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Abstract: To enhance the long-term corrosion resistance of the plasma electrolytic oxidation (PEO) coating on the magnesium (Mg) al-
loy, an inorganic salt combined with corrosion inhibitors was used for posttreatment of the coating. In this study, the corrosion perform-
ance of PEO-coated AM50 Mg was significantly improved by loading sodium lauryl sulfonate (SDS) and sodium dodecyl benzene sulf-
onate into Ba(NO3), post-sealing solutions. Scanning electron microscopy, X-ray photoelectron spectroscopy, X-ray diffraction, Fourier
transform infrared spectrometer, and ultraviolet—visible analyses showed that the inhibitors enhanced the incorporation of BaO, into PEO
coatings. Electrochemical impedance showed that post-sealing in Ba(NO,),/SDS treatment enhanced corrosion resistance by three orders
of magnitude. The total impedance value remained at 926 Q-cm? after immersing in a 0.5wt% NaCl solution for 768 h. A salt spray test
for 40 days did not show any obvious region of corrosion, proving excellent post-sealing by Ba(NO3),/SDS treatment. The corrosion res-
istance of the coating was enhanced through the synergistic effect of BaO, pore sealing and SDS adsorption.

Keywords: Mg; plasma electrolytic oxidation; posttreatment; corrosion resistance

1. Introduction

Magnesium (Mg) alloy is a lightweight structural material
that has attracted significant attention because of its excep-
tional properties; however, its application is restricted be-
cause of poor corrosion resistance [1-4]. Various treatments
have been investigated to improve the corrosion perform-
ance of Mg alloy, including chemical conversion coatings,
electrodeposition, anodizing, and plasma electrolytic oxida-
tion (PEO) [5-10]. Among these techniques, PEO is a prom-
ising and environmentally friendly surface treatment method
that improves the corrosion and wear resistance of Mg alloy,
as well as its dielectric and thermal barrier properties. Gener-
ally, PEO coatings have a two-layer structure [11-13]. Dur-
ing the PEO treatment, micropores are created in the outer
porous layer due to sparks and gas bubbling [14—17]. The in-
herent process of coating growth by spark discharge makes it
almost impossible for the coating to be completely free of
micropores and defects after PEO [18-20]. Despite being
coated with PEO, the samples are still susceptible to corro-
sion [21-25].

Sealing treatment is crucial for repairing the surface de-
fects in PEO coatings because it enhances their corrosion res-
istance [26-31]. Boiling water immersion is a relatively
simple posttreatment method that can improve the properties
of PEO coatings by producing hydroxides and oxides that

B Corresponding authors: Xiaopeng Lu  E-mail: luxiaopeng@mail.neu.edu.cn;
© University of Science and Technology Beijing 2024

You Zhang

partially block the pores of the coating, thereby enhancing its
corrosion resistance [32]. It is also possible to enhance corro-
sion resistance by subjecting the coated material to various
immersion treatments in different inorganic salt solutions,
following the same principle. For instance, Pezzato et al. [33]
reported the sealing of PEO coatings using a posttreatment
solution containing neodymium (Nd)-sulfate salt. Electro-
chemical impedance spectroscopy (EIS) results demonstrate
that the corrosion performance of sealed samples was signi-
ficantly enhanced because of the physical barrier generated
by Nd oxide deposited on the surface of the coating. Mo-
hedano et al. [28,34] investigated the influence of cerium-
based salt and treatment time on the sealing effect. They
found that increasing the concentration of cerium salts could
increase the deposited amount of cerium products to improve
the barrier properties of the layer. However, prolonged treat-
ment can lead to excessive dissolution of the original oxide
coating, leading to reduced long-term corrosion resistance.
Barium salt, a commonly used inorganic salt, has shown
great potential in protecting metals from corrosion [35-36].
Liu et al. [37] produced barium phosphate coatings on AZ91
Mg alloy, which exhibited better corrosion resistance than
manganese phosphate conversion film. Chen et al. [38] also
obtained barium conversion films on AZ31 alloy, which in-
creased the corrosion resistance by about one order of mag-
nitude. Although barium salts have been extensively studied
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for producing conversion films, there has been no research
on the use of barium salt solutions to seal the pores of PEO
coatings.

The amount of deposition on the sample surface during
immersion usually depends on the concentration of inorganic
salts in posttreatment solution and the duration of the
posttreatment. However, increasing both factors may result in
excessive coating erosion owing to the posttreatment solu-
tion. To optimize the deposition amount, the coating can be
modified with an anionic corrosion inhibitor. Anionic sur-
factants have been reported to complex heavy metal cations
in wastewater as anionic surfactants [39—41]. Sodium do-
decyl benzene sulfonate (SDBS) and sodium lauryl sulfonate
(SDS) are excellent corrosion inhibitors for Mg alloys
[42—46]. Frignani et al. [47] reported the corrosion inhibition
of anionic surfactants in electrolyte solution for Mg alloy.
They found that the inhibitor adsorbs quickly on the Mg sur-
face and limits the cathodic reaction while reacting with Mg*"
to form a precipitation layer. Li et al. [48] proposed that SDS
could form a protective corrosion layer by chemically bond-
ing with AIMn intermetallic on the Mg surface during im-
mersion in NaCl solution. The inhibitor effectively inhibits
Mg alloy corrosion through physical and chemical adsorp-
tion, thereby preventing microgalvanic corrosion. In this
study, we developed a novel sealing posttreatment techno-
logy for AMS50 Mg alloy using a Ba-based environmental
PEO coating. Anionic inhibitors, SDS and SDBS, are effect-
ive surface modifiers and efficient corrosion inhibitors for
Mg alloys. As the dissolution/precipitation reaction during
sealing is of great importance to the final corrosion proper-
ties of the coating, we examined the changes in the morpho-
logy and composition of PEO coating in the presence of dif-
ferent inhibitors. We also investigated the corrosion proper-
ties of the PEO-treated samples after performing sealing
treatment.

2. Experimental
2.1. Materials and coating preparation process

In this study, we used the AM50 Mg alloy, the composi-
tion of which could be found in a previously published paper
[49]. Before PEO treatment, the specimens with dimensions
of 20 mm x 20 mm x 6 mm were ground using SiC abrasive
papers lubricated with water in a sequence ranging from #80
to #1000 grit and finally air-dried. The treatment was con-
ducted with a pulsed DC (Direct current) power supply oper-
ating in a constant current mode and was further treated in a
constant voltage mode of 450 V for 13 min. The duty ratio
and frequency were 30% and 500 Hz, respectively. During

the PEO treatment, the anode and cathode were made of the
Mg alloy sample and carbon plate, respectively. The electro-
lyte comprised Na,SiO; (30 g-L™"), KF (8 g-L ™), and NaOH
(4 g'L™") in distilled water. A cooling system was used to
maintain the temperature of the PEO electrolytes at (25 +
3)°C.

After the PEO treatment, the sample was subjected to a
sealing treatment by immersing it in an aqueous solution con-
taining Ba-salts for 1 h at 50°C. The posttreatment solution
comprised 20g L™ Ba(NO;), and 10 g-L™" H,0,, with pH
adjusted to 4 by adding diluted nitric acid. To examine the in-
fluence of anionic surfactants, 0.1 mol-L™' SDS and SDBS
were added to the sealing electrolyte, and the solution was
stirred in a magnetic heating agitator to ensure uniformity.
After the sealing treatment, the samples were rinsed with de-
ionized water and dried with compressed air. The coatings
were labeled as follows: PEO coating (blank PEO coating),
PEO-Ba coating (PEO coating treated with barium nitrate
solution only), PEO-Ba—SDS coating (PEO coating treated
with barium nitrate solution and SDS), and PEO-Ba—-SDBS
coating (PEO coating treated with barium nitrate solution and
SDBS), to indicate the composition of the different posttreat-
ment solutions.

2.2. Microstructure and composition of the coatings

The scanning electron microscope (SEM, Quanta250FEG,
FEI Company, Czech) equipped with an energy dispersive
spectrometer (EDS) system was used to obtain the surface
and cross-section morphology of the coatings. The composi-
tion of the coating elements is shown in Table 1. The phase
composition of the coating was analyzed using X-ray diffrac-
tion (XRD, Smartlab, Rigaku, Japan) with a grazing angle of
0.5° and a 20 range of 20°-80°. X-ray photoelectron spectro-
scopy (XPS, Model Axis Supra, Shimazu-Kratos Analytical,
UK) was also used to analyze the phase composition of the
coating in depth. Fourier transform infrared spectrometer
(FTIR, Thermo Fisher, USA) was used to investigate chem-
ical bonds in the coating from 600 to 4000 cm . An Ultravi-
olet—visible spectrophotometer (Thermo Fisher, USA) was
used for UV—Vis spectral measurements. The samples loaded
with corrosion inhibitors were immersed in 0.5wt% NaCl
solutions to prepare solutions for different immersion peri-
ods. The absorption spectra of these solutions were determ-
ined with the 0.5wt% NaCl solution as a reference.

2.3. Corrosion measurements

A three-electrode cell was used to examine the electro-
chemical properties of corrosion. The cell comprised the
same sample as the working electrode, a saturated calomel

Table 1. EDS area analysis of the studied specimens at%
Treatment Mg o Na Al Si Ba
PEO 33.1 38.0 2.3 2.3 243
PEO-Ba 29.1 37.0 1.1 32 21.0 0.8
PEO-Ba-SDS 25.0 37.0 0.9 1.9 17.3 17.9

PEO-Ba-SDBS 29.2 42.4

2.1 2.0 18.7 5.7
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electrode as the reference electrode, and a platinum plate as
the counter electrode. EIS was conducted using the electro-
chemical workstation (Versa STAT 3F, Ametek, USA) at
open circuit potential with a 10 mV RMS (Root mean square)
sinusoidal perturbation over a scanning frequency range of
102-10° Hz with 36 points for the full frequency range. The
experiments were conducted in a 0.5wt% NaCl solution. The
impedance spectra were analyzed using the ZSimpWin soft-
ware. All the experiments were repeated more than thrice to
confirm the reproducibility of the remarkable features of the
spectra. In the spectra, markers are observed data points, and
lines are the fitting data.

To estimate the corrosion resistance of the coating, a salt
spray test was conducted following the ASTM B117 cri-
terion. The test was conducted by creating a salt spray atmo-
sphere using an aqueous solution of Swt% NaCl at a neutral
pH and a temperature of 35°C. Three samples were prepared
for each sample to ensure repeatability. After testing, the sur-
face corrosion was observed by photographing the macro-
morphology of the coating using a digital camera.

3. Results and discussion
3.1. Microstructure and composition of the coatings

The surface micrographs of the unsealed and sealed coat-
ings (Fig. 1) revealed distinct differences among different
posttreatment solutions. The coating surface (Fig. 1(a)) was
dominated by many pores, which is a typical characteristic of
PEO-coated Mg. The coating surface sealed with the barium
salt solution had no significant deposits, and the morphology
was similar to that of the unsealed PEO coating. However,
after the addition of SDS or SDBS, many deposits were ob-
served on the coating surface (Fig. 1(c) and (d)). The effect of
surfactants was clearly reflected in the surface morphology of
the coating, as they contributed significantly to the deposited
products. The number of open pores in the coating was re-
duced after the posttreatment because of the accumulation of
deposits in the pores. Bayram ez al. [50] found that surfactant
results in the surface potential being negative due to adsorp-
tion on the surface. Therefore, the addition of SDS and SDBS

Fig. 1. Surface micrographs of PEO coatings before and after
posttreatment in different electrolytes: (a) PEO; (b) PEO-Ba;
(c) PEO-Ba-SDS; (d) PEO-Ba-SDBS.
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leads to a negative change in the coating surface potential.
This may be the main reason for the increased surface depos-
ition on the coating with the addition of both surfactants.
Table 1 shows the chemical composition of the samples. The
coating mainly consisted of Mg, Si, and O. Remarkably, the
addition of corrosion inhibitors significantly increased bari-
um content (~18at%), especially when SDS was added to the
solution. Research has shown that the hydrophilic—lipophilic
balance of SDS was higher than that of SDBS, and the wet-
ting time was shorter than that of SDBS [51]. This suggests
that the presence of SDS in the electrolyte easily decreases
the surface tension of the coating compared with SDBS, res-
ulting in more deposition on the PEO coating.

Fig. 2 shows the cross-section microstructure of the
samples. The figure shows that the coating was relatively
uniform (approximately 30 pm), which could be divided into
two layers, and discharge channels were evident throughout
the layers. Comparing the cross-sectional morphologies of
the samples after the sealing treatments, it was apparent that
the coatings sealed with only barium salts were the most por-
ous and defective. This is most likely because of the acidic
sealing electrolyte, which corrodes the original oxide coating
(Fig. 2(b)). Moreover, no significant deposits were detected
in the pores of the coatings. The surfaces of the samples
sealed with surfactants exhibited a thin layer of deposition
that adhered to the outer layer, obstructing the discharge
channels of the coating.

]

Fig. 2. Cross-sectional micrographs of PEO-coated Mg alloy
before and after posttreatment in different electrolytes: (a)
PEO; (b) PEO-Ba; (c) PEO-Ba-SDS; (d) PEO-Ba-SDBS.

The SEM and EDS maps (Mg, O, Si, and Ba elements) of
the different coatings revealed noticeable morphological and
microstructural distinctions on the surfaces and cross-sec-
tions (Figs. 3-5). From the EDS mapping, only a minor
amount of Ba was present on the outer layer of the PEO-Ba
coating (Fig. 3). However, the addition of surfactants to the
sealing solution resulted in a significant accumulation of Ba-
containing product that deposited into large-sized defects in
the coating (Figs. 4 and 5). The PEO-Ba—SDS coating had
the most obvious difference in that depositions were present
in almost every micropore. The EDS results (Table 1)
showed that the Ba content in the PEO-Ba—SDS coating de-
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Fig. 3. EDS maps of the PEO coatings after posttreatment in Ba(NOs), electrolytes: (a) surface micrograph; (b) cross-sectional mi-
crograph.

Fig. 4. EDS maps of the PEO coatings after posttreatment in Ba(NQ;), + 0.1 mol L™ SDS electrolytes: (a) surface micrograph; (b)
cross-sectional micrograph.
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Fig. 5. EDS maps of the PEO coatings after posttreatment in Ba(NO5), + 0.1 mol - L™ SDBS electrolytes: (a) surface micrograph;

(b) cross-sectional micrograph.

position layer was 17.9at%, and the Ba content in the
PEO-Ba—SDBS coating was 5.7at%.

The XRD analysis showed that the coating formed on the
AMS0 alloy in the silicate-based electrolyte mainly con-
sisted of two crystalline phases, MgO and Mg,SiO, (Fig. 6).
The Mg peaks were also detected because of the porous
structure of the coating. The posttreatment coating did not
form any new Ba-containing phase because of the low Ba-
containing products in the coating.

Fig. 7 shows the XPS and high-resolution spectra (Ba 3d,

0O Mg,SiO,
a " B Mg
° O VMgO

v vm
v m \um um

—Q
— O
— O

M (@)
L
o ©

1 1 1 1 1 (d)
20 30 40 50 60 70 80
20/ )
Fig. 6. XRD patterns of different coatings: (a) PEO; (b)
PEO-Ba; (c) PEO-Ba-SDS; (d) PEO-Ba—-SDBS.

3
S

Intensity / a.u.

S 2p, and Mg 1s) of the posttreated samples. In the Ba 3d
spectra of posttreated samples, two distinctive peaks corres-
pond to Ba 3d 3/2 at a lower energy of 780.2 eV and Ba 3d
1/2 at a higher energy with a separation of approximately
14.9 eV, corresponding to Ba®" in the formation of BaO, and
Ba(OH), (Fig. 7(b) and (f)). The Mg 1s spectrum was fitted
with peaks at 1304.2 eV, corresponding to MgO (Fig. 7(c)
and (g)). The S 2p spectra showed peaks at 178.4 and 168.2
eV, corresponding to SO;~ and SO?™ (Fig. 7(d) and (h)) be-
cause of the adsorbed SDS and SDBS on the surface of the
coating, respectively (Fig. 7(e) and (f)).

With the addition of surfactants to the posttreatment solu-
tion, it was adsorbed to the surface of the coating, which
triggered a reaction between Ba’* carried by the inhibitor and
OH' on the surface of the coating, as shown in Eq. (1). The
pH of the SDS-containing solution increased from 8.4 to 8.6,
and that of the SDBS-containing solution increased from 7.9
to 8.2. The change in pH can be attributed to the hydrolysis of
the corrosion inhibitors, where the sulfonic and benzene sulf-
onic groups react with hydrogen ions in the solution. The re-
action of H,0, in the sealing solution with the deposited
Ba(OH), resulted in the formation of BaO, on the sample sur-
face. The overall reaction formulas for the process are given
in Eq. (2):

Ba® +20H™ — Ba(OH), (s) (1)
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Fig.7. XPSresults of PEO-Ba—SDS coating: (a) survey spectra, (b) Ba3d, (c) Mg 1s,and (d) S 2p; XPS results of PEO-Ba—SDBS coating:
(e) survey spectra, (f) Ba 3d, (g) Mg 1s, and (h) S 2p.
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Ba(OH), + H,0, — BaO, + 2H,0 2)
Based on the data found in Lange’s Handbook of Chem-
istry [52], the standard enthalpy of formation (AH) and
standard entropy of formation (AS) of the substances in Eq.
(2) can be determined. Specifically, Ba(OH): has a AH of
—986.2 kJ-mol " and a AS of 132.4 J-mol "K™'. H20: has a
AH of —187.8 kJ'mol " and a AS of 110.5 J-mol ‘K", BaO
has a AH of =619.0 kJ -mol ™" and a AS of 120.2 J-mol "-K™".
H:0 has a AH of —285.83 kJ-mol™" and a AS of 69.91
J-mol-K™". Using Eq. (3), which introduces the thermody-
namic temperature (7) value, we obtained a standard molar
Gibbs free energy (AG) <0, indicating that the reaction can
proceed.
AG =AH-TAS 3)
The influence of surfactants on the two coatings was also
supported by the FTIR spectra (Fig. 8). The adsorption peak
at 860 cm ' showed the symmetric stretching vibration of
Si—O-Si, confirming the existence of Mg,SiO, in the PEO
coating. Meanwhile, the Mg-O peak at 506 cm™' confirmed
the formation of MgO [53]. The weak broadband appearing
at 1120-1180 cm™ demonstrated the vibrational band of the
sulphonate group. The sulfate S=O stretching vibrational
band at 1204 cm™' indicates v(S=0) symmetric vibrations,
where v denotes the stretching vibration. This confirmed the
adsorption of SDBS and SDS on the surface of the coating
[54]. The absorption peak of the barium salt failed to appear,
which might be due to the low BaO, content of the coating
surface.

Mg-O
. 506
z Si-0-Si !
3 | PEO 860
E | PEO-Ba o
& | PEO-Ba-SDS 1204 | |
#v\;/\.\
szo/ [
PEO-Ba-SDBS 1180 ! !
so, 71120 © ¢

4000 3000 2000 1000

Wavenumber / cm™

Fig. 8. FTIR spectra of the two coatings with added corro-
sion inhibitors.

3.2. Corrosion performance

Fig. 9 shows the corrosion behavior of the different
samples observed with EIS measurement. In the Bode dia-
gram, the line is the fitting data, whereas in the phase dia-
gram, the transition between peaks and valleys implies the
occurrence of one time constant. The initial increase in low-
frequency impedance and further changes indicate that the
discharge channels are initially sealed/filled with corrosion
products, and such a process is marked with a new time con-
stant. The corrosion products formed on the PEO and

Int. J. Miner. Metall. Mater., Vol. 31, No. 9, Sep. 2024

PEO-Ba coatings or PEO-Ba—SDS or PEO-Ba—SDBS coat-
ings should be different, and they were observed with a high-
er frequency time constant (Fig. 9). The chemical stability
and morphology of corrosion products determine the sup-
pression or enhancement of corrosion. The difference and
evolution of the corrosion behavior of the coatings are rep-
resented by equivalent circuits and parameters (Fig. 10(a) and
Table 2). R, and CPE, represent the values of the resistance of
the porous coating and its capacitance, respectively. R rep-
resents the charge transfer resistance value of these samples,
and CPEy represents the double-layer capacitance value at
the electrolyte/metal interface. The n (n;, n, ) is an index ran-
ging from O to 1 and it affect the converting of CPE, or CPE
into resistance (1, or n, = 0) or capacitance (1, or n, = 1). A* is
the fitted quality parameter. A bit higher error was observed
in the fitting data (4%, Table 2), which could be attributed to
the complicated response from the complicated microstruc-
ture of the coatings. In the bare PEO-coated sample, the low-
frequency (f) impedance (|Z]- 01 1,) reached its highest value
at 96 h of immersion, about 230 kQ-cm? which others de-
creased. The highest impedance is attributed to sealing pores
with corrosion products, whose formation is mostly reflected
in the second time constant. The disappearance of the high-
frequency time constant (in the range of 10°~10° Hz) was at-
tributed to the accelerated loss of the protective ability of the
coating (Fig. 9(a)). The corrosion products formed on the
PEO-Ba coating are marked with a time constant of higher
frequency (Fig. 9(b)). Although the corrosion products are
relatively more protective initially, corrosion is accelerated.
This can be attributed to the excessive corrosion of the interi-
or of the coating by the posttreatment solution.
PEO-Ba—-SDS or PEO-Ba—SDBS coatings are rather highly
corrosion resistant in a 0.5wt% NaCl solution. The stability
of corrosion products formed on PEO-Ba—SDS is better than
that on PEO-Ba—SDBS coating. The inverse of R plotted
with time reflects the evolution of corrosion during immer-
sion in NaCl solution (Fig. 10(b)).

Although PEO-Ba coating showed better resistance to
corrosion than PEQ initially, it suffered badly upon extended
immersion (>100 h). PEO-Ba-SDS and PEO-Ba-SDBS
coatings were resistant to corrosion, and PEO-Ba—SDS coat-
ing showed the lowest corrosion rate for 768 h with the R, of
926 kQ-cm® (Table 2). It can be inferred that the inhibitor
was integrated into the coating, which altered its microstruc-
ture and composition, resulting in enhanced impedance at the
initial stage of the corrosion test. These results showed the
coating pretreated with Ba(NOs),/inhibitors provided more
effective corrosion protection than the bare PEO coating.
BaO, was deposited in open pores by pretreatment to en-
hance corrosion resistance, as observed from the high imped-
ance of PEO-Ba—SDS and PEO-Ba—SDBS coatings. Corro-
sion inhibition and pores sealing are responsible for the en-
hanced corrosion resistance. BaO, deposited in the pore of
the coating is likely subjected to slow hydrolysis to form a



J.R. Ma et al., Enhancing corrosion resistance of plasma electrolytic oxidation coatings on AMS0 Mg alloy by ...

10°
(@)
10°
a“ 4
I S
g 4 24h
R 10°Fr @ 96h
> 168 h
Ll *240h
— Fitting
101 — |7 L L L L L
102 107 100 10 10> 10° 10* 107
Frequency / Hz
107
® = 1h
100 4 24h
¢ 96h
105 > 168 h
* 240 h
— Fitting

|Z| / (Q-cm?)
2

10°
10
10! 1 1 1 1 1 1
102 10 10° 10" 10> 10° 10* 10°
Frequency / Hz
108
107
106
5 10°
c
= 10
N
10°
102 -
10! - |7 1 1 1 1 1
102 10" 10 10 10* 10° 10* 10°
Frequency / Hz
107
(@ = 1h
. A 24h
10 + 96h
> 168 h
~10° * 240 h
5 > 312h
G 101 < 384h
i — Fitting
103 -
102 -
100 - - L L L L L
102 10*' 10 10" 10> 10° 10* 10°
Frequency / Hz

Phase / (°)

Phase / (°)
L
S

Phase / (°)
A
S

—-100

PEO

|
[ee]
[
T

|
N
S

-20
0
P
0 1 1 1 1 1 1
102 10" 10° 10" 10> 10® 10* 10°
Frequency / Hz
—-100
PEO-Ba
_80 -

-20
. *
0 Fok e R RK
13844
20 1 1 1 1 1 1
102 10" 10 10" 10> 10° 10*  10°
Frequency / Hz
—-100
PEO-Ba—-SDS

10 10? 100 10*  10°

Frequency / Hz

PEO-Ba-SDBS

10°

20
102

107!

10! 10> 10° 10* 10°

Frequency / Hz

2055

Fig. 9. Evaluation of corrosion resistance of (a) PEO, (b) PEO-Ba, (¢) PEO-Ba-SDS, and (d) PEO-Ba-SDBS coating during im-
mersion in 0.5wt% NaCl solution.



2056 Int. J. Miner. Metall. Mater., Vol. 31, No. 9, Sep. 2024

(a)

RC[
3.0x 10 50%10°
(b) \[
—=—PEO 40 10 —=—PEO
—e— PEO-Ba —e—PEO-Ba
-4
~20x10 —a— PEO-Ba-SDS ~ . —a— PEO-Ba-SDS
£ PEO-Ba SDBS g3.0x10 PEO-Ba SDBS
a a
2 0% 10 Z20x10°f
> 54
1.0 10
0 A A — A ;
______________________________________________________________________________________ ] of
—
0 200 400 600 800 0 200 400 600 800
Immersion time / h Immersion time / h

Fig. 10. (a) Equivalent circuit used for fitting the observed data and (b) evolution of corrosion resistance in 0.5wt% NaCl solution at
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Table 2. Fitting results for the impedance spectra of Fig. 9.

Treatment Time/h R./(kQ- cmz) CPE./ (uF-s™ ‘cmfz) n Ra/(kQ- sz) CPEy / (UF-s™ ‘cmfz) n, A/ 107
1 58.54 0.23 0.8 64.60 1.80 0.9 3.7
24 69.08 0.23 0.8 39.59 0.91 09 1.6
PEO 96 8.40 0.31 0.7 230.6 0.97 09 15
168 0.55 0.27 0.8 88.78 0.49 08 39
240 0.42 2.4 0.9 24.12 1.49 09 85
1 0.46 2.21 0.7 156.59 1.30 0.9 1.9
24 0.58 0.17 0.8  3937.90 1.90 09 25
PEO-Ba 96 0.63 0.66 0.7  4082.60 1.90 09 26
168 0.14 0.84 0.8 28.73 1.34 08 1.2
240 0.45 4.88 0.5 1.89 8.30 0.7 0.7
1 105.60 0.55 0.8 985.20 2.30 0.9 13.0
24 53.15 0.53 0.8 555.80 4.75 08 11.0
168 1.93 0.24 0.8 222490 0.26 08 74
PEO-Ba-SDS 240 1.66 0.22 0.8 29995.90 0.29 08 4.7
504 0.88 0.91 0.9 126.53 0.41 08 29
648 0.96 0.19 0.8  2475.70 0.31 09 10.2
768 0.48 0.66 0.8 926.22 0.31 1 6.6
1 103.54 0.56 0.8 32.11 2.60 1 0.3
24 1.17 0.13 0.8 660.36 0.25 08 43
96 1.41 0.16 0.8 517.60 0.21 08 4.6
PEO-Ba-SDBS 168 0.79 0.21 0.8  1206.70 0.19 09 132
240 0.87 1.60 0.9 256.30 0.25 0.7 50.1
312 0.64 3.40 0.9 252.21 1.72 0.7 353

384 0.61 6.10 0.9 53.01 8.7 0.8 243
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protective Ba(OH), layer, and at the same time, corrosion in-
hibitor inhibits corrosion. However, the inner layer penet-
rated for a prolonged time, and the inhibitor was
consumed/released, leading to corrosion at the interface
between the coating and matrix. The combined presence of
the inhibitor SDS and barium salt enhanced the corrosion
properties of the sample. By observing the region of 10°~10°
Hz in the phase angle plot of Fig. 9(c) and (d), the high-fre-
quency time constant of the PEO—Ba—SDS coating disap-
peared after 768 h of immersion, whereas that of the
PEO-Ba—SDBS coating disappeared after 240 h of immer-
sion. This can be attributed to the amount of deposition on the
surfaces of both coatings. The coatings with SDS and SDBS
also showed a maximum phase angle close to —80°, indicat-
ing their superior performance compared to the PEO and
PEO-Ba coatings (Fig. 9(c) and (d)).

Relative differences in corrosion inhibition between SDS
and SDBS were also observed in the UV—-Vis absorption
spectra (Fig. 11). Corrosion of the Mg alloy led to an in-
crease in local pH value with the appearance of local pitting.
The gradually released inhibitor induced the formation of a
local dense protective film that blocked further expansion of
the pitting corrosion. The solution immersed with the two

(a) PEO-Ba—SDS
20F
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——1h ---12h
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§ 240 h 360 h
£ 0} 480 h N
<
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Fig. 11.

Figs. 13 and 14 show the surface morphologies of
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Fig. 12. Surface appearance of the PEO coatings and sealing
before and after salt fog corrosion test.

Absorbance
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coatings showed strong absorption bands at 288 and 203 nm.
A greater release of corrosion inhibitor and a faster release
rate indicated that the coating was more susceptible to corro-
sion, and the PEO-Ba—SDBS coating started to release large
amounts of corrosion inhibitor at the beginning of the immer-
sion, with a rapid increase in its peak absorbance. During the
entire immersion process, the corrosion inhibitor of the
PEO-Ba-SDS coating was released steadily, indicating that
the PEO-Ba—SDS coating exhibited better corrosion resist-
ance. The combined effect of Ba(NOs),/inhibitor pretreat-
ment was observed after a salt spray test for 40 d. Fig. 12
shows the surface appearance of the samples. The results
showed that the PEO-Ba coating experienced corrosion after
immersion for 10 d, and pitting was observed on the coating
surface after testing for 20 d. Compared with the PEO-Ba
coating, the PEO coating exhibited a better corrosion per-
formance with fewer corroded areas. A few corrosion pits ap-
peared in the PEO-Ba—SDBS coating after 40 d of immer-
sion, whereas the PEO-Ba—SDS coating exhibited superior
corrosion performance with no visible corrosion pits. These
results suggested that SDS and SDBS remarkably enhance
the corrosion resistance of the PEO—Ba coating.

PEO-Ba-SDBS|

20
7203 nm C,;H,,0,S"

—_
W
T

——1h ---12h

1.0
0.5
0.0
1 1 1 1 1
200 220 240 260 280 300
Wavelength / nm

UV-vis absorption spectra of inhibitor in coating: (a) PEO-Ba—SDS; (b) PEO-Ba—SDBS.

PEO-Ba—-SDS and PEO-Ba—SDBS coatings after testing for
240 h in NaCl solution. Interestingly, the BaO, particles grew
significantly from 5-10 pm to 25-50 um because of the cor-
rosion. This growth of BaO, particles was attributed to the in-
creased corrosion resistance (Figs. 9 and 10) during immer-
sion. The growth of BaO, particles can seal the pores of the
PEO-Ba-SDS or PEO-Ba-SDBS coatings. However, be-
cause the granular microstructure of BaO, pores is not per-
fectly sealed, corrosion inhibitors play a crucial role in en-
hancing corrosion resistance (Fig. 15). Considering the mi-
crostructure of the sample, the inhibitor molecules were sub-
stantially adsorbed on the surface of the coating during the
initial stage of the posttreatment process. SDS and SDBS ad-
sorption leads to negative changes in surface potentials. The
positively charged barium ions released during hydrolysis in-
teract with the negatively charged regions, creating an elec-
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Fig. 13.  Surface micrographs of different coatings after immersion for 240 h in 0.5wt% NaCl solution: (a, b) PEO-Ba-SDS;
(c, d) PEO-Ba—SDBS.

Fig. 14. EDS maps of the coatings after immersion for 240 h in 0.5wt% NaCl solution: (a) PEO-Ba-SDS; (b) PEO-Ba—-SDBS.

trostatic attraction between them (Fig. 15). The reaction of deposited product. During the early stage of immersion, the
barium ions on the coating surface increased the amount of coating primarily blocked the invasion of the corrosion me-
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Fig. 15. Schematic illustration of the corrosion protection
mechanism of the posttreatment coating: (a) diagram of the
initial stage of posttreatment; (b) diagram of the completed
posttreatment; (c) active protection mechanisms for incorpor-
ated inhibitor.

dia, and the coating surface adsorption of corrosion inhibit-
ors also provided protection. As the immersion time in-
creased, the corrosion inhibitor stored inside the coating
began to be released, forming a dense protective film that in-
hibited local corrosion.

4. Conclusions

(1) In this study, we developed a sealing posttreatment for
AMS50 Mg coated with PEO and corrosion inhibitors. The
sealing process significantly improved the corrosion per-
formance of the coating. The introduction of SDS to the seal-
ing solution resulted in protective deposition products on the
PEO coating surface.

(2) BaO, was the predominant component of the depos-
ition layer. We demonstrated that the corrosion inhibitor was
effectively loaded into the interior of the coating and was
continuously released to protect the coating during immer-

sion.

(3) The corrosion inhibitors and inorganic salts used in the
sealing treatment significantly improved the corrosion per-
formance of the coating. The impedance of the SDS-contain-
ing coating was maintained at 926 Q- cm” after 768 h of im-
mersion in 0.5wt% NaCl solution, and the coating showed no
signs of corrosion after 40 d of salt spray test.
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