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The microstructures in the thickening of plasma electrolytic oxidation (PEO) coatings and their effects on
the corrosion resistance of the PEO Mg alloys were investigated using x-ray tomography in conjunction
with electrochemical impedance spectroscopy (EIS). It was found that the micropores would develop and
connect with each other in the thickening of PEO coatings, resulting in the increment of the average
diameters and the maximum diameters of the micropores. The thickness of the whole PEO coating grad-
ually increased with oxidation time, and it was beneficial to diminish the through-pores in PEO coatings.
The PEO Mg alloy prepared by controlling 40 min oxidation time exhibited the best corrosion resistance
because of its larger thickness, denser structure, and higher content of the Mg,SiO, phase in the PEO
coating. Based on equivalent circuits for EIS spectra, the limit value of the low-frequency resistance (R))
was used to evaluate the corrosion resistance of the PEO Mg alloys. And that this method was verified by

the experimental results.

Keywords corrosion resistance, EIS, Mg alloys, micro-defects,
PEO coatings, XRT

1. Introduction

Recently, various kinds of surface treatment techniques (Ref
1-5), such as chemical conversion, electrodeposition, vapor
deposition, and anodizing, have been developed to improve the
corrosion resistance of Mg and its alloys. Among these
techniques, plasma electrolytic oxidation (PEO) has become a
potential technique because PEO coatings have relatively good
wear resistance, corrosion resistance, and high thermal stability
(Ref 6). However, it was found that the micro-cracks and
micropores existed in PEO coatings (Ref 7) and that these
micro-defects were harmful to the barrier properties of PEO
coatings (Ref 8).

Generally, micro-defects inevitably exists in various corro-
sion-resistant films/coatings, such as passive films (Ref 9, 10),
conversion layers (Ref 11-13), and organic coatings (Ref 14-
16). These micro-defects always become pathways for the
transportation of corrosive media to the coating/substrate
interface, resulting in the occurrence of localized corrosion of
the metallic substrate (Ref 17-20). For instance, the micro-
defects (vacancies, wrinkles, and cracks) (Ref 21, 22) in
graphene coatings accelerated corrosion of coated metals

Zhenning Chen, Xiaoqian Geng, Xingyue Yong, and
Xiaochun Chen, State-Key Laboratory of Organic-Inorganic
Composites, Beijing University of Chemical Technology, North
Third Ring Road 15, Beijing 100029, China. Contact e-mail:
yongxy(@mail.buct.edu.cn.

Journal of Materials Engineering and Performance

compared with uncoated metals (Ref 23, 24). Similarly, the
micro-defects in thermal spraying coatings impaired their
corrosion resistance (Ref 25, 26). It was also found that the
micropores in PEO coatings would provide pathways for the
transportation of corrosive media to the coating/substrate
interface, leading to the premature failure of PEO coatings
(Ref 27). Our previous studies (Ref 28) also showed that the
localized corrosion of a PEO Mg alloy was mainly attributed to
the transportation of corrosive media to the coating/substrate
interface through these micro-defects in the PEO coating. Up to
date, various post-treatment methods has been proposed to seal
the micro-defects in the PEO coating (Ref 29-31), including
chemical conversion, hydrothermal treatment, organic coating,
particles addition, etc. However, there were some unsealed
micropores in the PEO coating. Thus, these unsealed micro-
pores would still provide transportation paths for corrosive
media, finally they became the origin that may induce the
failure of the silane-treated PEO coating. Therefore, it is
important to study the microstructures in the growth of the PEO
coating and its effects on the corrosion resistance of PEO Mg
alloys so as to improve the PEO process and understand the
relationship between the microstructures of PEO coatings and
the corrosion resistance of PEO Mg alloys.

In the past years, some researchers studied the corrosion
resistance of PEO Mg alloys (Ref 32-35) and the 2D surface
and cross-sectional morphologies of PEO coatings (Ref 32, 36,
37). However, the traditional methods cannot be used to study
the micro-shapes and distribution of the micro-defects in PEO
coatings in the 3D space. X-ray tomography (XRT) is a
nondestructive 3D detecting technique and has been success-
fully used to investigate the 3D microstructures of materials
(Ref 38). Recently, XRT has been used to study the 3D
microstructures of PEO coatings (Ref 39, 40). To the best of the
authors’ knowledge, few studies were focused on the relation-
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ship of the 3D microstructures of PEO coatings with the
corrosion resistances of PEO Mg alloys.

In this study, x-ray tomography (XRT) was used to study the
3D microstructural characteristics of PEO coatings prepared by
controlling different oxidation times. At the same time,
electrochemical impedance spectroscopy (EIS) was used to
evaluate the corrosion resistance of PEO Mg alloys to
investigate the relationship between the 3D microstructure of
PEO coatings and the corrosion resistance of PEO Mg alloys.

2. Materials and Experimental Methods

In this study, samples of ZM6 Mg alloy were used as the
substrate, the chemical compositions of which are listed in
Table 1. The PEO specimens were prepared using a PEO device
under a constant current control mode with a fixed current
density of 80 mA/cm?. The frequency and duty ratio were 500
Hz and 40%, respectively. The electrolyte, which was mainly
composed of 11 g/ Na,SiO3, 2 g/l NaOH, 2 g/l NaF, and
5 g/L glycerine, was placed in the cylinder container. During
plasma electrolytic oxidation, the electrolyte was continuously
stirred; the temperature was controlled at 20 + 5 °C by a
circulating water-cooling system. The different PEO coatings
were prepared by controlling different oxidation times. The
PEO Mg-alloy specimens with different thicknesses were
obtained by controlling 5, 15, 25, and 40 mins of oxidation
time and were designated as coating A, B, C, and D,
respectively.

The surface and the cross-sectional morphologies of the
PEO specimens were examined by scanning electron micro-
scopy (SEM) (JEOL JSM-7800F, Japan). The sizes of the open
pores on the surface of PEO coatings were calculated using
Nano-Measure software. The 3D surface morphologies of PEO
specimens were observed by confocal laser scanning micro-
scopy (CLSM) (Olympus LEXTOLS4000, Japan). The CLSM
images (view field: 130 um x 130 um) were analyzed by the
LEXT software (version 2.2, Olympus, Japan). The surface
roughness of PEO coatings was accomplished by the surface
roughness measurement module using the LEXT software. X-
ray tomography (XRT) measurements were taken using the
ZEISS Xradia 500 Versa system to investigate the 3D shapes
and distribution of micro-defects in the different PEO coatings.
The view field of the XRT images was 230 um x 350 um. The
coating porosity, pore sizes, and pore numbers were analyzed
using the Avizo 7.1 software. Additionally, the thicknesses of
different PEO coatings were measured using an Elcometer
apparatus. The average thickness values were calculated based
on the measurement values of 10 points.

The chemical structures of PEO coatings were investigated
by x-ray diffraction (XRD) (Ultimalll, Japan) with the
monochromated Cu-Ka radiation from 20 = 5° to 20 = 90°.

Table 1 The chemical compositions (wt.%) of ZM6 Mg
alloy

Nd Zn Zr Cu Ni Mg

2.76 0.36 0.46 0.016 0.023 Balance
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The obtained XRD spectra were analyzed using Jade 6.5
software.

Open circuit potential (OCP) and electrochemical impe-
dance spectroscopy (EIS) of PEO specimens in a 3.5 wt.%
NaCl solution (pH = 7.0) were measured with an electrochem-
ical workstation (Gamry 600 plus, USA). The 3.5 wt.% NaCl
solution was chosen to simulate an aggressive environment
containing chlorides. The A three-electrode cell was used for
the impedance measurements. The saturated calomel electrode
(SCE) was used as the reference electrode, and the platinum
electrode was used as the counter electrode. The tested area of a
PEO specimen was 6 cm?. Before the electrochemical tests, the
sample was immersed in a 3.5% NaCl solution for 20 min. for
OCP stabilization. The tests were repeated three times. The
frequency range was from 1072 to 10° Hz with an AC
perturbation of 5 mV. The obtained EIS data were firstly tested
by Kramers—Kronig transforms. EIS spectra were then fitted
using Gamry Echem Analyst software based on the equivalent
circuits to obtain electrochemical parameters.

3. Results and Discussion

3.1 Microstructural Characteristics of PEO Coatings

In this study, the microstructural characteristics of different
PEO coatings were investigated using SEM, CLSM in con-
junction with XRT techniques. The results are shown in Fig. 1,
2, 3 and 4.

3.1.1 2D Morphologies of PEO Coatings. Figure 1
shows that the PEO coatings prepared by controlling different
oxidation times had different surface morphologies. Some
micropores and micro-cracks were observed on the surfaces of
PEO coatings. The diameters of the open pores on the surface
of the PEO coating A, B, C, and D were 0.1-2.7 um, 0.1-
3.4 um, 0.1-5.8 um, and 0.1-7.5 pm, respectively. The number
of micro-cracks and volcano-like pores increased with oxida-
tion time. Figure 2 also shows that the maximum height
difference of the coating surfaces increased with oxidation time.
This was probably associated with stronger discharge events
(Ref 41). It was further indicated that the PEO coatings
prepared by controlling different oxidation times would have
different microstructural characteristics.

The SEM images of the cross section of PEO coatings are
shown in Fig. 3. It was found that the thicknesses of PEO
coatings gradually increased with oxidation time; the boundary
between the inner layer and outer layer of PEO coatings tended
to be much more obvious. Some micropores were distributed
along the thickness direction of PEO coatings. Through-types
of micropores were observed in coating A (Fig. 3a); micro-
cracks were observed in coating B, C, and D (Fig. 3b—d). It was
indicated that the increment of the thickness of a PEO coating
would be beneficial to reduce the existences of through-pores in
the PEO coatings, i.e., the increment of oxidation time would
be useful to diminish the through-pores in the PEO coatings. By
comparison, coating A would have a poor corrosion resistance
when it was exposed to corrosive environments and Coating D
would probably have a better corrosion resistance.

3.1.2 3D Micro-Shapes of Micro-Defects in PEO Coat-
ings. The 3D XRT images of PEO coatings are shown in
Fig. 4. The micropores with different sizes and shapes existed
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Fig. 1. SEM surface morphologies of PEO coatings (a) coating A; (b) coating B; (c) coating C; (d) coating D
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Fig. 2. CLSM surface morphologies of PEO coatings (a) coating A; (b) coating B; (c) coating C; (d) coating D

randomly in coating A, B, C, and D. The sizes of some
micropores became larger and some of the micropores joined
together with oxidation time due to the occurrence of the
continuously stronger discharge (Ref 41). This was in accor-
dance with results obtained by previous works of (Ref 39). The
distribution of micropores in coating A was inhomogeneous;
the micropores in the PEO coating B, C, and D tended to
distribute uniformly with increasing oxidation time. It was
found from the zoomed images in Fig. 4 that small micropores
looked relatively high sphericity, and the larger micropores
looked low sphericity and looked like a long capsule. This was
consistent with the results of Ref 40. It should be noted that
micro-cracks were not detected in PEO coatings, due to the
resolution limitation of XRT.

3.1.3 Distribution of the Micro-Defects in PEO Coat-
ings. Based on the calculations of these CLSM and XRT
results, the quantitative distribution characteristics of the micro-
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defects in PEO coatings were studied and are shown in Fig. 5.

As shown in Fig. 5(a), the average thicknesses of PEO
coatings increased with oxidation time; the surface roughness
of PEO coatings was increased and the number of micropores
in PEO coatings decreased with oxidation time; the global
porosity of coating C was the highest. It was indicated that the
microstructural characteristics of PEO coatings were closely
related to the micro-shapes and distribution of the micro-defects
in the thickening of PEO coatings.

It can be seen from Fig. 5(b) that the local porosity increased
exponentially along the thickness direction of the PEO coatings
from the coating-substrate interface to the PEO coating surface.
However, the porosity of the surface layer of coating B, C, and
D decreased a little. This may be related to the surface
shrinkage resulting from the quenching by the electrolyte (Ref
39, 40). If the layer with a below 3% porosity was considered
as the compact inner layer, the thickness of the compact inner
layer increased with oxidation time. This was due to that the
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Fig. 3. SEM cross-sectional morphologies of PEO coatings (a) coating A; (b) coating B; (c) coating C; (d) coating D

inner layer grew faster than the outer layer and the melted
material flowed back after the coating reached a certain
thickness (Ref 42, 43). Therefore, the porosity of along the
thick directions of different PEO coatings changed with
oxidation time.

As shown in Fig. 5(c), the small-sized micropores had a
higher percentage in PEO coatings. There were 85.0, 72.0,
70.5, and 70.8% of micropores with below 3um diameters in
coating A, B, C, and D, respectively. At the same time, the
average diameters of the micropores in PEO coatings increased
with oxidation time. This was associated with the increment of
coating thickness and the stronger discharge events.

3.2 Chemical Gompositions of PEO Coatings

XRD measurements were taken to detect the chemical
compositions of different PEO coatings. XRD spectra are
shown in Fig. 6. It was deduced that there existed MgO (pdf:
71-1176), Mg,SiO, (pdf: 71-1083), Mg (pdf: 89-7195), and
Mgo 9771 03 (pdf: 65-4596) in PEO coatings. And that MgO
and Mg,SiO4 were the main chemical compositions of PEO
coatings. Mg is a basic element of the Mg alloy substrate and
Mg 9771y o3 is a chemical phase in the Mg alloy substrate. The
peaks of MgF, (pdf: 72-1150) were observed in coating A. The
peaks of Mg and MgF, decreased gradually with oxidation
time, showing that the content of MgF, is relatively lower in
the outer layer (Ref 42, 43). Additionally, the new peaks of
Mg,SiO4 (pdf: 71-1083) were found in coating C and D; the
peak intensity of the Mg,SiO,4 in coating D became stronger,
indicating that the content of the Mg,SiO4 phase in PEO
coatings would become higher with oxidation time. These
results were consisted with the works of Ref 37. This may be
attributed to the accelerated formation of Mg,SiO,4 at the high
temperature induced by the stronger discharge events (Ref 44).
Under this condition, the formation of the thermodynamically
stable Mg,Si04 would be beneficial to improve the corrosion
resistance of PEO coatings.

8888—WVolume 31(11) November 2022

3.3 Corrosion Resistance of PEO Coatings

To evaluate the corrosion resistance of different PEO
coatings, the measurements of OCP and EIS of PEO Mg alloy
specimens were taken in a 3.5 wt.% NaCl solution. The results
are shown in Fig. 7 and 8.

3.3.1 OCP Changes. Figure 7 shows the OCP of PEO
specimens in a 3.5% NacCl solution as a function of immersion
time. At the initial stage of immersion, the OCP values of PEO
specimens increased rapidly. This may be related to the
formation of Mg(OH), on the surface of PEO specimens (Ref
28). Afterward, the OCP values decreased and showed a
different degree of oscillation with immersion time. This may
be attributed to the transportation of corrosive media through
micro-defects in PEO coatings. Additionally, the pits were
observed by visual inspection on the surfaces of these
specimens at different immersion times. The first pit was
observed on the surfaces of coating A, B, C, and D after
immersion for about 5 min, 29 h, 25 h, and 40 h, respectively.
Thus, the corrosion resistance of these PEO specimens obtained
by controlling different oxidation times would be initially
ranked as: coating D > coating B > coating C > coating A.

3.3.2 EIS Characteristics. EIS has been widely used to
study the kinetics of electrochemical processes, chemical
processes, or transportation processes (Ref 45-47). In this
study, EIS measurements were taken to investigate the corro-
sion resistance of PEO specimens in a 3.5% NaCl solution. The
results are shown in Fig. 8.

Figure 8a shows that the EIS spectrum of the specimen with
coating A was composed of a depressed capacitive loop in the
high- and medium-frequency regions and an inductive loop in
the low-frequency region after 1h of immersion. There were
three time constants. The equivalent circuit is described in
Fig. 9a. R, and R, represented the solution resistance and the
resistance of solution in the through-pores, respectively. The
existence of the inductive loop meant that the localized
corrosion occurred at the exposed substrate surface (Ry, L)
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Fig. 4. XRT 3D morphologies of micro-defects in PEO coatings (a) coating A; (b) coating B; (c) coating C; (d) coating D
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(Ref 48-50). Ry and L symbolized the resistance and induc-
tance of the electrochemical reaction. The depressed capacitive
loop was related to the PEO coating (Q., Rp) and the exposed
substrate at the bottom of the through micropores (Qq;, Ry). Oc
and Qg represented the CPE element of the MAO coating and
the double layer, respectively. R, was the charge-transfer
resistance of pitting corrosion. Due to the existence of
through-pores in coating A, the total electrochemical impe-
dance (Zt) of the specimen with coating A was equal to the
impedance of the coating (Z;) in parallel with the impedance of
the exposed substrate (Z;). That is

1 1 1
7z 7 (Ea 1)

Finally, the measured impedance of the specimen was
approximately equal to the impedance (Z;) of the exposed
substrate, due to that the coating impedance (Z.) was much
higher than that of the exposed substrate (Z;). In this case, the
EIS spectrum showed the electrochemical characteristics of the
exposed substrate of the specimen with coating A.

However, the EIS spectra of the specimens with coating B,
C, and D were a depressed capacitance loop with two time
constants (Fig. 8a). The depressed capacitive loop was related
to the PEO coating (Q., R.) and the coating/substrate interface
(Qo, Ro). The equivalent circuit is shown in Fig. 9(b).
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()
Fig. 9. Equivalent circuits based on the EIS spectra in Fig. 8

When the immersion time was up to 50 h, as shown in
Fig. 8(b), the EIS spectra of these specimens were composed of
a depressed capacitance loop in the high- and medium-
frequency regions and an inductive loop in the low-frequency
region, suggesting that localized corrosion occurred to these
PEO specimens. The diameters of the capacitive loops became
much smaller compared with that of the spectra at the initial
immersion stage, indicating that corrosion resistance decreased
significantly. The equivalent circuit was the same as shown in
Fig. 9(a).

3.3.3 Electrochemical Parameters. In this study, the
electrochemical parameters were obtained by fitting the EIS
spectra in accordance with the equivalent circuits in Fig. 9. The
fitting results are listed in Tables 2 and 3.

As listed in Table 2, the charge-transfer resistance (R,) was
5.55x10* Q cm? after the specimen with coating A immersed
in a 3.5 wt.% NaCl solution for 1 h. Qg4 was higher than Q.
and both ng and n. were lower than 0.9, showing the
inhomogeneity of coating A and the occurrence of the localized
corrosion at the coating/substrate interface. It can be seen from
Table 3 that both R, and R, increased with oxidation time after
these specimens with coating B, C, and D were immersed in a
3.5 wt.% NaCl solution for 1h. This was associated with the
larger thicknesses of PEO coatings and the higher content of the
thermodynamically stable phase (Mg,SiO4) in PEO coatings.
Therefore, the corrosion resistance of PEO coatings increased
in the thickening of PEO coatings. This was also consisted with
the literature (Ref 6, 30). Ry was much larger than R, indicating
that the coating/substrate interface kept good corrosion resis-
tance at the initial immersion stage. Compared with R, of the
specimen with coating A, R. values of these specimens with
coating B, C, and D were much higher, showing that these
specimens with coating B, C, and D had a better corrosion
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Table 2 Electrochemical parameters based on the equivalent circuit in Fig. 9(a)

R,Qcm*> Q,Scm 2s™" ne R, Q em> Qg Sem™2s™  ng R, Qcem’ Ry, Q cm? L, H cm?
Coating A-1h 12.24 363 x 1077 0.85 1.19 x 102 449 x 1077 0.87 5.55 x 10* 2.01 x 10° 2.08 x 1072
Coating A-50 h 26.74 3.06 x 107 0.81 539 x 10 3.51 x 107° 0.83  3.53 x 10* 1.56 x 10* 250 x 1072
Coating B-50 h 13.80 1.01 x 107¢  0.85 4.83 x 10° 557 x 1077 087 555x 10° 134 x 10* 1.58 x 1072
Coating C-50 h 15.97 151 x 107 0.83  5.96 x 10 221 x 107° 0.89  6.69 x 10* 2.03 x 10> 197 x 107°
Coating D-50 h 24.68 526 x 1077 0.85 1.63 x 10° 327 x 1077 0.88 398 x 10* 1.86 x 10* 1.10 x 107"
Table 3 Electrochemical parameters based on the equivalent circuit in Fig. 9(b)
R,, Q cm? 0., Sem 2s™ ne R, Q@ cm? Qp, Sem™2 ™" ngy Ry, Q cm?
Coating B-1h 13.01 3.11 x 107¢ 0.82 1.56 x 10* 1.55 x 1076 0.86 1.87 x 10°
Coating C-1h 11.63 127 x 1076 0.81 8.40 x 10* 1.74 x 107¢ 0.85 2.33 x 10°
Coating D-1h 19.17 5.97 x 1077 0.99 8.60 x 10* 450 x 1077 0.90 3.93 x 10°
resistance than that of the specimen with coating A at the initial .
. . .. . . 5x10 T
immersion stage. In addition, n. values of these specimens with [ Immersion for 1h pRL
coating A, B, C, and D were 0.85, 0.82, 0.81, and 0.99, [ | Immersion for 50hrs
respectively. It indicated that the inhomogeneity of the coating 4x10° -
surface could be ranked as: coating C < coating B < coating .
A < coating D, which was associated with the porosity of the & 3x10° - as
surface layer of the PEO coatings (see Fig. 5b). E
After these specimens were immersed in a 3.5% NaCl <} ) 2 6xi0F

solution for 50 h, the electrochemical parameters are listed in & 2x10°F
Table 2. It was found that the coating resistances decreased with
immersion time because of the penetration of corrosive media 1x10° |
in PEO coatings. Here, the limit value of the low-frequency 4.4x]0"
impedance (R;) was used to evaluate the corrosion resistance of 5 5x10} 1x10° b 0x10° L4x10"
PEO specimens with different PEO coatings. Thus, coating A coating B coating C  coating D
R = lim|Z]. (Eq 2) ] ) ) ]

f=0 Fig. 10. R, values of PEO specimens as a function of immersion

The R; values of the equivalent circuits in Fig. 9 could be
calculated as followings in accordance with Eq (2):for Fig. 9(a):

RRy
R =R Eq 3
1 cp +Rt +RL ( q )
for Fig. 9(b):
R = R + Ry. (Eq 4)

The R; values of these PEO specimens are shown in Fig. 10.
It was found that their corrosion resistance at the initial
immersion stage could be ranked from the best to the worse:
coating D > coating C > coating B > coating A. However,
after these PEO specimens were immersed in a 3.5% NaCl
solution for 50 h, their corrosion resistance could be ranked
from the best to the worse: coating D > coating B > coating C
> coating A. This was in good agreement with the OCP
results. It was further demonstrated that there were obvious
effects of the microstructures of PEO coatings on the corrosion
resistance of PEO specimens. At the initial immersion stage, the
corrosion resistance of PEO specimens increased with the
increasing thicknesses of PEO coatings and the content of the
thermodynamically stable compositions (Mg,SiO4) in PEO
coatings. After PEO specimens had been immersed in a 3.5%
NacCl solution for a longer time, the corrosion resistance of PEO

8892—Volume 31(11) November 2022

time

coatings would be influenced by their porosities. This was
verified by the morphologies of the PEO specimens after 50 h
of immersion in a 3.5% NaCl solution (Fig. 11). It was seen
from Fig. 11 that the numbers of corroded pits on the surfaces
of coating A, B, C, D were different, showing that the different
PEO coatings were subjected to different degrees of corrosion
failure, the sequence of which could be ranked as: coating
A > coating C > coating B > coating D. This further ver-
ified the above results.

In this study, based on the normal distribution model (Ref
51), the effective capacitance (Coi) of PEO coatings could be
calculated by the following formula:

Cerr = O (Re) 0 (Eq 5)
&60S
Cerr = rdo (Eq 6)

where &, (= 8.854 x 107'? F/m) is the permittivity of vacuum,
& is the dielectric constant of PEO coatings, d is the thickness
of PEO coatings, and S is the testing area. Thus, the dielectric
constants (&) of different PEO coatings could be calculated in
accordance with formulas (5) and (6).
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Fig. 11. Morphologies of PEO specimens after immersed in a 3.5% NaCl solution for 50 h (a) coating A; (b) coating B; (c) coating C; (d)

coating D

After PEO specimens were immersed in a 3.5 wt.% NaCl
solution for 1 h, the ¢ value of PEO coating B, C, D decreased
with the oxidation time (Fig. 12). The ¢, values were higher
than the dielectric constants of MgO (the ¢, value of MgO was
about 10) (Ref 52) because the corrosive media permeated into
PEO coatings. It was indicated that the volumes of corrosive
media, which penetrated into PEO coatings, were different.
Comparatively, the volume of corrosive media in coating D was
the lowest, further showing that the porosity of coating D was
the smallest. Therefore, the barrier property of PEO coatings
depended on the porosity of PEO coatings. In other words, the
corrosion resistance of PEO coatings was very associated with
their microstructures induced by the distribution of micro-
defects in PEO coatings.

In summary, the micro-defects distributed in PEO coatings
would provide a transportation path for corrosive media during
corrosion. At the initial immersion stage, the through-pores that
existed in coating A would provide pathways for corrosive
media to reach the coating/substrate interface directly, resulting
in the localized corrosion of PEO Mg alloys. Therefore, the
increment of the thicknesses of PEO coatings (coating B, C,
and D) would be beneficial to improve their effective barrier
properties.

During corrosion media transported to the coating/substrate
interface through the micro-defects in PEO coatings, corrosive
media corroded the internal surface of micro-defects; corrosion
products (Mg(OH),) formed in these micro-defects would
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Fig. 12. ¢, values of PEO coatings after immersed for 1 h

generate the internal stress in PEO coatings because of volume
expansion (Ref 53, 54). Finally, some through-paths for the
transportation of corrosive media in PEO coatings were
generated (Ref 28). Thus, localized corrosion occurred to
PEO Mg alloys once corrosion media reached the coating/sub-
strate interface. Therefore, there were obvious effects of the
microstructures of PEO coatings on the corrosion resistance of
PEO Mg alloys.

Volume 31(11) November 2022—8893
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Conclusions

The microstructures in the thickening of PEO coatings were

studied using SEM, CLSM in conjunction with XRT. The
effects of the microstructures of PEO coatings on the corrosion
resistance of PEO Mg alloys were investigated using EIS. The
following results were concluded.

()

@

3)

The micropores and micro-cracks with different sizes
and shapes were distributed stochastically in PEO coat-
ings. During the thickening of PEO coatings, the micro-
pores would develop and connect with each other
simultaneously, resulting in the increment of the average
diameters of the micropores in PEO coatings. The thick-
ness of PEO coatings gradually increased with oxidation
time and the through-pore in PEO coatings would be
diminished. The local porosity in PEO coatings in-
creased along the thickness direction of PEO coatings
from the coating/substrate interface to the coating sur-
face. But the local porosity of the surface layer of PEO
coatings decreased a little due to the surface shrinkage.
There were obvious effects of the microstructures on the
corrosion resistance of PEO coatings. The PEO Mg al-
loy specimens prepared by controlling 40 min of oxida-
tion time exhibited a better corrosion resistance because
of their larger thicknesses, denser structure, and higher
content of the Mg,SiO, phase.

When PEO Mg alloy specimens were immersed in a
3.5% NaCl solution, the features of their EIS spectra
changed with immersion time, showing different corro-
sion processes occurred to the PEO Mg alloy. The limit
value of the low-frequency impedance (R;) was used to
evaluate the corrosion resistance of the PEO Mg alloy
in a 3.5% NaCl solution. The evaluation results were
verified by corrosion morphologies of the PEO Mg alloy
specimens after these specimens were immersed in a
3.5% NaCl solution for 50 h.
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