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In this study, protective ceramic coatings were prepared on AZ91D magnesium alloy by plasma electrolytic
oxidation (PEO) to improve the corrosion and mechanical properties of AZ91D magnesium alloy. The
process was conducted in silicate-fluoride-based electrolyte solution. It was found that the average micro-
hardness of the coating was significantly increased with an increase in the PEO processing time. The highest
value of the average micro-hardness �1271.2 HV was recorded for 60-min processing time. The phase
analysis of the coatings indicated that they were mainly composed of Mg2SiO4, MgO, and MgF2 phases. The
surface and cross-sectional study demonstrated that porosity was largely reduced with processing time,
together with the change in pore geometry from irregular to spherical shape. The results of the polarization
test in 3.5 wt.% NaCl solution revealed that aggressive corrosion took place for 5-min sample; however, the
corrosion current was noticeably decreased to 0.433 1027 A/cm2 for the 60-min-coated sample. The
superior nobility and hardness for long processing time are suggested to be due to the dense and highly
thick coating, coupled with the presence of MgF2 phase.
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1. Introduction

The global demand of magnesium and its alloys are
increasing day by day due to their attractive properties such
as low density, high strength/weight ratio, high-dimensional
stability, high damping capacity, and suitability for recycling
(Ref 1-7). However, the poor corrosion resistance of Mg alloys
limits their use in many various applications, especially in
corrosive environments (Ref 8-10). To cope with the corrosion
vulnerability of magnesium alloys, several coating processes
have been developed, e.g., conversion coating, electrochemical
plating, and anodizing and plasma electrolytic oxidation (PEO)
(Ref 11-13).

Out of all these coating methods, PEO has proved to be an
environment friendly and inexpensive method to form a thick,
hard, and adherent ceramic coating on the surface of Mg, Al,
and Ti alloys (Ref 14-18). Researchers unanimously considered
PEO as a very effective technique to improve the corrosion and
wear resistance of magnesium and magnesium alloys (Ref 15,
18-21). In the PEO process, ions species from the electrolyte
solution are deposited in the form of a layer on an alloy
substrate due to high temperature discharge plasma, generated
by applying an extremely high anodic potential in a specific
electrolyte (Ref 15, 22). The properties of the oxide layer
produced by the PEO process depend on various processing
conditions, including chemical composition, processing time,

applied bias, substrate composition, and post-annealing treat-
ment (Ref 23-29).

Like the other PEO process parameters, processing time is
also a very important parameter in terms of both experimental
and commercial aspects. It significantly influences the cost of
the operation, if properly optimized. Therefore, optimization
and effect of processing time together with other process
parameters on various properties of PEO coatings has been
studied by various authors (Ref 23-26, 29). However, the
influence of long processing time in silicate-fluoride-based
electrolyte solution has never been studied before. The present
study is therefore devoted to examine the effect of processing
time on various properties of PEO coatings produced on
AZ91D in silicate-fluoride-based electrolyte solution.

2. Experimental Method

2.1 Specimen and Coating Process

Commercial AZ91D (Al 9.1, Zn 0.85 Mn 0.27, Fe £ 0.02,
others £ 0.01, Mg balance all in wt.%) coupons with 13 mm
diameter and 5.9 mm thickness were used in this study. Before
the PEO process, samples were polished with SiC paper (up to
grade 2000) followed by decreasing in deionized water and
ethanol. The final surface roughness for the sample was found
to be in the range of 0.1± 0.05 lm.

The PEO process was conducted by means of external
power supply with maximum power of 20 kW, under hybrid
voltage source of 200AC and 260DC volts. Hybrid voltage
sources were used to achieve thick and hard coating. The
current was allowed to vary while the AC and DC voltages
were kept constant through all the experiment. The electrolyte
used was consisted of 12 g/L sodium silicate (Na2SiO3), 3 g/L
sodium hydroxide (NaOH), and 0.3 g/L Na2SiF6. Temperature
of the electrolyte was maintained below 25 �C during the
process by adjusting the cool water circulation. Coatings on
AZ91D alloy were produced for 5-, 15-, 30-, and 60-min
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processing time as mentioned in Table 2. After PEO treatment,
the coated samples were rinsed with deionized water and dried
in the air.

2.2 Phase Composition and Microstructure

The phase composition of the coating was investigated by
means of x-ray diffraction (XRD), using a Cu Ka source in the
range of 20� to 80�. The microstructure of the coated samples
was observed under scanning electron microscope (SEM).

For the cross section observation, the coated samples were
cut and cross sections of the samples were polished down to
0.1 lm for SEM examination. A thin layer of gold was
sputtered over the polished surface of cross section to ensure
adequate electrical conductivity during SEM observation.
Average thickness and porosity was calculated for each sample
using imageJ software.

2.3 Hardness and Electrochemical Tests

Vickers hardness of the polished cross sections of the
coating layers was measured on 10 different places by a
VLPAK2000 Mitutoyo hardness test machine. The depth-
controlled indentation results were obtained under the constant
loading/unloading rates of 0.025 N/s with holding time of 5 s at
maximum load. The electrochemical corrosion test was per-
formed using conventional three electrodes solatron electro-
chemical testing system (1280B), with Ag/AgCl electrode as
reference and platinum plate as the counter electrode. The
sample was immersed as working electrode into 1 L of
electrolyte solution containing 3.5 wt.% NaCl. The exposed
surface area of tested specimen in solution was 1 cm2. The
polarization curves were recorded by increasing voltage against
reference electrode from �3.5 to 2 V at a scan rate of 1 mV/s.
Corrosion potential and current was obtained using tafel
analysis software, IVman package. All characterizations of
the samples were carried out at room temperature.

3. Results and Discussions

3.1 Microstructure

Figure 1 shows the surface images of the coatings produced
for different processing times. The coating surfaces are
dominated by a �pancake� shaped projections and channels
with open or sealed microporosity in the center. Figure 1(a)
shows the highest density of open pores at the centers of the
�pancake� structures. These micropores are considered to be the
channels through which the Mg and Mg2+ from the substrate
are ejected and reach the coating/electrolyte interface during the
plasma-generated melting. It can be observed from the porosity
relation with processing time in Fig. 3 that porosity decreases
with increase in the processing time; however, at the same time,
the pore size increases as shown in Fig. 1. The minimum
porosity was obtained for 30-min processing time. From the
SEM pictures, in addition to pores, several cracks and bumps
can also be observed on the surface. The cracks size get enlarge
with processing time. These micro cracks are caused from the
thermal stress due to the rapid solidification of the molten oxide
in the relatively cool electrolyte (Ref 30). However, they get
magnify due to the increase in the tensile stress of the coating
with increase in thickness. The surface image of 60-min sample
shows less number of bulky pancakes with bigger sizes than
any other coating. It is believed that due to the long processing
time, these pancakes are unable to grow upward, rather sweep
around, and mix along the boundaries.

Figure 2(a-d) shows the cross section morphologies of the
coatings for different processing times. The sinus appearance of
the interface is due to the nonuniform dissolution of substrate in
the early phases of processing (Ref 20). Presence of inter-
metallic phases such as a- and b-phase in AZ91D alloy has
different corrosion affinity and thus causes nonuniform nucle-
ation of the PEO layer. It can be observed, as marked in
Fig. 2(b) that the discharge channels in the coatings cannot

Fig. 1 Surface morphologies of PEO coated magnesium AZ91D alloy. (a = 5 min) , (b = 15 min), (c = 30 min), (d = 60 min)
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penetrate through the whole thickness, however, end inside the
layers at a certain depth from the surface of the coating. The
depth where the discharge channels stop vary with processing
time as shown in Fig. 2. For instance, the average Dd
(discharge depth) for 5 and 15-min coatings was measured as
7.65 and 12.50 micron, respectively. The layer, where the
discharge channels stops and cannot penetrate further is termed
as an interface between the outer and inner layer. Above the
interface layer, there exist outer layer which is dense and free of
connected defects. However, the inner coating Fig. 2(a-d)

consists of significant amount of connected porosity. Average
thickness of the coating is shown in Fig. 3. It can be observed
that thickness increases linearly with processing time (Ref 31,
32). However, some authors observed the breakdown of
linearity at longer treatment (Ref 33, 34). It is considered that
fluorides play a catalytic role during PEO process, so the
highest value of thickness achieved can be attributed to the long
time treatment and use of Na2SiF6 in the electrolyte solution.
Detail observation of the PEO coatings reveals that average
thickness can be regarded as the sum of coating thickness
above the original surface of the sample and below the original
surface toward the magnesium alloy substrate.

3.2 Coating Composition and Phase Analysis

The relative amount of elements on the coating surface was
examined by EDS and the results are listed in Table 1 and
plotted in Fig. 4. It can be observed that all the coatings
produced in the electrolyte (Na2SiO3, NaOH, and Na2SiF6) are
composed of Mg, Si, O, F, Al, and Na. Mg and Al contents
participated in the PEO reactions as a substrate species, while
the other elements contributed from electrolyte. Elements like
O and F presents an increasing trend with processing time,
while Si decreases. Variation of the elements with processing
time suggests a change in ratio of chemical complexes with
processing time. Notably, though Na is a cathodic component;
however, it sticks to the coating and afterward mixed up in the
coating due to very rapid plasma reactions. In Fig. 4, the
element Au was supplied from the gold caotings on the sample
for SEM analysis purposes.

Fig. 2 Cross-section images of PEO coating on AZ91D alloy. (a = 5 min), (b = 15 min), (c = 30 min), (d = 60 min)

Fig. 3 Thickness and porosity of the coatings prepared for different
processing time
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Figure 5 depicts the XRD pattern of the coatings prepared
for different processing times. The phases in the pattern were
identified as Mg2SiO4, MgO, and MgF2. After comparing the
XRD pattern with ICSD Reference code: 01-079-0612, it was
found that all the peaks of cubic MgO were obtained in the
pattern. Surprisingly, the relative intensities of MgO peaks
(60 min) were quite similar to that of the reference. This
suggests that crystallites of MgO are free of texture, which
happens very rarely in the PEO process. The highest peak (200)
of MgO lies at 2h = 42.8 as seen in the Fig. 5. Moreover,
beside MgO, orthorhombic Mg2SiO4 peaks were also identified
in the pattern; however, due to complex reaction stages of
silicates during PEO process, the relative intensities of
Mg2SiO4 could not match with the reference. For instance,
peak at 2h = 35.6 is the second most intensive peak of the
reported orthorhombic Mg2SiO4 phase; however, this did not
happen in the experimental pattern. The difference in the
relative intensities of the experimental and the reference pattern
suggests a possible crystallographic texture in the Mg2SiO4

phase as well as justifying the presence of amorphous SiO2 in

the coatings. Increase in the reaction time causes a significant
increment in the relative intensities of all peaks in the pattern
excluding the substrate. Furthermore, presence of significant
proportion of amorphous material in the coating cannot be
denied, as indicated by the high background at low angle, and
broad peaks in the background trace at approximately 63�. In
addition to other phases, peaks of crystalline MgF2 were also
observed in the XRD pattern. The presence of MgF2 in the
coating layer indicates that Na2SiF6 has participated in the
reaction and after decomposition been incorporated into the
oxide films. Presence of MgF2 complies with the EDS result
of detecting F on the surface of the coatings. MgF2 have
several promising effects such as upgrading the adhesion
strength and corrosion resistance of the coating. As it is well
known, the amount of each phase in the coating has very
significant effects on the mechanical and corrosion properties
of the coatings. Therefore, in order to determine the relative
fraction of each phase, the coatings were characterized by
considering the intensity of the main peaks of each phase in
the XRD patterns. Figure 6 shows the ratio of the intensities
and the relative variation of the MgO and Mg2SiO4 phases
with processing time. It was found that the ratios of MgO to
Mg2SiO4� IMgO/IMg2SiO4 are 0.83, 1.75, 2.4, and 2.3 for the
coatings, produced for 5 min, 15 min, 30 min, and 60 min
respectively. The results indicate increase in the ratio of MgO
with processing times.

Table 1 The relative contents of the main elements on the surface of the coatings by EDS analysis

Processing time (min)

Content of elements (at.%)

O Mg Si F Al Na

5 49.93 28.20 16.77 0.23 2.42 2.36
15 51.83 27.51 15.22 0.43 2.51 2.50
30 51.74 28.05 14.54 0.67 2.47 2.35
60 53.26 25.14 14.25 0.92 2.18 4.06

Fig. 4 EDS pattern of the PEO coating for different processing
time

Fig. 5 XRD of the PEO coatings for different processing time
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3.3 Hardness and Potentiodynamic Polarization

To study the mechanical properties of the coatings, average
micro-hardness was measured for each coated specimen. It can
be seen from Fig. 7 that hardness of the coatings was improved
with increase in the processing time. The coating prepared for
60 min has the highest hardness value of (1271 HV �13 GPa).
Obviously, coating with such a high value can offer significant
surface protection to the AZ91D alloy (�75 HV). The scatter in
the hardness as can be inferred from the bars in Fig. 7 is
supposed to be the result of amorphous material in the coatings
together with porosity distribution. Moreover, the scatter in the
hardness reflects the true hardness distribution of the coatings.
Furthermore, it was revealed in many reports that hardness of
the coating on AZ-series magnesium alloy is less than
�1000 HV. For instance, Yong Han et al. reported hardness
�1240 HV for Mg2Zr5O12/Mg2Zr5O12-ZrO2-MgF2-based coat-
ings produced at �550 V on pure magnesium (Ref 35).
Recently, salih durdu et al., obtained hardness of the inner
layer �1063HV, using the same experimental conditions except
the use of Na2SiF6 in the electrolyte solution (Ref 20). It is
therefore believed that the maximum value of the average
hardness obtained in this work is due to the maximum thickness
and the use of Na2SiF6 in the electrolyte solution that
subsequently generated MgF2 phase in the coating. It is worthy
to mention that surface micro-hardness of substrate signifi-
cantly helps improve the wear resistance. This can be
understood from the following relationship which shows that
wear rate has an inverse relation with hardness (Ref 36):

w ¼ kL=H ; ðEq 1Þ

where, w is the wear rate, k is the wear coefficient, L is the
applied load, and H is the hardness of the material. Thus, it
can be asserted that the coatings prepared for 60 min will
surely have the highest wear resistance.

Figure 8 reveals the potentiodynamic polarization curves of
the coated samples and AZ91 bare alloy. Tafel slopes were
determined from these plots by curve fitting using IVman
software package. Based on the ��bestfit,�� values of anodic and
cathodic tafel slopes (ba and bc) and the corresponding values
of corrosion potential (Ecorr), polarization resistance (Rp), and
corrosion current density (icorr) were recorded as summarized
in Table 2. However, due to the absence of tafel region on the

anodic side for 5- and 15-min coatings, their corrosion currents
were obtained from cathodic curves. It can be seen from Fig. 8
that the anodic and cathodic tafel slopes (ba and bc) of 5-min
coating have large difference. However, the difference signif-
icantly decreases for 60-min-coated sample. The difference in
the tafel slopes (ba and bc) arises due to the asymmetry of the
cathodic and anodic reactions for short-time coatings. However,
excellent symmetry can be observed for both parts of the
polarization curve (anodic and cathodic) as the processing time
approached to 60 min.

Generally, the cathodic polarization curve denotes the
hydrogen evolution through water reduction, while the anodic
polarization curve is attributed to the dissolution of AZ91 (Ref
37). As shown in Fig. 8, sample treated for 5 min has the
highest value of the corrosion current; this is due to the low
thickness and porous nature of coating, which allowed the
corrosive solution to easily penetrate into the substrate.
Moreover, the active region as denoted by the arrows in
Fig. 8 extended very sharply for 5-min-coated sample and have
reached a limiting current density of about 0.1 A/cm2, preceded
by the pseudo-passive region formed by the diffusion and/or

Fig. 6 Relative intensity ratio between MgO and Mg2SiO4 phases

Fig. 7 Hardness of PEO coatings prepared on AZ91D alloy for dif-
ferent processing time

Fig. 8 Potentiodynamic polarization curves of the coated samples
and bare AZ91 alloy
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dissolution of magnesium ions. The pseudo-passivation state in
the 5-min sample is also accompanied by metastable pitting as
can be observed from the noise in the current density (zoomed
in Fig. 9). It is believed that the metastable pitting region arise
from the breakdown of the corrosion product like Mg(OH)2 and
MgCl2 that try to block the further inflow of corrosive solution.
Contrary to the other samples, 60-min sample achieves the
pseudo-passive state very quickly, indicating the efficient
retardation of the corrosive ions by the coating. The sample
treated for 60-min processing time has the highest value of
corrosion resistance and lowest value of corrosion current
recorded as 0.439 10�7 (A/cm2), comparable to the work
reported by Young et al. (Ref 26). This can be attributed to the
60-min optimal PEO processing time, which promoted coating
with fewer pores and cracks, larger thickness, and greater
compactness as shown in Fig. 1(d), 2d, and 7 (Ref 28). The
corrosion current of all the samples can be ranked as 60 min
<30 min <15 min <5 min <AZ91. Moreover, it is specu-
lated that due the long processing time, amount of MgF2
increases in the inner layer and hence bar the corrosive solution
to reach the substrate more efficiently. Therefore, in addition to
high thickness, the presence of MgF2 phase seems to be a valid
reason for such a high nobility of the 60-min coatings. For
instance, M. Laleh et al., have performed the same kind of work
for even longer processing time �70 min, without the use
of fluoride compound. Therefore, the obtained nobility
(Ec = �1.42 V) was much lower than this study (Ref 23).

In addition to the general corrosion, a metastable pitting
process also contributed during the polarization measurement.
Pitting corrosion can occur when a local breakdown of the
passive film takes place in an aqueous solution on a micro-

scopic scale (nucleation process). Pitting corrosion can be
observed by the noisy portions on the tafel curves as can be
seen in Fig. 9 (enclosed in Fig. 8). A decrease in the
metastable pitting region was observed with processing time
and surprisingly the metastable pitting zone was disappeared
for 60-min processed specimen as can be seen in Fig. 8. Since
the 60-min-coated sample is corroding with a very small
current density above the corrosion potential to the overvoltage
�1.5 V. The negligible amount of current above the corrosion
potential validate the highly obstructive behavior of the coating
for the Cl� ion to produce any significant amount of pits.
Furthermore, stable pseudo-passivation state of the 60-min
specimens without any metastable pitting zone verifies the
superior quality of this coating.

4. Conclusions

PEO ceramic coatings were prepared on AZ91D in silicate-
fluoride-based electrolyte. The results indicated that hardness
and corrosion properties of the coatings were highly improved
with processing time. The highest values of hardness
�1271.2 HV and corrosion potential ��0.25 V was obtained
for the coating produced for 60-min processing time. The
improved corrosion and hardness of the coatings can be
attributed to two factors; first, due to the long time process time
�60 min, which made it possible to produce coatings with
highest thickness �147.12, and second, the use of Na2SiF6 in
the electrolyte solution that contributed in the formation MgF2
phase in the coating layer. It is therefore expected that the
results obtained in this work could be utilized for further
research work.
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