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Abstract: Micro-arc oxidation (MAO) process was carried out on AZ91D alloy in alkaline borate solution using an alternative
square-wave power source with different parameters. The effects of voltage, frequency and duty cycle on the coatings were
investigated by orthogonal experiment. It is found that the thickness of coatings increases with the increase of voltage and duty cycle,
but decreases with the increase of frequency. The structure and morphology of the coatings also depend on voltage, frequency and
duty cycle. The coatings become more porous and crack with increasing voltage and duty cycle. The coating is thin and transparent
when the voltage is lower than 120 V. The corrosion resistances of different coatings were evaluated by polarization curves and
electrochemical impedance spectroscopy (EIS) in 3.5% NaCl (mass fraction) solution. When the optimized values of voltage,
frequency and duty cycle are 140 V, 2 000 Hz and 0.4, respectively, the anodic coating shows the best corrosion resistance.
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1 Introduction

Due to the low density and high strength-to-mass
ratio, magnesium alloys are attractive for the automotive
and aerospace industries where require the use of light
weight materials. Indeed, this property is one of the main
ways to make airplanes and cars more fuel-efficient and
to fulfill the economic and environmental requirements
of transport[ 1-2]. Unfortunately, the practical application
of magnesium alloys has been limited because they are
susceptible to corrosion and wear. It is generally
accepted that one of the efficient ways to improve the
corrosion resistance of magnesium alloy is achieved by
anodization[3—5].

Micro-arc oxidation (MAO), a relatively new
surface treatment, has been widely used in recent years
because MAO can remarkably enhance the corrosion
resistance of magnesium alloys by producing a relatively
thick and dense coating. The properties of anodic
coatings depend on many factors, such as the
compositions of the substrate[6—7], the electric
parameters[8—10], the concentration and chemical

composition of electrolyte[11—15] and the post
treatment[16]. The electric parameters applied during the
anodization process have great influence on the
properties of the anodic coatings. First, the electric
parameters can change the transferring process of anions.
Anions in the electrolyte need to arrive at the
anode/electrolyte interface and then enter into anodic
coatings. There are three ways by which anions move to
the anode surface, namely, diffusion, convection and the
electric migration is the main way during anodization.
Under the electric field, the moving speed of anions in
the electrolyte is different and therefore the selected
electric parameters can affect coating compositions by
changing the transferring process of anions. Second, the
electric parameters are related with the thickness,
structure and surface morphologies of anodic
coatings[17]. In previous studies, several kinds of power
sources were used to anodization, almost all of which
applied the constant current or constant pulsed current
mode[9, 18—20], while the constant applied voltage or
constant pulsed voltage mode was rarely used. Because
the difference of the transferring process of anions and
formation process of anodic coating among these
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power source modes, the properties of anodic coatings
obtained under constant pulsed voltage mode, such as
thickness, structure, surface morphologies and corrosion
resistance, may be different from those of anodic
coatings obtained under other kinds of power sources.
The effects of electric parameters on properties of anodic
coating are often investigated by the conventional
experimental approach, namely, one factor is varied
while other factors keep constant.
conditions obtained in the conventional approach may
not be a true result when the interaction effects between

The optimum

the factors were considered[21].

In the present work, an alternative square-wave
power source was designed to prepare the anodic coating
of magnesium alloy with constant pulsed voltage mode.
The effects of power source parameters such as the
applied voltage, the frequency and the duty cycle on
properties of the anodic coating on AZ91D were
investigated by orthogonal experiment.

2 Experimental

AZ91D  magnesium alloy
dimensions of 30 mm x 20 mm x 5 mm, cut from ingot,

specimens ~ with

were used as substrates for the anodization process. The
compositions of AZ91D are listed in Table 1. Their two
faces and four sides were polished by hand with SiC
abrasive paper (grit 320 to 1000) and degreased with
acetone and then washed with distilled water before
anodizing for 3 min in the electrolyte containing 50 g/L
NaOH, 10 g/L H;BO;, 20.0 g/L Na,B40,-10H,0, 10 g/L
C¢HsNa;0,-2H,0 and 2 g/L organic additive[12, 22].
The initial temperature of the electrolyte was (30 £ 1) °C.

Table 1 Chemical compositions of AZ91D magnesium alloy
(mass fraction, %)

Al Zn Mn Cu Fe Si Mg
9.02 049 023 0.0007 0.005 0.027 Bal.

A 20 kW-alternative square wave power source was
employed for pulse anodizing with a constant square
wave voltage. The wave form of the applied voltage is
shown in Fig.1.

In the orthogonal experiment, three factors with
four levels including applied voltage, frequency and duty
cycle were used to investigate the effects of electric
parameters on the thickness, the morphology and the
corrosion resistance of AZ91D with the coating obtained
by constant pulsed voltage mode. Factors and levels of
the orthogonal experiment are listed in Table 2.

The thickness of the coating was measured using an
eddy-current coating thickness measurement gauge

=
¥

Fig.1 Scheme of wave form of applied voltage (V) for
alternative square wave anodization (¢: Time)

Table 2 Factors and levels of orthogonal experiment

Factor
Level Applied
Frequency/Hz  Duty cycle

voltage/V
1 100 500 0.1
2 120 1 000 0.4
3 140 1 500 0.6
4 160 2 000 0.9

(TT240 made by Peak Times, China). The thickness data
given were the average of at least six values at different
locations of the coating. The morphologies of the
as-obtained coating were observed using HITACHI
S4800 scanning electron microscope. The structure and
composition of the coating were examined by D/max-rA
X-ray diffractometer (Rigaku, Japan).

Before electrochemical test, the anodized electrodes
were covered by epoxy resin except working surface of
2.0 cm® A three-electrode cell with anodic coating as
working electrode, saturated calomel electrode (SCE) as
reference electrode and platinum sheet with large area as
counter electrode was employed in the electrochemical
test. The electrochemical test was carried out in 3.5%
NaCl (mass fraction) aqueous solution. Before each
corrosion test, the working electrode was immersed in
the solution for 30 min to obtain the relatively stable
open circuit potential (OCP). Polarization curves were
obtained using CHI630C Potentiostat (CH Instruments
Inc., USA). The ratio of volume of neutral 3.5% NaCl
solutions (pH 7.03) to sample area was 50 mL/cm?. After
30 min immersion, potential scanning was conducted at a
rate of 0.5 mV/s from —0.20 V to 1.00 V vs OCP. EIS
measurement was performed in the 10 mHz—10 kHz
frequency range using a 20 mV peak to peak a.c.
excitation[23] with a VMP2 Multichannel Potentiostat
produced by Princeton Applied Research Corporation
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(PARC) of USA. The experimental impedance spectra
were interpreted on the basis of equivalent electrical
circuits using fitting software (ZView).

3 Results

3.1 Orthogonal experiment and analysis

In the present work, the orthogonal experiment of
three factors including applied voltage, frequency and
duty cycle with four levels was used to comprehensively
investigate the effects of power source parameters on the
corrosion resistance of the coating on AZ91D. The
corrosion resistance of anodic coatings which were
immersed in 3.5% NaCl solution for 30 min before each
test was evaluated by EIS and polarization curves. Fig.2
shows the Nyquist plots of various coatings formed
under different conditions. The shapes of Nyquist plots
are similar except for the difference in the diameter of
loops. In all cases, the Nyquist diagrams contain two
capacitive loops in the high and medium frequency
domains which are more or less separated, and an
inductive loop in the low frequency domain. The high
frequency capacitive loop may originate from the anodic
coating formed on the AZ91D and the medium frequency
one may be attributed to the corrosion reaction[22],
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Fig.2 Nyquist diagrams for anodic coatings of AZ91D alloy

obtained from orthogonal experiment in 3.5% NaCl solution
(Insert is Nyquist diagram except No.12)

while the inductive component of the lower frequency
domain should correspond to the porous structure of the
coatings, indicating cathodic process, such as the
reduction of H', taking place through the pit channels. So
the sum of the two capacitive loops strongly corresponds
to the corrosion resistance of anodic coatings under
various alternative square wave parameters[24].

The choice of an equivalent circuit fitting the EIS
diagrams is always a compromise between a reasonable
fitting of the experimental values and a sufficient
description of the electrochemical system by keeping the
number of circuit elements at a minimum|[19]. Based on
the above rule, a typical equivalent circuit is employed to
fit the two capacitive loops of the EIS data, which is
displayed in Fig.3, where Ry is the electrolyte resistance
on electrode surface, R, is the coating resistance
(determined by solution concentration, thickness and
porosity of the coating), R; is the charge transfer
resistance, and Cy,r and Cy are the coating capacitance
and the solution/metal interface capacitance, respectively.
Cqur and Cy both are the constant phase elements (CPE),
which reflect the dispersion of a capacitive element
around a central value. The relationship between an ideal
capacitor and a CPE is as follows[24]:

joC =(jo)" (Zcpg)

where n takes different values, CPE represents the
corresponding element, such as pure capacitor and
inductive element.
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Fig.3 Equivalent circuit of EIS fitting for anodic coating of
magnesium alloy in 3.5% NaCl solution

The  orthogonal experimental array and
experimental results are listed in Table 3. In order to
effects

parameters on the coating, the experimental data were

systematically investigate the of electric
treated by the method of intuitionistic analysis and the
results are listed in Tables 4—6. The maximum difference
between the average data at two levels for each factor
indicates the general effect of that factor.

It is obvious that No.12 coating (140 V applied
voltage, 2000 Hz frequency and 0.4 duty cycle)
possesses the highest Rg,r and R,among all the coatings
listed in Table 3. The Rg,r and R, of No. 12 coating are
larger by one or two orders of magnitude than those of
other coatings.

The factor response on the Rg,s and R, is listed in
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Table 3 Orthogonal experimental array and fitting results of EIS data and polarization curves

Factor No. Applied voltage/V Frequency /Hz Duty cycle Rg,¢/ (Q-cmz) Rt/(Q-ch) Oeor! V Jwrr/(A-cmfz) Thickness/um
1 1 1 1 5.50x10° 1.38x10°  —1.461  6.929x10° 14.88
2 1 2 2 2.13x10° 5.13x10°  -1375  8.421x10° 15.83
3 1 3 3 1.70x10? 5.44x10"  -1470  6.680x10°° 16.08
4 1 4 4 3.04x10° 1.63x10°  —1.408  1.923x10°° 19.86
5 2 1 2 1.20x10* 1.04x10°  -1.483  4.816x10°° 17.30
6 2 2 1 1.10x10* 6.31x10°  —1.491  1.804x107° 16.29
7 2 3 4 2.20x10* 9.02x10°  -1.419  1.168x10° 30.48
8 2 4 3 1.78x10° 9.76x10°  —1.456  1.010x10° 23.98
9 3 1 3 4.46x10* 230x10°  —1.402  9.725x10° 33.89
10 3 2 4 1.69x10* 3.73x10°  -1.436  3.597x1077 33.91
11 3 3 1 1.46x10* 534x10° -1.476  6.717x10°¢ 18.14
12 3 4 2 1.54x10° 6.03x10°  -1.130  2.181x107" 22.30
13 4 1 4 2.77x10° 9.54x10*>  -1.176  6.154x10° 37.32
14 4 2 3 4.86x10* 2.87x10*  -1.284  1.118x10° 31.79
15 4 3 2 8.09x10° 3.64x10° -1203  2.984x10°° 26.11
16 4 4 1 9.30x10° 6.08x10°  —1.463  1.742x10°° 19.05

Table 4, which was synthesized by calculating the mean
Roir and R, of all coatings at each level for the three
factors. The maximum difference between the average
Rq.¢ and R, at two levels of each factor indicates the
general effect of that factor. Based on the value of the
difference, the effect order of factors on the Ry, and R;of
the coatings can be found. It is obvious that the applied
voltage is the major factor affecting the Ry, and R,
which is listed in Table 4. The decreasing sequence of
factors affecting the Ry,r and R, of the coatings is duty
cycle and frequency.

From Tables 3 and 4, Ry,r and R, increase until they
reach a peak value when the applied voltage is at level 3
and they decline with a further increase of applied
voltage. The Ry,¢ and R, of the coatings show slightly
fluctuation in the frequency region between level 1 and
level 3, but show a significant increase at level 4, which
indicates that Ry,r and R, are improved greatly when the
frequency is higher than 1 500 Hz. The duty cycle has
the same effect on the Ry,r and R, of the coatings with
applied voltage and the peak value appears when the
duty cycle is 0.4 at level 2.

Typical polarization curves of anodic coating and
AZ91D magnesium alloy are shown in Fig.4. All the
polarization curves of the anodic coatings obtained from
orthogonal experiments present similar behavior. The
values of corrosion potential (¢..) and corrosion current
density (J.oy) for each polarization curve are also listed
in Table 3. The fitting method of the corrosion current
density (Jer) and corrosion potential () Was

suggested by SANDENBERGH et al[25]. It is obvious
that the No.12 coating has the most positive corrosion
potential and the smallest corrosion current density,
which is in accordance with EIS results.

The factor response for ¢, and J.,, are listed in
Table 5. Based on the value of the difference, the rank of
influencing factors on ¢, of anodic coatings is
voltage>duty cycle>frequency, while the rank of
influencing factors on J.,, of anodic coatings is duty
cycle > applied voltage > frequency.

The ¢ decreases until it gets a minimum value
when the applied voltage is at level 2 and it increases
with a further increase of voltage, while J,,, takes on
reverse trend with the increase of applied voltage. The
®eorr Of the coatings only slightly increases with the
increase of frequency, but J,, has a significant decrease
when the frequency is over 1 000 Hz. The effect of duty
cycle on @er and Jo,, of the coatings is complicated. In
general, the ¢, increases with the increase of duty cycle,
whereas, J.,r shows an opposite trend.

The thicknesses of anodic coatings are also listed in
Table 3, and the factor response for thickness is shown in
Table 6, which indicates that the rank of influencing
factors on thickness of anodic coatings is duty cycle>
applied voltage>frequency. It is evident that the
thickness of coatings increases with increasing applied
voltage and duty cycle, but decreases with increasing
frequency. However, corrosion resistance parameters,
Ry, Ry, 0corr and Joorr are independent on the thickness,
which indicates that the corrosion resistance is mainly
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Table 4 Factor response for R, and R,

311

Level Applied voltage Frequency Duty cycle
Ry (kQ-cm?) R/(kQ-cm?) Ry (kQ-cm?) R/(kQ-cm?) R/ (kQ-cm®)  R/(kQ-cm?)
1 2.710 0.894 16.218 8.934 10.100 4.778
2 11.695 6.676 19.659 9.813 44.055 154.388
3 57.525 158.768 11.215 4.514 23.787 131.830
4 17.190 9.844 42.030 152.922 11.178 3.833
Difference 54.815 157.873 30.815 148.407 33.955 150.555
Rank 1 1 3 3 2 2
Table 5 Factor response for ¢.o; and Jeor:
Level Voltage Frequency Duty cycle
Peor!V Jeord/ (LA-cm %) Peor!V Jeon/ (LA-cm %) P!V Jeon/(HA-cm™)
1 —1.429 5.556 —-1.381 6.906 —1.473 8.358
2 —1.462 8.535 —-1.396 6.986 —1.298 4.110
3 -1.361 4.255 -1.392 4.387 —1.403 6.908
4 —-1.282 2.999 —1.364 3.065 —1.360 1.969
Difference 0.180 5.536 0.032 3.921 0.175 6.389
Rank 1 2 3 3 2 1
Table 6 Factor response for thickness of coatings
Thickness/um
Level
Voltage Frequency Duty cycle
1 16.663 25.847 17.090
2 22.013 24.455 20.385
3 28.567 22.703 26.435
4 21.297 21.297 30.392
Difference 11.904 4.550 13.302
Rank 2 3 1
0 relevant to the structure and composition of anodic
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Fig.4 Polarization curves for AZ91D and typical anodic coating
in 3.5% NaCl solution

coating, not the thickness, under different experimental
conditions.

Based on the data of Ry, Ry, @eor and Jeon, the
optimum electric parameters for the corrosion resistance
are applied voltage of 140 V, frequency of 2 000 Hz and
duty cycle of 0.4. And the values of Ry, Ry, @corr and Jeorr
of the coating obtained under the optimum electric
parameters are 1.54x10° Q-cmz, 6.03x10° Q~cm2, -1.13
V and 2.18x1077 A/em?, respectively, which takes on a
relatively high corrosion resistance of anodization of
magnesium alloy.

3.2 Composition
X-ray diffraction (XRD) analysis was used to
investigate the composition of anodic coatings obtained
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from the orthogonal experiment. The typical XRD
pattern, as shown in Fig.5, indicates that the anodic
coatings under alternative square wave are mainly
composed of MgO, MgAl,O4, MgSiO;, and Al,O;. The
intensity of the crystalline peak of the XRD patterns at
the same 26 degree is different, which indicates that the
content for the same composition of anodic coatings
obtained under different parameters is different. It is
difficult to differentiate compositions from each other
because one peak of the XRD patterns may correspond to
several different compositions.

— MgSiO3

» — MgAlhO4
Y
+ — AlO3

L 1Jd

>
serr
]
n o+
L 1]
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L 1

20 30 40 50 60 70 80
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Fig.5 XRD patterns of anodic coatings obtained from
orthogonal experiment (Order is No.1 to No.16 from bottom to

top)

3.3 Surface and cross section morphology
The corrosion resistance of anodic coatings is
related to microstructure of anodic coatings formed

under various parameters. How do these electric
parameters affect the coating morphologies? It is
essential to investigate the correlation between them
because the microstructure of anodic coating plays an
important role in corrosion resistance.
3.3.1 Effect of applied voltage

Fig.6 shows the SEM images of the anodic coating
fabricated on AZ91D magnesium alloy under various
applied voltages, while the frequency and duty cycle are
2 000 Hz and 0.4, respectively. When the applied voltage
is 100 V, there is no marked sparking discharge on the
surface of the substrate. At the end of anodization, the
substrate is covered by a thin transparent passive film, as
shown in Fig.6(a). The anodic coating is smooth and
uniform with some grinding traces owing to the
pretreatment and its pore size is very small. When the
applied voltage is more than 100 V, sparking appears on
the whole electrode surfaces in the first 10 s
accompanied with formation of bubbles. Then, sparking
discharge decreases slowly and only takes place on some
weak sites of oxide film. At the end of anodic process,
sparking discharge stops[24]. As shown in Fig.6(b), the
anodic coating is thicker and the pore size is larger than
that shown in Fig.6(a), while several cracks appear on
the surface of the anodic coating. The number of pores
and cracks increases with increasing applied voltage, and
the size becomes larger and larger, too, which means the
porosity of anodic coating increases with increasing
applied voltage. The anodic coating is smooth and
uniform but thin when applied voltage is lower than 120
V, and is thick but rough when applied voltage is higher
than 140 V.

Fig.6 Surface morphologies of AZ91D anodized at frequency of 2 000 Hz, duty cycle of 0.4 under different applied voltages: (a) 100

V; (b) 120 V; (c) 140 V; (d) 160 V
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3.3.2 Effect of frequency

Frequency also plays an important role in the
corrosion resistance based on the above data. Surface
morphologies of anodic coatings obtained at frequencies
of 500, 1 000, 1 500, 2 000 Hz are shown in Fig.7. The
pore size of the anodic coating obtained at 500 Hz is
larger than that at 1 000 Hz, which is almost the same as

that at 1 500 Hz and 2 000 Hz. It is evident that the
anodic coating becomes rough when the frequency is
lower than 1 000 Hz.
3.3.3 Effect of duty cycle

Under the same applied voltage and frequency, the
surface morphologies at different duty cycles are shown
in Fig.8. The anodic coatings become even and uniform

Fig.7 Surface morphologies of AZ91D anodized at voltage of 140 V, duty cycle of 0.4 under different frequencies: (a) 500 Hz;

(b) 1 000 Hz; (c) 1 500 Hz; (d) 2 000 Hz
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Fig.8 Surface morphologies of AZ91D anodized at applied voltage of 140 V, frequency of 2 000 Hz under different duty cycles:

(a) 0.1; (b) 0.4; () 0.6; (d) 0.9
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when there is a breaking off time in the anodic
process[26]. It is obvious that duty cycle has the same
influence trend with increasing applied voltage. When
the duty cycle is 0.1, the anodic coating is smooth and
uniform but thin, and when it is 0.9, the anodic coating is
much rough with many large pores and creaks. When the
duty cycle is 0.4 or 0.6, the coating morphologies are
similar with each other, which are less smooth and
uniform than that is 0.1, but less large pores and creaks
than that is 0.9.
3.3.4 Cross section morphology

Fig.9 shows the cross section morphologies of the
anodic oxide films formed under different alternative
square-wave applied voltages. Although some
micro-pores and micro-cracks can be seen in the
cross-section, no pit transfixes the whole coating from
the surface to the substrate, which means that there is an
inner barrier layer between the substrate and the outer
porous layer, but there is no precise boundary between
the inner barrier layer and the outer porous layer. The
coatings show good bonding strength to the substrate.
Since the internal substrate is covered by a relatively
intact barrier layer, which is composed of relatively
stable thermodynamic compounds and it can provide
effective protection. DUAN et al[12] and CAO et al[24]
have also reported that the anodic coating of AZ91
magnesium alloy has a two-layer structure[12, 24] under
DC and AC anodization.

Fig.9 Cross-section morphologies of anodic oxide films formed
under different anodizing parameters: (a) Voltage 140 V,
frequency 2 000 Hz, duty cycle 0.4; (b) Voltage 160 V, duty
cycle 0.4, frequency 2 000 Hz

As shown in Fig. 9 and Table 3, the thickness of
anodic coating (dt) measured by TT240 is larger than its
real thickness (dr) by cross section image, which can be
attributed to pores and cracks of anodic coating showing
great influence on eddy-current coating thickness
measurement with TT240. From our large number of
experiments, the relationship between dr and dy can be
described as the following equation from lots of cross
section images: dr=0.4dr, which indicates that the real
thickness of coating can be detected easily by TT240
under the experimental condition.

The anodic coating obtained under 160 V is thicker
than that obtained under 140 V. The increase of thickness
is benefit to corrosion resistance of anodic coatings, but
as mentioned above, the corrosion resistance of anodic
coatings decreases with the increase of applied voltage
when the voltage is higher than 140 V. The main reason
is that the porosity of the outer porous layer of anodic
coating also increases with the increase of applied
voltage. The electrolyte including aggressive ions will be
much easier to penetrate into the coating with higher
porosity and contact with inner barrier layer and
substrate, which indicates that the thickness and structure
of anodic coating will be changed with power source
parameters, but the of thickness and
microstructure (pores and cracks) presents an opposite
effect on the corrosion resistance of anodic coatings. It is
well shown that the corrosion resistance of the anodic
coating is mainly determined by the thickness and
structure simultaneously.

variance

4 Discussion

4.1 Effect of applied voltage

The effect of applied voltage on coating corrosion
resistance is various with its thickness and porosity[17].
When the applied voltage is increased, the anodic
reaction becomes more intense and more magnesium
alloys are oxidized into various oxidations, which will
make the thickness increase. But much more energy will
be released from the anodic reaction and much more gas,
which can make the anodic coating more porous, will be
released with increase of the applied voltage because of
the vaporization of water and the secondary reaction (the
water electrolysis). According to the above result, the
applied voltage is a main factor on the coating thickness.
The thickness of coating will increase with increasing
applied voltage. If the porosity keeps constant with
thickening coating, the corrosion resistance of anodic
coatings can be improved with increasing coating
thickness. However, the micro-porer and cracks become
larger with the increase of applied voltage, which
indicates that the porosity (micro-pores and cracks) also
increases with increasing applied voltage and the
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corrosion resistance of anodic coating decreases. The two
opposite effects on the corrosion resistance of
anodization magnesium alloy determine that the applied
voltage possesses an optimum value, not too high or too
low. In our experimental system, 120—140 V applied
voltage is the optimal range.

4.2 Effect of frequency

In one cycle, there are four segments, such as one
anodic process, one cathodic process and two periods of
breaking off for one working electrode. Frequency is
defined as the pulse number per second, namely, the
reciprocal of the total time (#) for one cycle: +=1/f. The
higher the frequency, the shorter the time of one cycle.
For a given duty cycle, the continually anodizing time in
one cycle decreases with the increase of frequency,
which results in a good restoration of anodic coatings by
electrolyte and a decrease of gas evolution. The energy
released from the anodic reaction in one cycle will
decrease with the increase of frequency, which can
decrease the vaporization and electrolysis of water. And
the cathodic process numbers increase with increasing
frequency, which can reduce the concentration
polarization caused by the anodic process. As stated the
porosity decreases and the corrosion resistance of anodic
coatings improves with the increase of frequency.

4.3 Effect of duty cycle

Duty cycle is the ratio of working time to total time
in one cycle. The higher the duty cycle, the longer the
working time, and the higher the energy in one cycle.
The influence of duty cycle is similar with that of the
applied voltage. For a given voltage and frequency, the
anodic reaction and vaporization and electrolysis of
water will simultaneously intensify with the increase of
duty cycle, which makes the thickness and porosity of
anodic coating increase at the same time. When the
duty cycle is lower than 0.4, the thickness of anodic
coating is too thin to provide effective protection to the
substrate of magnesium alloy. But the anodic coating
also cannot provide effective protection to the substrate
of magnesium alloy when the duty cycle is higher than
0.6 because the porosity of anodic coating is too high.
Anodic coatings possess better corrosion resistance when
duty cycle is between 0.4 and 0.6, while applied voltage
and frequency keep constant.

5 Conclusions

1) The alternative power
including applied voltage, frequency and duty cycle exert
a remarkable influence on thickness, surface
morphologies and structure of anodic coatings. With the

source parameters

increase of applied voltage and duty cycle, anodic
coatings gradually thicken and the porosity becomes
larger. The thickness and porosity show opposite effects
on the corrosion resistance, resulting in an optimal value
for applied voltage and duty cycle. The porosity and
thickness of anodic coating decrease with increasing
frequency, but the change of thickness is slight.
Therefore, the increase of frequency further improves the
corrosion resistance of anodic coating.

2) The effect order of factors on the corrosion
resistance of the anodic coatings of AZ91D is applied
voltage> duty cycle> frequency. The optimum corrosion
resistance of anodic coating could be obtained when the
process parameters are applied voltage 140 V, frequency
2 000 Hz and duty cycle 0.4.
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