of the micropores as well as the
porosity on the coating surface was also analyzed
statistically on the obtained surface SEM images by
Image J software. Phase composition of the
coatings was detected by using a Rigaku D/MAX
2400 X-ray diffractometer (Cu K, radiation), with a
step size of 0.02° in the range from 20° to 80°.

The corrosion resistance of the coatings in
HNO; medium was evaluated by the spot test in
accordance with HB5061-77 standard, but the
concentration of HNO; was doubled [20], namely,
HNOj; corrosive medium was composed of 10 mL
of HNO;3, 0.05 g of KMnO, and 90 mL of deionized
water. Two drops of the purple corrosive liquid
were dropped on the selected area of both the front
and back of 4 samples, recording the needed time
that the corrosive medium completely changed into
the colorless, and the longer the needed time
was, the better the corrosion resistance of the
samples was. It should be pointed out that the
needed time is described as corrosion resistance
(min) in this study.

The CHI660 electrochemical workstation was
used to study corrosion resistance of the coatings in
the NaCl medium. A conventional three-electrode
cell, with the coated samples as a working electrode

(1cm® exposed area), the saturated calomel
electrode (SCE) as a reference electrode, and the
platinum electrode as a counter electrode, was
utilized in the present study. The potentiodynamic
polarization curve of samples was obtained at a
scanning rate of 0.001 V/s in the range from —1.1 to
—0.8 V after they were exposed to the neutral
3.5wt.% NaCl corrosive medium for 30 min.
According to the above mentioned operations, the
potentiodynamic polarization tests were carried out
at least 8 times at various locations of different
samples.

Finally, the values of the thickness, corrosion
resistance in HNO; medium and the corrosion
current density in NaCl medium of the coatings
were all the average values, which were achieved
after removing abnormal values from the original
measured ones.

3 Results

3.1 Current—time responses

Figure 1 presents current—time responses of
the PEO process for different orthogonal
experiment schemes shown in Table 2. As can be
observed from Fig. 1, current—time responses of
different orthogonal experiment schemes have
similar variation tendencies. Firstly, the current
quickly increases and reaches the peak value after
2 min, and subsequently it decreases gradually until
a stabilized value. At the same time, current shows
a strong dependence on the voltage and duty ratio:
current values under high voltage or large duty ratio
are all higher than those under low voltage or small
duty ratio. Additionally, the collocation of voltage
and frequency clearly affects the current value,
which is the highest during PEO when high voltage
combines with low frequency.
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Fig. 1 Current—time responses during PEO process
corresponding to Schemes 1—4 (a) and Schemes 5—8 (b)
of orthogonal experiments

3.2 Orthogonal experimental results and analysis

Table 3 illustrates the thicknesses, corrosion
resistances in HNO; medium and the corrosion
current densities (J.,;) of the coatings prepared
based on the orthogonal experiments. Among these
three indexes, the J.,, values of the coatings are
obtained by fitting the potentiodynamic polarization
curves shown in Fig. 2. It can be observed from
Table 3 that the voltage exhibits the most significant
effect on the thicknesses and corrosion resistances
of the coatings. In the case of low voltage, the
obtained coatings (Samples 1—4) are very thin, i.e.
2—4 um. However, the coatings (Samples 5-—8)
prepared under high voltage are comparatively
thicker with a thickness of 32—42 um, which is
approximately 10 times higher than that of the
former coatings. The corrosion resistances of the
coatings formed under low voltage are about
1/2 of those formed under high voltage in HNO;
medium, whereas their corrosion current densities
are decreased by almost 87.5% compared to the
latter.

Table 3 Results of orthogonal experiments (Samples 1—8
correspond to Schemes 1—8, respectively)

Sample  Coating Corrosion Jeon/
No. thickness/um resistance/min (10 ’A-cm )
1 32 30.09 1.46
2 3.8 28.43 2.19
3 2.8 29.56 2.46
4 2.8 34.56 353
5 32.6 56.07 5.42
6 33.8 55.05 4.87
7 41.7 61.81 6.88
8 42.0 58.52 9.56
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Fig. 2 Potentiodynamic polarization curves of PEO
coatings obtained according to orthogonal experiment
schemes

3.2.1 Range analysis

Orthogonal experimental data were analyzed
by the method of range analysis, as listed in
Table 4, in which k; and k, represent the mean
values of experimental results at levels 1 and 2 of
each factor, respectively; R is the difference
between k; and k,, and the greater the R is, the more
important the factor is.

According to the R value, it is found that the
decreasing influence of three factors and their
interactions on coating thickness can be ranked as
follows: voltage > interaction between voltage and
frequency > frequency > duty ratio > interaction
between frequency and duty ratio > interaction
between voltage and duty ratio > interaction among
voltage, frequency and duty ratio. The voltage has
the greatest influence on coating thickness. At the
same time, the effect of the interaction between
voltage and frequency is the second only to voltage
and greater than that of the independent factor of
frequency.



Ling-yun AN, et al/Trans. Nonferrous Met. Soc. China 30(2020) 883—895 887

Table 4 Results of range analysis of orthogonal experiments

Factor

Response parameter Range analysis parameter

1(A4) 2(B) 3(AxB) 4(C) 5(A4xC) 6(B*XC) 7(AxBxC)
ky 32 18.4 22.7 20.1 20.4 20.2 20.4
' k> 37.5 22.3 18 20.6 20.2 20.5 20.3
Coating R 343 3.9 47 0.5 02 03 0.1
thickness/um
Sequence on importance A>A*B>B>C>BxC>AxC>A*xB*xC
Optimized scheme A>B,C,
ky 30.66 42.41 44.71 44.38 433 44.8 454
. k> 57.86 46.11 43.81 44.14 452 43.7 43.1
Corrosion R 272 3.7 09 024 19 11 23
resistance/min
Sequence on importance A>B>AXBxC>AxC>BxC>AXB>C
Optimized scheme A,B,C,
ky 2.43 35 5.04 4.08 4.61 5.01 421
k> 6.68 5.61 4.07 5.04 451 4.1 491
JCOI’I’/
(107A-cm ) R 4.25 2.11 0.97 0.96 0.1 0.91 0.7
Sequence on importance A>B>A%B>C>BxC>AxBxC>A*xC
Optimized scheme A,B,C,

For the corrosion resistance of the coatings in
HNO; medium, the most important factor is the
voltage, followed by frequency. The R value
corresponding to voltage is 27.2, which improves
by nearly one order of magnitude in comparison
with that of the frequency. The influence of the
interaction among the three factors is ranked the
third, and its R value is only slightly lower than that
of the frequency, but is still in the same order of
magnitude as the frequency. Its R value is higher
than those of the interactions between two factors
including the interaction between voltage and duty
ratio, interaction between frequency and duty ratio,
and interaction between voltage and frequency. In
addition, its R value is approximately 9 times that
of the duty ratio. These suggest that the influence of
the interaction among three factors is merely lower
than the individual factor of voltage and frequency,
and thus it plays an important role in improving the
corrosion resistance of the coating in the HNO;
medium.

With regards to the corrosion resistance of the
coatings in NaCl medium, the decreasing sequence

of the influence of three factors and their
interactions is: voltage, frequency, interaction
between voltage and frequency, duty ratio,

interaction between frequency and duty ratio,
interaction among voltage, frequency and duty
ratio, and interaction between voltage and duty ratio.

Obviously, the factor of wvoltage is the most
important, and its R value is approximately 2 times
that of the frequency. Furthermore, compared with
the factors including the interaction between
voltage and frequency, duty ratio, and the
interaction between frequency and duty ratio, the R
value of the interaction among three factors is
slightly lower. However, its R value is
approximately one order of magnitude higher than
that of the interaction between voltage and duty
ratio. These indicate that the interaction among
voltage, frequency and duty ratio has an obvious
influence on the anti-corrosion property of the
coating in NaCl medium.
3.2.2 Relationship between response indexes and

electrical parameters

The relationships between the response
parameters and electrical parameters including
voltage, frequency, and duty ratio are presented in
Fig. 3, which is drawn based on the values of &; and
k, listed in Table 4. It can be observed from Fig. 3
that with the increase of the voltage, the coating
thickness and the corrosion resistance in HNOj;
medium are both improved, while its corrosion
resistance in NaCl medium is deteriorated.
Increasing the frequency is not beneficial to the
increase of the coating thickness and corrosion
resistance in HNO; medium, but can enhance the
corrosion resistance of the coatings in NaCl
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medium. When the duty ratio increases, the coating
thickness increases slightly, and the corrosion
resistance of the coating in HNO; medium changes
insignificantly, but its performance in anti-corrosion
in NaCl medium decreases.
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Fig. 3 Relationships between response indexes and
electrical parameters

Apparently, optimal combinations among the
three factors of electrical parameters for the
thickness and corrosion resistances of coatings are
different. Regarding the coating thickness, the best
collocation scheme of the three factors is 4,B,C,,
namely high voltage, low frequency and large duty
ratio. When high voltage and low frequency are
matched with a small duty ratio (4,8,C;), the
resultant coating possesses the strongest anti-
corrosion ability in HNO; medium. However, to
obtain a coating with the optimum corrosion
resistance in NaCl medium, the pure aluminum
substrate should be treated by PEO under the
condition of low voltage, high frequency and small
duty ratio (4,B,C)).

The results of the range analysis show that the
interaction among three factors including voltage,
frequency and duty ratio has an important influence
on the corrosion resistance of the coating, and its
results are listed in Table 3.
Unfortunately, it is difficult to illustrate intuitively
the interaction effect among the three factors by
virtue of a three-dimensional diagram. Here, taking

influencing

the influence on the corrosion resistance of the
coating in HNO; medium as an example, the level
matches and the corresponding interaction diagrams
between two factors, namely, voltage and
frequency, frequency and duty ratio, and voltage
and duty ratio, are selected to reflect the interaction
effect among the three factors, as shown in
Tables 5—7 and Figs. 4—6.

Table 5 Level match of factor 4 and factor B for
corrosion resistance of PEO coating in HNO; medium
(min)

Factor Factor 4
B A A,
B, (30.09+28.43)/2=29.26 (56.07+55.05)/2=55.56

B, (29.56+34.56)/2=32.06 (61.81+58.52)/2=60.165

Table 6 Level match of factor B and factor C for
corrosion resistance of PEO coating in HNO; medium
(min)

Factor Factor B
C B, B,
Ci  (30.09+56.07)/2=43.08 (29.56+61.81)/2=45.685
C, (28.43+55.05)/2=41.74 (34.56+58.52)/2=46.54

Table 7 Level match of factor 4 and factor C for
corrosion resistance of PEO coating in HNO; medium
(min)

Factor Factor A
C A, A,
Ci (30.09+29.56)/2=29.825 (56.07+61.81)/2=58.94
C, (28.43+34.56)/2=31.495 (55.05+58.52)/2=56.785

According to the orthogonal experiment results
listed in Table 3, it is known that in the case of
A2B,C i.e. high voltage, low frequency, and small
duty ratio, the corrosion resistance of the coating in
HNO; medium is the best. This is consistent with
the optimal scheme derived from Fig. 3. Likewise,
for the coating thickness and corrosion resistance of
the coating in NaCl medium, the optimum schemes
obtained after considering the interaction among
factors are in accordance with those in Fig. 3.

It can be summarized from the above analysis
that the experimental design of this study is the key
factor to research the interactions among electrical
parameters. The orthogonal experimental design
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along with the method of range analysis can be
utilized to study the influence of voltage, frequency

and duty ratio on the coatings, and more
importantly it can be used to investigate the
interactions among these electrical parameters. At
the same time, the interactions among these
electrical parameters indicate that the coatings can
be remarkably influenced not only by the individual
factors of voltage, frequency, and duty ratio, but
also their interactions.

3.3 Characterization of PEO coatings
3.3.1 Morphologies of surface and cross-section

Figure 7 displays the surface morphologies of
the PEO coatings prepared on pure aluminum based
on the orthogonal experiments. It can be observed
from Fig. 7 that the influence of voltage on the
surface morphologies of coatings is obvious. For
the coatings (Samples 1—4) prepared under low
voltage, the micropores are small and uniformly
distributed on their surface. However, “gaps” left by
abrasive paper grinding can be observed because of
the low thickness and good copying ability of the
coatings. In contrast, over the surface of the
coatings (Samples 5—8) obtained in the case of high
voltage, the “gaps” disappear, but molten particles
are larger and the size of micropores increases
significantly. Moreover, plenty of broad micro-
cracks appear on the surface of the coatings formed
under high voltage, and they connect with each
other, which may decrease the corrosion resistance
of the coatings.

Quantitative statistical results concerning the
amount proportion of micropores with different
sizes and porosities on the surface of the coatings
prepared based on orthogonal experiments are
depicted in Fig. 8. From Fig. 8(a), the surface of the
coatings prepared under low voltage is nearly
dominated by micropores with a dimension less
than 1 um; whereas, on the surface of the coatings
formed under high voltage, the proportion of
micropores having a diameter of 1-5 pm increases.
Simultaneously, a few large-sized micropores (pore
size >5 um) appear and their proportion increases
with the decrease of frequency or increase of duty
ratio. As a result, the surface porosity of the
coatings prepared under low voltage is clearly
lower than that formed under high voltage.
Furthermore, with decreasing the frequency or
increasing the duty ratio, the surface porosity of the
coating exhibits an increasing trend on the whole,
as shown in Fig. 8(b).



890 Ling-yun AN, et al/Trans. Nonferrous Met. Soc. China 30(2020) 883—895

coatings formed on pure aluminum based on orthogonal experiment schemes: (a;, a,) Sample 1; (b;, by) Sample 2;
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Fig. 8 Statistical results of micropore size distribution (a) and porosity (b) on surface of PEO coatings prepared based

on orthogonal experiments

Figure 9 shows cross-sectional morphologies
of the PEO coatings formed on pure aluminum
according to the orthogonal experiments. It can be
observed from Fig. 9 that the voltage has the largest

influence on the cross-section morphologies of the
coatings. The coatings (Samples 1—4) fabricated
under low voltage only contain the dense layer, the
thickness of which varies in the range of 2—4 pum,
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Sample 1 Sample 2

Sample 3 Sample 4

RESH

PEO coating
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Fig. 9 Cross-sectional morphologies of PEO coatings formed on pure aluminum based on orthogonal experiments

and there are almost no observable micropores and
microcracks. The coatings (Samples 5—8) prepared
in the condition of high voltage are mainly
composed of an inner dense layer and an outer
porous layer. The thickness of the dense layer is
uneven, and many micropores as well as
microcracks exist in the outer layer of the coating.
Additionally, frequency and duty ratio have some
influence on the cross-section morphologies of the
coatings, especially in the case of high voltage.
With the decrease of frequency or increase of duty
ratio, the diameter of micropores in the outer
layer of the coating increases, and thus the
compactness of the coating declines.
3.3.2 Phase composition

Figure 10 shows the XRD patterns of the
representative PEO coatings (Samples 2, 4, 6 and 8)
prepared on pure aluminum based on the orthogonal
experiments. The coatings of Samples 6 and 8
primarily consist of y-Al,Oz;, mullite and a certain
amount of amorphous phase which is demonstrated
by the presence of wide diffraction peaks at 26 of
15°-40°, while the coating of Sample 8 contains
more mullite. In addition, the coating of Sample 8
also includes a-Al,O;. However, only Al originating
from the substrate can be detected in the coatings of
Samples 2 and 4, which may be due to the strong
penetrating power of X-ray and very low content of
the deposited phases.

The PEO process contains a series of complex
reactions. During this process, under the function of

+— Al
1 v—7-ALO;,
a—a-ALO,
& — Mullite ¥

Sample 8

Sample 4

| Sample 2 |

10 20 3‘0 4l0 Sb 6b 7‘0 80
26/(°)
Fig. 10 XRD patterns of PEO coatings formed on pure
aluminum

the strong electric fields, aluminum originating
from the substrate is ionized into aluminum ions,
which migrate into the discharge channels and react
with oxygen ions, reactive oxygen and OH ions to
form Al,O; (Egs. (3) and (4)) and AIl(OH);
(Eq. (5)). Because Al(OH); is thermodynamically
unstable, it is further dehydrated to Al,O; under the
high temperature caused by micro-arc breakdown
(Eq. (6)) [21]. Research has suggested that y-Al,O4
possesses lower nucleation free energy compared
with a-Al,O5; [22], and hence, it can be formed
more easily in the micro-arc discharge zone through
rapid cooling of molten alumina when it contacts
the surrounding cold electrolyte. However, the
thermal stability of y-Al,Os is poor, and it can be
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transformed into a-Al,O; when the temperature
ranges from 800 to 1200 °C (Eq. (7)) [23]. a-AlLOs
is the main component of natural corundum, which
exhibits good chemical stability and cannot react
with acid. As a result, the formation of a-Al,O3 will
be beneficial to improve the corrosion resistance of
coatings.

Al—>ATI"+3e (Anodic dissolution) 9]
40H =2H,0+20(0,)+4e (2)
2AI 4307 =Al1,0; (3)
2AI+30=Al,0; 4
AP"+30H =—AI(OH); 5)
2A1(OH);=A1,05+3H,0 (6)
7-AlLO3—a-AlLO; (7)

4 Discussion

Based on the analysis results of the orthogonal
experiments, the electrical parameters including
voltage, frequency, and duty ratio as well as their
interactions significantly affect the corrosion
resistance of PEO coatings. This depends on the
mutual effects among microcosmic characteristic
parameters, such as the thickness, compactness,
chemical and phase composition, and coating
defects.

The voltage exhibits the greatest impact on the
coating thickness and corrosion resistance of the
coating. The higher the voltage is, the stronger the
electric field is. Consequently, raising the voltage
can augment the driving force of PEO and improve
its reaction rate. As a result, the thicknesses of
coatings (Samples 5—8) prepared under high
voltage are approximately one order of magnitude
higher than those obtained under low voltage, and
their corrosion resistance in HNO; medium is twice
as high as the latter. However, with the increase of
voltage, the intensity of breakdown discharge
increases, which can be illustrated by the higher
current value shown in Fig. 1 and violent sparks
displayed in Fig. 11(b). In Fig. 11, the size of the
spark under low voltage is small and its color is
white (Fig. 11(a)), while the spark size in the case
of high voltage is much larger and it exhibits orange
color, indicating that the spark discharge of sample
surface is stronger when it is treated under high
voltage (Fig. 11(b)). This releases significant energy

and heat, causing the generation of coating defects
such as larger micropores and wider microcracks,
so the compactness of the coatings inevitably
reduces (Figs. 7(az—ds, a;—dy)), and their corrosion
resistance in NaCl medium decreases.

Fig. 11 Spark appearance on surface of specimens treated
by PEO under different voltages: (a) 340 V; (b) 480 V

Frequency is defined as the number of pulses
per second, namely the reciprocal of the time for
one cycle, as shown in Eq. (8):

1
f_Ton+Toff (8)
where f'is the frequency, T, is the working time of
the pulse voltage in one cycle (T,,+7,x), and is also
referred to as the arcing time, and 7o is the time of
the arc extinguishing. According to Eq. (8), with the
frequency varying from 700 to 2000 Hz, the single
pulse cycle shortens from 1.4 to 0.5 ms, implying
that in the case of constant duty ratio, the arcing
time in one cycle becomes short. Hence, fewer
substances are deposited on the coatings, and the
growth of the coating becomes slow. In addition,
when the frequency increases, the number of pulses
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per second increases, which leads to the
augmentation of the sites of the breakdown
discharges, and as a result, it facilitates the growth
of the coating. Under the interaction of above
two aspects, the coating thickness along with its
corrosion resistance in HNO; medium decreases
with the increase of frequency as shown in Fig. 3.
Furthermore, under the high frequency condition,
there is an increase in the quantity of micropores on
the surface of coatings of Samples 1, 2, 5 and 6.
However, the use of high frequency induces a
decrease in the energy of the single pulse, which is
advantageous for the miniaturization of pore size.
Eventually, the coatings of Samples 1, 2, 5 and 6
exhibit a relatively dense structure and superior
anti-corrosion property in NaCl medium.

The duty ratio (D) is the ratio of the arcing
time to the total time in one cycle.

D=—Tom__100% 9)

T, ont T, off

When the frequency is fixed, a smaller duty
ratio suggests shorter arcing time and longer arc
extinguishing time in a single cycle. As a result,
with the decrease of duty ratio, the coating becomes
thin, as illustrated in Fig. 3. However, the generated
energy and heat can be fully released, which is
helpful to reduce the number of larger micropores
as well as surface porosity. For instance, compared
with the coating of Sample 6, the coating of Sample
5 prepared under the duty ratio of 20% possesses
fewer large-sized micropores and lower surface
porosity, which decrease from 3% to 1% and from
5.2% to 4.7%, respectively.

There exists a interaction between voltage and
frequency. High voltage accelerates the reaction of
PEO, and low frequency prolongs the time of one
cycle. As a result, for a fixed duty ratio, when high
voltage combines with low frequency, more molten
material is generated, and the coating thickness as
well as corrosion resistance of the coating in HNO;
medium increases significantly. However, their
interaction also results in the release of a
considerable amount of energy, which is
demonstrated by the current value of Sample 8
shown in Fig. 1. This causes a significant increase
both in the pore size and in the surface porosity of
Samples 7 and 8, as presented in Figs. 7-9, so the
corrosion resistances of Samples 7 and 8 in NaCl
medium are worse.

There is also a interaction between frequency
and duty ratio. High frequency can shorten the time
of one cycle, in which the arcing time is reduced
while arc extinguishing time is increased due to the
small duty ratio. Finally, in one cycle, their
interaction decides the arcing and extinguishing
time, namely, it significantly shortens the arcing
time and elongates the arc extinguishing time. This
decreases the content of produced molten material
and the coating thickness, and thus slightly reduces
the corrosion resistance of the coating in HNO;
medium. Additionally, not only do the generated
gas bubbles decrease, but the resultant energy and
heat reduce, resulting in the decrease of larger
micropores and enhancement of the anti-corrosion
property of the coating in NaCl medium.

Research has shown that under the condition
of high voltage, reducing the duty ratio increases
the peak current [24]. So, the interaction between
them causes the damage on the PEO equipment to
some extent. Furthermore, it can be observed from
Tables 2, 3 and Fig. 3 that the corrosion resistances
of the coatings prepared under the duty ratios of
20% and 30% in HNO; medium are not
significantly different. Therefore, the optimum
scheme of the three factors of electrical parameters
for preparing the coating with the best
anti-corrosion property in HNO; medium should be
adjusted to 4,B,C,, i.e. high voltage, low frequency,
and large duty ratio. Because their interaction not
only ensures the safety of PEO equipment, but also
increases the reaction rate and reaction time of
PEO, which increases the coating thickness and
content of the anti-corrosion phase, and further
improves the corrosion resistance of the coating in
HNO; medium. In contrast, when low voltage and
high frequency combine with a small duty ratio
(4,B,C)), the PEO reaction rate decreases, but the
arc extinguishing time increases. As a result, the
obtained coating possesses the optimum anti-
corrosion performance in NaCl medium due to the
smallest pore size and densest microstructure
(Figs. 7 and 9 for Sample 1 and Table 3).

5 Conclusions

(1) The experimental design of this study is the
key to investigate the interactions among electrical
parameters including voltage, frequency and duty
ratio, and the results show that not only voltage,
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frequency, and duty ratio but also their interactions
significantly affect the coating.

(2) The influences of individual factors of
voltage, frequency, and duty ratio on the thickness
and corrosion resistance of the coatings are
different. Voltage exhibits the greatest impact,
followed by frequency, and the influence of duty
ratio is the least. By increasing the voltage,
decreasing the frequency or increasing the duty
ratio, the corrosion resistance of the coating in
HNO; medium is enhanced, while its corrosion
resistance in NaCl medium is reduced.

(3) The interactions between two factors have
a great influence on the thickness and corrosion
resistance of the coating. For coating thickness, the
influence of the interaction between voltage and
frequency is greater than that of the independent
factors of frequency and duty ratio. Regarding
the corrosion resistance of the coating in HNO;
medium, the effects of the interaction between two
factors of voltage and frequency are greater as
compared with the individual factor of duty ratio.
The interaction between voltage and frequency
exhibits a more significant impact on the corrosion
resistance of the coating in NaCl medium compared
with duty ratio.

(4) The interaction among the three factors has
a significant influence on the corrosion resistance of
the coating. The combination of high voltage, low
frequency and large duty ratio (4,B,C,) increases
the reaction rate and reaction time of PEO. Hence,
it increases the coating thickness, content of
anti-corrosion phases and corrosion resistance of
the coating in HNO;3; medium. However, under low
voltage and high frequency matching with a small
duty ratio (4,8:C,), the obtained coating exhibits
the best corrosion resistance in NaCl medium, since
their interaction decreases the reaction rate of PEO
and prolongs the arc extinguishing time in one
cycle.
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