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Abstract: Plasma electrolytic oxidation (PEO) of AZ31 magnesium alloy with a thin magnetron sputtering Al layer was 
carried out in a silicate–hexametaphosphate electrolyte to investigate the PEO mechanism and improve the corrosion 
resistance of the alloy. SEM and EDS were employed to examine the coating morphology and trace the Mg and Al 
elements in the coatings. It is found that new coating is mainly formed at the lower part of the discharge channels close 
to the interface of coating/metal substrate. The previously formed oxides at the upper part of discharge channels are 
largely kept in their original solid forms within the discharge channels. Only a small fraction of the molten oxide flows 
out through the micropores of the coating, reaching the top layer. The anionic species can freely access the innermost of 
the coatings, which are also transported through the electrolyte-filled pores. The corrosion behavior of the coatings was 
examined by open circuit potentials, polarization curves and EIS tests in 3.5 wt.% NaCl. Owing to its compact nature, 
the magnetron sputtered Al layer can significantly improve the corrosion resistance of the AZ31 Mg alloy, which is even 
better than that of the samples after PEO treatment. 
Key words: AZ31 magnesium alloy; magnetron sputtering Al layer; plasma electrolytic oxidation; discharge channel; 
corrosion resistance 
                                                                                                             

 
 
1 Introduction 
 

Magnesium alloys are the lightest structural 
metal materials, which are attractive in applications 
where weight reduction is a priority, such as 
aerospace and automotive industries [1−3]. However, 
the poor corrosion and wear resistances of magnesium 
alloys limit their wide application [4−6]. 

Surface treatment technologies, such as 
magnetron sputtering [7], arc spraying [8], hot dip 
aluminized plating [9] and plasma electrolytic 
oxidation (PEO) [10], have been widely used to 
improve the surface properties of a variety of metals 
and alloys. However, the melting points of 
magnesium alloys are too low, so arc spraying and 

hot-dip aluminizing are not suitable for them. The 
magnetron sputtering technology can be carried out 
at relatively lower temperatures (250−400 °C) or 
even room temperature [11]. WEI et al [12] 
prepared a magnetron sputtering Al layer on AZ31 
magnesium alloy, and then through subsequent PEO 
treatment, the wear resistance of AZ31 magnesium 
alloy was effectively improved. However, the 
quality of the magnetron sputtered layer was not 
high enough, and the plated Al layer lost its 
protection after soaking in NaCl for 5 h. Hence, 
deposition of high-quality layer or combination 
with other post treatment methods, e.g. PEO, is 
essential for the magnetron sputtering treatment of 
magnesium alloys. 

PEO is a new surface treatment method to 
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improve the surface properties of various metals (Al, 
Mg, Ti, Zr, Ta, Cu, etc.) and their alloys by forming 
ceramic coatings under plasma discharges [13−20]. 
PEO has the advantages of using environmentally 
friendly alkaline electrolytes, requiring little or   
no pretreatment, and the capability to handle 
workpieces with complex shapes [21,22]. However, 
a lack of in-depth understanding of the PEO 
mechanisms restricts further development of the 
technology. Plasma discharges play a decisive role 
in PEO coating formation. The temperature of the 
plasma discharges can reach 3000−7000 K [23−25]. 
Under the melting−quenching effect, new oxides 
are formed within the discharge channels [26−28]. 
PEO coatings are often featured by the so-called 
pancake structures, with a hole usually being found 
in the center of each pancake structure [23,28]. 
SUNDARARAJAN and RAMA KRISHNA [29] 
believed that the hole was the discharge channel, 
“through which the molten alumina flowed out of 
the channel and rapidly solidified leaving the sharp 
and distinctly visible boundaries thus delineating 
each pancake”. However, others believe that the 
whole pancake structure is a discharge channel, 
with the central hole formed by gas ventilation [23]. 
TU et al [28] had traced the distribution of tungsten 
element in the PEO coatings on magnesium alloy 
and proposed a discharge model with molten oxide 
distributed at the bottom of a discharge channel. 
GAO et al [30] also proposed a model of the 
microstructure of the discharge channel by Ti tracer, 
which consists of groove-like oxidation region at 
the coating/substrate interface, cylinder-shaped 
discharge channel in the compact coating, and 
trumpet-shaped channel in the outer porous coating. 

The difficulty in discharge channel micro- 
structure study originates from the transient nature 
of the discharges. A typical discharge lifetime 
usually lasts from several microseconds to        
a few hundred microseconds and the individual 
discharges tend to occur in “cascades” at some 
particular locations [31,32]. Owing to the short 
discharge time, the details of the discharge channel 
are difficult to detect. For instance, although the 
electron temperature of the plasma discharges based 
on optical emission spectroscopy (OES) study is 
much higher than the melting point of most metals 
and ceramics, we are not sure whether the coating 
oxides will be completely re-melted after a plasma 
discharge. STOJADINOVIC et al [33] believed that 

the high melting point of tantalum (3017 °C) 
prevents the formation of metallic plasma in PEO 
of the metal. The formed oxides of MgO and Al2O3 
in the PEO of common lightweight metals also have 
high melting points, so it is interesting to know the 
state of these oxides within the discharge channels. 

In this study, a dense magnetron sputtered Al 
film was first prepared on the surface of AZ31 
magnesium alloy, and then the Al-coated alloy  
was PEO-treated for different time in a silicate/ 
hexametaphosphate electrolyte. The aim of this 
study is to improve the corrosion resistance of the 
magnesium alloy by forming a higher quality 
magnetron sputtering layer and to obtain the 
information about the discharge channels by tracing 
the distribution of the different substrate metal 
elements in the coatings. 
 
2 Experimental 
 

An ~5 mm-thick rolled plate of AZ31 Mg alloy 
(nominal composition in wt.%: Al 2.7−3.0, Zn 
0.8−1.0, Mn 0.3−0.5, Si 0.1, Fe 0.05, Cu 0.05 and 
Mg balance) was used. The AZ31 Mg alloy was cut 
into specimens in dimensions of 20 mm × 10 mm × 
5 mm. Then, they were sequentially ground down to 
5000# SiC paper, and polished with 3.5 μm diamond 
paste. After polishing, the specimens were 
degreased with ethanol, rinsed with distilled water 
and dried and stored in a desiccator ready for 
magnetron sputtering. An Al layer of ~11 μm was 
deposited on the surface of the specimens by DC 
magnetron sputtering at a commercial company. In 
the magnetron sputtering process, 99.9% pure 
aluminum target was utilized, the power supply had 
a capacity of 200 W, the deposition rate was 5 Å/s, 
and the deposition time was 7 h. Other information 
is unknown due to confidentiality. In our previous 
studies, magnetron sputtering layers of Al were also 
fabricated on AZ31 magnesium alloy [12] and 
Ti6Al4V [34], but with different process parameters. 
After magnetron sputtering, each specimen was 
connected to a copper wire and sealed with epoxy 
resin, leaving the magnetron sputtered surface 
exposed for subsequent PEO treatment. 

The PEO power supply and the experimental 
arrangement were the same as those in Ref. [35]. 
PEO treatment was carried out in a 1 L glass vessel, 
equipped with magnetic stirring and a water-cooling 
system. The electrolyte was 12 g/L Na2SiO3 + 15 g/L 
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(NaPO3)6 + 1 g/L KOH, prepared from high purity 
chemicals and distilled water. Pulsed bipolar 
constant current regime with 1000 Hz frequency 
and 20% duty cycle was employed. An oscilloscope 
(Tektronix TDS 1002C−SC) was used to monitor 
the current waveforms. The average positive and 
negative current densities used for PEO were ~0.16 
and ~0.08 A/cm2, respectively. The coatings were 
formed for 5, 10, and 60 min, respectively. 

Scanning electron microscope (SEM, ZEISS 
EVO) combined with energy dispersive spectrometer 
(EDS, OXFORD) and X-ray diffractometer (XRD, 
Rigaku D/MAX 2500, Cu Kα radiation, Bragg− 
Brentano geometry) were used to examine the 
morphology, composition and phase composition of 
the PEO coatings, respectively. 

The corrosion behavior of samples was 
evaluated by electrochemical methods in 3.5 wt.% 
NaCl solution. Open circuit potential (OCP), 
potentiodynamic polarization and electrochemical 
impedance spectroscopy (EIS) were operated under 
a three-electrode configuration. Samples to be 
tested are the working electrodes. A piece of 
platinum plate and a saturated calomel electrode 
(SCE) were used as the counter electrode and 
reference electrode, respectively. OCPs were first 
recorded for 1 h, and then potentiodynamic 
polarization tests were performed, using a scan rate 
of 0.5 mV/s from −0.5 to 1.5 V with respect to the 
OCP. The EIS spectra were recorded after 
immersion for 1, 3 and 5 h, respectively. The EIS 
tests were performed using sinusoidal signals with 
amplitude of 10 mV around the OCP and the 
scanning frequency range was from 1×105 Hz to 
0.005 Hz. The EIS data were fitted by ZSimpWin 
software. 
 
3 Results 
 
3.1 Magnetron-sputtered Al layer 

The surface and cross-sectional morphologies 
of the magnetron sputtering Al layer are presented 
in Fig. 1. Figure 1(a) shows that aluminum grains 
with different sizes are uniformly deposited on the 
surface and each Al grain shows a “pyramid-like” 
shape. The size of a medium grain is about 1.65 μm. 
The grains are closely arranged, and there are no 
obvious cracks on the surface of the aluminized 
layer, but only a few tiny gaps. The grain size of  
the magnetron sputtering Al layer in this study is 

significantly smaller than that in our earlier    
work [12], which has large grains up to 4.8 μm. 
Figure 1(b) shows the cross-section of the Al layer, 
which is ~11 μm in thickness. There are no obvious 
defects such as pores in the cross section, and the 
interface between the Al/AZ31 magnesium alloy 
substrate is smooth and has no obvious gaps. 
 

 
Fig. 1 Scanning electron micrographs showing 
morphology of magnetron sputtered Al layer on AZ31 
magnesium alloy: (a) Surface; (b) Cross-section 
 
3.2 Cell potential−time responses 

The variation of the cell potential during the 
PEO treatment of the Al-coated AZ31 magnesium 
alloy in the 12 g/L Na2SiO3 +15 g/L (NaPO3)6 + 
1 g/L KOH electrolyte is shown in Fig. 2. The 
negative potential is recorded in absolute values. In 
the first 18 s, the positive potential rapidly rises to 
400 V, which corresponds to the formation of an 
anodic film. After that, the potential reaches the 
breakdown potential, with sparks being observed on 
the surface of the sample, and the rate of potential 
rising decreases. There is a small increase in the 
anodic potential during 11−14 min, and then the 
potential increases slowly to the final voltage of 
584 V at 60 min. The negative potential is similar to 
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that of positive potential, but with lower values. The 
negative potential shows an obvious inflexion at 
~11 min, after which the potential rises gradually to 
a final value of −206 V. 
 

 
Fig. 2 Cell potential−time responses during PEO of 
Al−AZ31 duplex system (Absolute values are given for 
the negative potential) 
 
3.3 SEM morphologies 

Figure 3 shows the surface and cross-sectional 
morphologies of the duplex Al−AZ31 magnesium 
alloy after 5 min PEO treatment. In Fig. 3(a), there 
are many pancake-like structures on the surface. 
The size of the pancake structures varies, and the 
larger one is about 15 μm. Micro-cracks, as a result 
from the releasing of thermal stress during the 
cooling of the discharge channels, exist on the 
surface of the PEO coating. EDS analysis       
of Point A on a pancake structure in Fig. 3(a) shows 
a composition (at.%) of O 51.1, Al 48.4, and     
Si 0.6. Therefore, the pancake structure is mainly 
composed of alumina. Careful observation shows 
that there are fine particles around the pancake 
structures. These fine particles are formed by the 
deposition of electrolyte components. EDS shows 
that they mainly contain Si and P elements. 

Figure 3(b) shows cross-sectional morphology 
of the sample. It can be seen that the PEO layer 
co-exists with the magnetron sputtering Al layer. 
The total thickness of the PEO coating and Al  
layer is about 13.4 μm, indicating that the thickness 
increases after the Al layer is converted into PEO 
coating. The thickness of the unconsumed Al layer 
is 6.5−8 μm. There are pores with different sizes in 
the cross section of PEO coating. Overall, the PEO 
coating, the magnetron sputtered Al layer and the 
AZ31 substrate are well bonded with each other. 

EDS shows that the PEO coating are composed of 
Al, O and a small amount of Si and P. At this stage, 
the magnesium alloy substrate has not yet 
participated in the formation of PEO coating. 
 

 
Fig. 3 Scanning electron micrographs showing   
surface (a) and cross-section (b) of coating formed after 
5 min PEO treatment on Al−AZ31 magnesium alloy 
 

Figure 4 shows the surface morphology and 
elemental mapping of the sample after 10 min PEO 
treatment. The surface of the coating is still featured 
by pancake structures, and the size of the pancakes 
has grown to ~22 μm. Compared with the 5 min 
coating, the number of pores is significantly 
reduced. The EDS analysis at Point A of the 
pancake structure in the secondary electron image 
shows the composition (at.%) of O 40.9, Al 32.8, 
Mg 17.4, and Si 8.8. The result shows that at this 
location, the Mg element from the substrate has 
reached the surface of the coating. The elemental 
mapping shows that at this time, most of the surface 
area is still the original Al oxide, and Mg only 
appears in some particular positions. The mapping 
of Si shows that Si element tends to be enriched 
around the pancake structure. The point analysis 
shows no P element on the coating surface, possibly  
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Fig. 4 Surface morphology of coating formed on Al−AZ31 magnesium alloy after 10 min PEO treatment (a) and 
corresponding merged image (b) and independent EDS element mappings for O (c), Al (d), Mg (e), Si (f) and P (g) 
 
due to its low content. However, the element 
mapping shows that P element distributes uniformly 
on the surface. 

Figure 5 shows the cross-sectional morphology 
and elemental mappings of the coating after 10 min 
PEO treatment. Figure 5(a) shows that the coating 

oxide has protruded into the AZ31 substrate at 
many positions as indicated by the white arrows, 
indicating that the magnetron sputtered Al layer at 
these positions has been completely consumed, and 
the Mg substrate begins to participate in the coating 
formation. As shown in Fig. 5(b), there are still  
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Fig. 5 Scanning electron micrographs showing cross-section of coating formed on Al−AZ31 magnesium alloy after 
10 min PEO treatment (a, b) and corresponding merged image (c) and independent EDS element mappings for O (d), Al 
(e), Mg (f), Si (g) and P (h) 
 
some remaining magnetron sputtered Al layers at 
some parts of the cross-section, which is shown in 
bright contrast at the oxide coating/AZ31 Mg alloy 
interface. The coating protrudes toward both    
the interfaces of electrolyte/coating and coating/ 
substrate, indicating that coating growth mainly 
occurs at these locations. Between the outer and 

inner layers of the coating, there are two large-sized 
pores. This type of coating structure is often 
encountered in previous studies [28]. According  
to literatures, the big pores are associated with    
the gas expansion accompanied by strong plasma 
discharges [28,36]. 

The elemental mapping in Fig. 5 shows the 
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distribution of O, Al, Mg, Si and P elements on the 
cross section. The O element is evenly distributed 
throughout the coating. The Si element is also 
approximately uniformly distributed in the entire 
coating. P element is mainly distributed at the lower 
part of the coating. Al element is distributed above 
the original interface of Al layer/AZ31 Mg alloy. 
Those parts of coating that are located below the Al 
layer and protrude into the AZ31 substrate are 
evidently the newly formed PEO coatings during 
several latest discharge events. The absence of Al 
element in these lower protruding parts of the 
coating suggests that the previously formed alumina 
oxide may not have participated in the new coating 
formation process. Furthermore, the outer part of 
the coating mainly consists of the previously 
formed alumina, which is less affected by the latest 
discharge. Mapping of Mg shows that Mg is mainly 

distributed at the lower part of the discharge 
channels. Only a small amount of Mg has reached 
the upper part of the coating. Besides, Mg is also 
found within the pores and outer part of the coating. 

Figure S1 (Supporting Materials) shows the 
cross sectional morphology and element mappings 
at another location of the same coating. Its 
elemental distribution is basically similar to that  
in Fig. 5. It can be clearly seen that although Mg 
from substrate has been consumed due to the latest 
plasma discharge, the Al element of the previously 
formed alumina oxide is still distributed at the 
original position of the magnetron sputtered layer. 
The result indicates that previously formed alumina 
oxide seems to have not undergone re-melting at the 
several latest plasma discharges. 

Figure 6 shows the surface morphology and 
elemental mappings for the Al−AZ31 sample after  

 

 
Fig. 6 Scanning electron micrograph showing surface of Al−AZ31 magnesium alloy after 60 min PEO treatment (a) and 
corresponding EDS element mappings for O (b), Al (c), Mg (d), Si (e) and P (f) 
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60 min PEO. It can be seen that the surface 
undulation of the coating has been significantly 
improved. The area indicated by Point A in the 
secondary electron image shows the morphology of 
large solidified melts, which may be formed after 
the repeated melting−cooling process of plasma 
discharges. The area at Point B shows finer features 
and may be the oxide formed at earlier stage. EDS 
analysis results of Points A and B are listed in 
Table 1. The results confirm the above speculation: 
the composition of Mg at Point A is high, reaching 
~29.06 at.%, while that of Al is only ~1.1 at.%. The 
Al composition at Point B is 17.36 at.%, which is 
higher than the Mg content (12.22 at.%) at this 
point. The element map of Al shows island-like 
distribution of this element. However, the other 
elements of O, Mg, Si and P are relatively 
uniformly distributed on the whole surface. The 
presence of Al element in the island-like feature 
indicates that the previously formed alumina has 
not been significantly taken parted in the following 
coating formation process. 
 
Table 1 EDS analysis results of positions indicated in 
Fig. 6 

Point 
Element composition/at.% 

O Mg Al Si P Na Ca 

A 51.44 29.06 1.09 7.83 8.14 2.43 − 

B 53.66 12.22 17.36 6.28 8.62 1.63 0.23 
 

Figure 7 shows the cross-sectional morphology 
of the coating formed after 60 min PEO and     
the corresponding elemental mappings. The low 
magnification image in Fig. 7(a) shows a non- 
uniform coating with thickness larger than 100 μm. 
The coating shows pores with different sizes and 
vertical cracks are also found. The EDS mapping 
shows the distribution of O, Al, Mg, Si, P, and Na in 
the cross section. Of all these elements, O, Mg, Si, 
P and Na distribute uniformly on the whole cross 
section. The distribution of Al is different, which is 
only found in a small island-like feature on the 
upper part of the coating. The height of the 
Al-enriching island is ~ 25 μm, which is close to the 
coating oxide thickness in Fig. 5(b). However, the 
continuous alumina layer formed at the early  
stage is interrupted at this time, owing to the 
repeated plasma discharges occurring at the later 
PEO stage. 

3.4 Phase composition 
The phase composition of the PEO coatings 

formed for different time on the Al−AZ31 samples 
was investigated by XRD (Fig. 8). For the coating 
formed for 5 min, the peaks of metallic Al and Mg 
from the underlying substrate appear in the XRD 
pattern, due to the penetration by the X-rays. 
γ-Al2O3 is the main phase composition of the 
coating formed for 5 min. This is consistent with 
the SEM results that the Al layer has not been 
totally consumed at this stage. For the PEO coating 
formed for 12 min, only the peaks of γ-Al2O3 are 
detected, and the peaks of Al and Mg disappear, 
indicating that the thickness of the PEO layer 
increases at this time. For the PEO coating formed 
for 60 min, the intensity of the diffraction peaks of 
γ-Al2O3 is obviously reduced, and the diffraction 
peaks of Mg2SiO4 and MgO are clearly detected in 
the XRD pattern. The sample coated for 60 min also 
suggests that there might be an amorphous phase as 
indicated by the broad peak between 15° and 30° 
(in 2θ). 
 
3.5 Corrosion properties 

During the corrosion process, the OCP is 
determined by the balance between the anodic   
and cathodic reactions on the electrode surface. 
Therefore, the change of the OCP of the specimen 
can give some information about the corrosion 
process. 

Figure 9 shows the results of the OCP and 
potentiodynamic polarization curve tested in  
3.5 wt.% NaCl for the AZ31 magnesium alloy, the 
magnetron sputtered Al−AZ31 samples before and 
after PEO treatments. In Fig. 9(a), the OCP of 
Al-coated AZ31 alloy is the most positive within 
1 h immersion. The OCP first increases gradually 
with the prolongation of the immersion time, 
reaching −0.558 V at 1073 s. However, sawtooth- 
like fluctuations are often observed during the 
evolution of OCP. The fluctuation is featured by a 
sudden drop and then recovers gradually to positive 
direction. This phenomenon may be related to the 
pitting nucleation on the surface of the aluminum 
coating and its repair process [37]. When the 
immersion time reaches 3100 s, the OCP drops 
continuously to a more negative value of −1.464 V 
at 3362 s; after that the OCP recovers to the positive 
direction to a small extent and decreases again. This 
fast decrease of the OCP to more negative values 
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Fig. 7 Scanning electron micrographs showing cross section of coating formed after 60 min PEO on Al−AZ31 
magnesium alloy (a, b) and EDS elemental mappings corresponding to O (c), Al (d), Mg (e), Si (f), P (g) and Na (h) 
 
may be related to the fact that the corrosive solution 
has reached the interface of the Al/AZ31magnesium 
alloy, which has also been observed in Ref. [12]. 
However, the potential drop occurred at earlier 
immersion times (18−108 s) in Ref. [12]. The 

delayed transition indicates that the corrosion 
resistance of the present magnetron sputtered layer 
is better than that in Ref. [12], which can be 
attributed to the fact that a denser Al layer with 
finer grains retards the ingress of corrosive species. 
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Fig. 8 XRD patterns for Al−AZ31 magnesium alloy 
duplex system after PEO treatment for 5, 12 and  
60 min 
 

 

Fig. 9 Open circuit potential (a) and potentiodynamic 
polarization curves (b) recorded in 3.5 wt.% NaCl 
solution for untreated AZ31 magnesium alloy, Al-coated 
AZ31 magnesium alloy, and Al-coated samples after 
PEO treatment for 5, 10 and 60 min 

All the PEO coatings show more negative OCP 
values than the sample coated with Al only 
(Fig. 9(a)). For the sample with 10 min PEO 
treatment, the initial OCP is −1.094 V, which then 
decreases continuously to about −1.4 V at 600 s, 
after that OCP is relatively stable, with a final value 
of −1.453 V at 3600 s. The variation of OCP of 
PEO samples treated for 5 and 60 min is similar  
to that of the sample treated for 10 min, but their 
OCP values are more negative. The OCP of the 
untreated AZ31 alloy is the most negative, which is 
basically maintained at around −1.600 V throughout 
the immersion time. 

Figure 9(b) shows the polarization curves of 
the samples. Compared with that of AZ31 
magnesium alloy, the polarization curve of the alloy 
coated with the Al layer is shifted to the direction of 
lower current densities, indicating a significantly 
improved corrosion resistance. The Al−AZ31 
magnesium alloy also shows a passivation section 
between −1.25 and −0.645 V in the anodic branch 
of the polarization curve, and the current density of 
passivation is about 2.4×10–7 A·cm–2. This value is 
about 3 orders smaller than that of the magnetron 
sputtered Al layer in Ref. [12]. A pitting potential  
of −0.645 V is detected for the Al coated sample, 
after which the anodic current density increases 
significantly. 

In contrast, the AZ31 magnesium alloy and the 
PEO-treated Al−AZ31 samples do not show the 
behavior of passivation. The corrosion potential, 
current density and also the anodic (ba) and 
cathodic (bc) Tafel slopes of each sample are listed 
in Table 2. The corrosion current densities are 
obtained by the Tafel extrapolation method. It can 
be seen that the Al−AZ31 magnesium alloy shows 
 
Table 2 Corrosion parameters derived from polarization 
curves in Fig. 9(b) 

Sample Jcorr/ 
(A·cm−2) 

φcorr(vs 
SCE)/V 

ba/ 
(mV·dec−1) 

bc/ 
(mV·dec−1) 

AZ31 2.54×10−4 −1.54 156 248 

Al-coated 
 AZ31 1.43×10−7 −1.33 319 106 

PEO,  
5 min 3.93×10−6 −1.25 186 181 

PEO,  
10 min 3.61×10−5 −1.30 109 186 

PEO,  
60 min 5.52 ×10−6 −1.35 96 187 



Pan-feng HU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 139−156 

 

149 

the least corrosion current density, while the PEO 
treatment has increased the corrosion current 
density of the samples; however, their values are 
lower than the value of the untreated AZ31 alloy. 

EIS was used widely to evaluate the corrosion 
behavior of PEO coatings [38]. EIS data of the 
Al-coated AZ31 alloy and the PEO coatings formed 
for different time were recorded in 3.5 wt.% NaCl 
solution at the immersion time of 1, 3 and 5 h, 
respectively. Figure 10 shows the Nyquist and Bode 
plots of the EIS results. At the immersion time of 
1 h, the Al-coated sample shows the largest 
depressed semicircle in the Nyquist plots, followed 

by the PEO coating formed for 60 min. The 
smallest semicircles are observed with the Nyquist 
plots of the coatings formed for 5 and 10 min, and 
the Nyquist plots of these coatings are composed of 
more than one depressed capacitive semicircle. The 
Bode phase angle plot of the Al-coated sample 
shows almost constant phase angle at about −80° 
over a wide frequency range (1−1000 Hz), which 
suggests the presence of highly stable passive  
film [39]. Moreover, the broad phase angle may 
indicate that it actually consists of two overlap  
time constants. The PEO treatments have caused 
significant changes in the Bode phase angle plots.  

 

 

Fig. 10 EIS spectra recorded after being immersed in 3.5 wt.% NaCl solution for 1 h (a, b), 3 h (c, d) and 5 h (e, f), for 
Al-coated AZ31 magnesium alloy and PEO coatings formed for different time 
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All the PEO coatings show lower maximum phase 
angle values. Compared with the Al-coated AZ31 
sample, the PEO coatings show higher impedance 
values at the high frequency domain in the Bode 
modulus plots, which may be attributed to the fact 
that high frequency impedance usually reflects the 
resistance of the PEO coatings [39]. However, the 
Al-coated AZ31 magnesium alloy shows the 
highest impedance modulus at the low frequency 
domain. 

At the extended immersion time of 3 and 5 h, 
two distinctive depressed semicircles are more 
obvious in the Nyquist plots of the Al-coated AZ31 
magnesium alloy. For the PEO coating formed for 
60 min, an additional inductive loop is observed at 
the low frequency domain of the Nyquist plots at  
3 and 5 h. The presence of inductive loop is a 
common phenomenon for Mg and its alloys, which 
is believed to be associated with pitting corrosion 
[40−43]. In EIS spectra recorded at the same 
immersion time, the low-frequency impedance 
modulus of the Al-coated AZ31 sample is always 
higher than that of the PEO-treated samples. This 
result shows that PEO treatment in the sodium 
silicate-sodium hexametaphosphate electrolyte 
could not improve the corrosion resistance of the 
magnetron sputtering layer, which is consistent  
with the results of the polarization curves. It is  
also observed in Fig. 10 that the low-frequency 
impedance modulus of the same sample decreases 
with the prolongation of immersion time. The 
reduction in the diameter of the capacitive 
semicircle, the change in the position of the 
maximum phase angle, and the reduction in the 
impedance modulus mean that the structure of the 
PEO coating may be changed. In the low frequency 
region, the magnitude of the impedance modulus 
shows the regularity at different immersion time: 
Al-coated AZ31 > PEO, 60 min > PEO, 5 min > 
PEO, 10 min. This order is similar to that obtained 
from the polarization curves. The only difference is 
that polarization curves indicate a better corrosion 
resistance of the PEO, 5 min sample than that of the 
PEO, 60 min sample. 

Owing to the characteristics of the EIS spectra, 
different electrical equivalent circuits (EECs) are 
used to fit the EIS spectra. Figure 11 presents the 
EECs and Table 3 lists the fitted parameters. The 
solid lines in Fig. 10 represent the fitted results, 
which match well with the original data points. 

 

 
Fig. 11 Electrical equivalent circuits used for fitting EIS 
spectra recorded at different stages for different samples 
in Fig. 9: (a) Al-coated AZ31Mg alloy (immersion for 1, 
3 and 5 h), PEO, 10 min coating (immersion for 1, 3  
and 5 h), and PEO, 60 min coating (immersion for 1 h); 
(b) PEO, 5 min coating (immersion for 1, 3 and 5 h);   
(c) PEO, 60 min coating (immersion for 3 and 5 h) 
 
The chi-square values (χ2) between 0.6×10−3 and 
3.1×10−3 in Table 3 also indicate good fitting. The 
EEC in Fig. 11(a) is used for fitting the EIS spectra 
of the Al-coated AZ31 magnesium alloy, PEO, 
10 min sample after immersion for 1, 3 and 5 h and 
the PEO, 60 min sample after 1 h immersion. In this 
EEC, Rs is the solution resistance; R1 and CPE1 
represent the resistance and capacitance of the 
magnetron sputtered Al layer or the PEO coatings 
formed for 10 and 60 min, respectively; R2 and 
CPE2 represent the charge transfer resistance and 
double-layer capacitance, respectively, of the 
interface between the magnetron sputtered Al layer 
and the AZ31 magnesium alloy or the interface 
between the PEO coatings and the AZ31 magnesium 
alloy substrate. In electrochemistry, constant phase 
elements (CPE) are commonly used to represent the 
non-ideal capacitance behavior caused possibly by 
the effect of surface roughness [44]. 

The EIS spectra of the PEO, 5 min sample 
consists of three time constants; therefore, the ECC 
in Fig. 11(b) is used for fitting its EIS spectra     
at different immersion time. Rs is the solution 
resistance; R1 and CPE1 represent the resistance and 
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Table 3 Fitted equivalent circuit parameters for EIS spectra in Fig. 10 

Sample 
Immersion 

time/h 
Rs/ 

(Ω·cm2) 
CPE1/ 

(s−n·Ω−1·cm−2) 
n1 

R1/ 
(Ω·cm2) 

CPE2/ 
(s−n·Ω−1·cm−2) 

n2 
R2/ 

(Ω·cm2) 

Al-coated 
AZ31 

1 8.6 4.69×10−6 0.24 5970 5.86×10−6 0.90 5.27×105 

3 9.2 8.01×10−6 0.91 4970 8.88×10−5 0.71 5.31×103 

5 6.1 1.29×10−5 0.8 1734 1.56×10−3 0.80 3.86×103 

PEO, 5 min 

1 4.5 1.11×10−7 0.99 48.7 6.38×10−6 0.73 127.4 

3 4.8 5.15×10−5 0.58 81.7 1.62×10−5 0.96 84.7 

5 3.2 1.73×10−4 0.59 43.2 2.66×10−5 0.83 26.0 

PEO, 10 min 

1 45.0 1.40×10−3 0.80 647.8 3.39×10−3 0.99 77.5 

3 20.7 1.58×10−4 0.31 39.0 9.01×10−5 0.76 75.8 

5 18.1 1.69×10−4 0.77 27.9 1.16×10−4 0.76 62.1 

PEO, 60 min 

1 25.8 1.26×10−6 0.74 20421 2.16×10−5 0.78 6.8×103 

3 28.9 3.19×10−7 0.87 35.4 3.30×10−6 0.77 2.1×103 

5 25.9 1.25×10−7 0.85 22.6 4.18×10−6 0.82 761.8 

Sample 
Immersion 

time/h 
CPE3/ 

(s−n·Ω−1·cm−2) 
n3 

R3/ 
(Ω·cm2) 

L1/ 
(H·cm−2) 

RL/ 
(Ω·cm2) 

χ2/10−3 

Al-coated 
AZ31 

1 − − − − − 1.1 

3 − − − − − 1.3 

5 − − − − − 0.6 

PEO, 5 min 

1 3.73×10−4 0.80 134.2 − − 3.1 

3 0.016 0.59 51.5 − − 0.6 

5 0.035 0.93 6.2 − − 1.6 

PEO, 10 min 

1 − − − − − 1.0 

3 − − − − − 0.9 

5 − − − − − 0.8 

PEO, 60 min 

1 − − − − − 1.4 

3 − − − 4.66×105 2.1×104 0.6 

5 − − − 1.48×105 8.8×103 0.6 

 
capacitance, respectively, of the PEO coating; R2 
and CPE2 represent the resistance and capacitance 
of the remaining magnetron sputtered Al layer; R3 
and CPE3 represent the charge transfer resistance 
and double layer capacitance respectively, at the 
interface between the magnetron sputtered Al layer 
and the magnesium alloy. 

The ECC in Fig. 11(c) is used for fitting the 
EIS spectra of the PEO, 60 min coating after 
immersion for 3 and 5 h. In this equivalent circuit, 
Rs is the solution resistance; R1 and CPE1 represent 
the resistance and capacitance of the PEO coating, 
respectively; R2 and CPE2 represent the charge 
transfer resistance and double-layer capacitance at 

the interface between the PEO coating and the 
AZ31 magnesium alloy substrate; RL and L1 are 
parameters associated with the inductive loop 
caused by pitting of the Mg alloy. 

According to the fitted results in Table 3, the 
magnetron sputtered layer alone can provide 
sufficient corrosion protection to the magnesium 
alloy substrate, as the highest impedance value is 
recorded during the whole immersion process. The 
charge transfer resistances after 5 h immersion are 
3860, 26.0, 62.1 and 761.8 Ω·cm2 for the Al-coated 
AZ31 magnesium alloy, PEO, 5 min coating,   
PEO, 10 min coating, and PEO, 60 min coating, 
respectively. The results indicate that the PEO 
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coatings formed for 5 and 10 min have much higher 
corrosion rates compared with the other two. 
 
4 Discussion 
 
4.1 Structure of discharge channels 

By tracing the distribution of different 
elements in the PEO coatings after the Al layer   
is consumed, some new information about the 
structure of discharge channels is obtained, which is 
presented in the schematic illustration in Fig. 12. 
According to Ref. [28], very strong localized anodic 
current densities exist within the discharge channels. 
Therefore, the Joule heat generated within a 
discharge channel will lead to the melting of part  
of the material in the discharge channel and the 
generation of plasma. However, according to    
the present study, the previously formed oxide 
materials, such as MgO and Al2O3, are largely   
not subjected to re-melting within the discharge 
channels during the subsequent discharge events. 

According to a handbook [45], the melting 
points of Al2O3 and MgO are 2054 and 2825 °C, 
respectively. However, the melting points of the 
metals corresponding to these oxides are 
significantly lower, i.e. 650 °C for Mg, and 660 °C 
for Al [45], respectively. Therefore, at the lower 
part of active plasma discharge channel, a small 
amount of the metal from the substrate is 
considered to be preferentially melted, due to low 
melting point of the substrate metal. Afterwards,  
the molten metal reacts violently with electrolyte 
species to form oxides. The reactions of MgO and 
Al2O3 formation are exothermic, releasing large 
amount heat, which helps to keep the newly formed 

oxides in a molten state. However, the previously 
formed oxides, for example, those oxides located at 
the upper part of the discharge channel, are less 
affected by the high temperature discharges due to 
their extremely high melting point, and they can 
remain in solid state during the plasma discharging 
process. The presence of the solid state oxides in 
the upper part of the discharge channels hinders the 
mass transfer process within the discharge channels. 
However, due to the porosity of the oxide coating, a 
small amount of the molten oxides can still reach 
the surface of the oxide coating through the 
micropores and defects (see Fig. 12(b)). In the PEO 
process, elements from electrolyte, such as O, Si, 
and P, exist in the form of anions, so they can easily 
reach the coating/substrate interface along with the 
electrolyte through the micropores of the coating to 
participate in the coating formation. Therefore, 
when the PEO coating reaches a certain thickness, 
coating oxides are mainly formed at frontiers of the 
discharge channels, with newly formed oxides 
protruding into the metal substrate. This type of 
coating formation explains the phenomenon that the 
interface between PEO coatings and substrate metal 
is usually wavy, as can be found in Refs. [28,46,47]. 
After new oxide material is formed at the particular 
positions (discharge areas), the resistance at these 
locations increases significantly, and subsequent 
plasma discharges occur in other locations on the 
coating. These processes are repeated during the 
whole PEO duration, and finally, thick coatings are 
formed toward the substrate. 

The model presented in Fig. 12 is consistent 
with the study of others. In the work of GAO et al 
[30], an aluminized Al layer of 60 μm was coated 

 

 
Fig. 12 Schematic illustration of later stage coating formation process on Al−AZ31 duplex system before (a) and after 
(b) plasma discharges 
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on Ti substrate and the sample was then subjected 
to PEO treatment. They found that, after the 
consumption of Al layer, the lower part of discharge 
channels also extended into the Ti substrate, which 
implied the melting of Ti at the coating/substrate 
interface. Hence, it was proposed that discharge 
channel consists of a groove-like oxidation region 
at coating/substrate interface [30]. It should be 
pointed out that the present model is mainly based 
on PEO at the relatively early stage  of 10 min. 
Because the Al layer has been consumed 
completely at later stage of PEO, it is difficult to 
trace the coating formation mechanism at the time 
of 60 min. However, the mechanism is not changed 
much at the later stages. MATYKINA et al [48] 
investigated the PEO coating formation mechanism 
by 18O tracer. After the formation of ~70 μm-thick 
coating in the electrolyte prepared by conventional 
water, the coating was transferred into the 18O 
containing electrolyte for another 5 min PEO 
treatment. Subsequent examination showed that the 
18O ion species is mainly distributed in a layer of 
coating directly adjacent to aluminium substrate. 
Therefore, it was concluded that fresh alumina is 
formed within the coating material near to the 
substrate [48]. 

This study contributes to our further 
understanding of the PEO discharge process. First 
of all, it is clear that although the temperature    
of a discharge channel is very high, most of the 
previously formed oxides within the discharge 
channel, especially the oxides located at the coating 
outer layer, are kept in solid state. In contrast, 
molten oxides are mainly formed at the lower part 
of a discharge channel. These molten oxides are 
formed by melting the substrate metal. Therefore, 
new oxides are formed at the front of the discharge 
channels close to the substrate. Although a small 
fraction of the molten oxides of the base metal can 
flow out to the surface of the coating, this is not  
the dominant coating formation mechanism. The 
interconnected pores may provide the passages for 
the flowing out of the molten oxides. However, the 
previously formed oxides at the discharge channels 
block most of the formed molten oxides. Therefore, 
the mechanism by direct injection of molten oxide 
does not play an important role in PEO coating 
formation. 

During the formation of PEO coatings, the 
movement of anions to interfaces of the coating/ 

substrate in the high electric field also plays an 
important role. The migration of these anionic 
species is most probably carried out through the 
micropores of the PEO layer. During the PEO 
process, the micropores in the coating are likely 
filled with electrolyte. 
 
4.2 Corrosion mechanism 

The present study shows that the magnetron 
sputtered Al layer can provide good corrosion 
protection for the substrate. However, poor 
corrosion resistance was found with a magnetron 
sputtered Al layer on AZ31 magnesium alloy in a 
previous study [12]. The reason for the lower 
corrosion resistance can be attributed to the lower 
quality of the magnetron sputtered layer. The layer 
in Ref. [12] was deposited with an excessively fast 
deposition rate and the grain size of the layer is 
coarser than that of the Al layer in the present  
study. As a result, the negative shift of OCP  
occurs at a much delayed immersion time in this 
study. In addition, the polarization curve also  
shows that the corrosion current density of the 
magnetron sputtered layer in this study is about 
2.8×10−7 A·cm−2, which is nearly three-order lower 
than that of the Al layer in Ref. [12]. 

In this study, PEO treatment does not improve 
the corrosion resistance of the magnetron sputtered 
layer. This phenomenon may be caused by the 
excellent corrosion resistance of the magnetron 
sputtered Al layer itself, while the PEO layer is 
porous and cannot completely hinder the intrusion 
of corrosive media. As the PEO treatment consumes 
a part of the Al layer, the corrosion resistance of the 
sample after PEO treatment is decreased, so the 
sample after 5 min PEO treatment has higher 
corrosion resistance than the sample treated with 
10 min PEO treatment. However, the slightly 
improved corrosion resistance of the sample treated 
for 60 min PEO is caused by the much increased 
thickness of the sample. Of course, it must be 
pointed out that the corrosion resistance of PEO 
coatings is related to the types of the electrolytes. In 
previous study, the Al−AZ31 magnesium alloy 
duplex system was treated with aluminate and 
silicate electrolytes, respectively, and the corrosion 
resistance of the resultant coating in aluminate is 
higher than that of the coating prepared in silicate. 

Although the subsequent PEO treatment does 
not improve corrosion resistance of the Al−coated 
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AZ31 magnesium alloy in this study, it must be 
noted that thicker and harder oxide layers can be 
formed on the magnetron sputtered layer, which is 
significantly important for improving the wear 
resistance of the sample [12]. 
 
5 Conclusions 
 

(1) Strong local current melts the substrate 
metal at the frontier of a discharge channel, which 
then reacts with electrolyte species to form molten 
oxides. 

(2) New coating oxides are mainly formed at 
the frontier of the discharge channels, with 
protrusions up to tens of microns into the 
magnesium alloy substrate. These protrusions may 
be the result of repeated plasma discharges. 

(3) The high temperature discharges do not 
affect too much the previously formed oxides in the 
upper coating, which are largely kept in solid state 
and at their original positions. 

(4) Only a small amount of the oxides of the 
substrate metal can flow out through the micropores 
to reach the top coating. The micropores also 
support the free access of the electrolyte species to 
the innermost of coatings. 

(5) The magnetron sputtering Al layer can 
provide excellent corrosion protection to the 
magnesium alloy, and the subsequent PEO 
treatment in the electrolyte cannot further improve 
the corrosion resistance of the alloy. 
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磁控溅射镀铝 AZ31 镁合金等离子体电解氧化揭示的 
放电通道结构及其腐蚀行为 

 
胡攀峰，魏兵剑，程昱琳，程英亮 

 
湖南大学 材料科学与工程学院， 长沙 410082 

 
摘  要：在硅酸盐−六偏磷酸盐电解液中对覆盖薄磁控溅射铝层的 AZ31 镁合金进行等离子体电解氧化(PEO)，以

研究 PEO 机理并提高合金的耐腐蚀性。使用 SEM 和 EDS 检测涂层形貌并追踪涂层中 Mg 和 Al 元素的分布。新

的涂层主要在靠近涂层/金属基体界面的放电通道下部形成。在放电通道上部先前形成的氧化物大部分以固态形式

保留在原先的位置，只有少部分熔融氧化物通过涂层的微孔流出，到达表层。阴离子可以通过涂层充满电解液的

孔传输，自由地进入涂层的最深部位。在 3.5% NaCl (质量分数)中进行开路电位、极化曲线和 EIS 测试。结果表

明，致密的磁控溅射 Al 层可以显着提高 AZ31 镁合金的耐腐蚀性，其耐腐蚀性甚至优于 PEO 处理后的样品。 

关键词：AZ31 镁合金；磁控溅射 Al 层；等离子体电解氧化；放电通道；耐腐蚀性能 
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