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ABSTRACT: A novel chemical conversion method based on an
aqueous electrolyte solution containing hydrolyzed silane as a crucial
film-forming agent has been developed successfully. An organic/
inorganic composite coating with superior corrosion protection was
fabricated on the Mg-Al-RE alloy. The micro-morphology and
chemical composition of the coating were examined using scanning
electron microscopy, X-ray diffraction, and energy-dispersive X-ray
spectroscopy. The prepared conversion coating possesses a double-
layer structure, with a dense bottom layer and a loose outer layer
containing microcracks. In addition, the anti-corrosion capacity of
various samples was evaluated using salt spray, hydrogen evolution,
and electrochemical tests. The analysis revealed that the samples
converted by 3-aminopropyl triethoxysilane (APTES)-phosphate
solution possessed a higher corrosion resistance. Compared to the blank sample, a 2 orders of magnitude reduction in icorr
(6.678 × 10−7 A/cm2) and a 1.360 V improvement in Ecorr were observed. The MPCC-Si sample exhibited the lowest hydrogen
evolution rate, indicating the best corrosion protection. Also, the rust grade could still reach 7 after 72 h of the neutral salt spray test.

1. INTRODUCTION
Recently, researchers have investigated lightweight structural
materials with excellent processing and application performance
to achieve energy conservation and emission reduction goals and
avoid related environmental pollution problems.1 Mg and its
alloys are preferred because of their lower density among
metallic construction materials and superior mechanical proper-
ties.2 In addition, they have specific stiffness, good castability,
high thermal conductivity, low sensitivity to intergranular
corrosion and stress corrosion, and low environmental
pollution.3 As a result, Mg alloys are widely used in engineering
applications, such as those in aerospace, automotivemanufactur-
ing, electronic products, and defense industries.4,5

Rare earth elements have been added toMg alloys to promote
their various properties and expand their applications.6−8

However, the standard electrode potential of Mg (−2.363 V)
is relatively lower than that of other commonly used metals,9

which makes it susceptible to galvanic corrosion. Due to these
limitations, Mg alloys are more likely to fail when used as
structural components in demanding service environments. To
address this issue, various modification technologies have been
developed to control the corrosion of Mg alloys, including
chemical conversion,10 electroless plating,11 electroplating,12

organic coating,13 laser surface melting,14 sol−gel,15 microarc
oxidization,16 and high-pulsed electron beam treatment.17

Among these technologies, chemical conversion has been widely
used due to its higher protective efficacy, lower cost, and easier
operation.18,19

Due to the unique self-healing ability of the chromium-
containing coating, it is considered the best conversion coating
for corrosion prevention.20 However, chromium salts have been
severely restricted due to their carcinogenicity to humans and Cr
(VI)’s continuous contribution to environmental pollution.21

Over the past decades, studies on alternatives to chromate
coating have led to the proliferation of phosphate,22 vanadium,23

phosphate-permanganate,24 stannate,25 hydrotalcite,26 rare
earth,27 titanate,28 zirconium,29 phytic acid,30 and chitosan31

conversion coatings. However, due to the cracks often present in
these coatings, their anti-corrosion properties are inferior to
those of chromate conversion coatings.22 Two different theories
have explained the formation of these cracks. According to one
theory, the shrinkage of the coating during the drying process
created tensile stress, which increased with the coating thickness,
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and these tensile stresses will be released by coating cracking.
The other theory proposes that hydrogen atoms clipped in the
coating can agglomerate and combine to form bubbles, causing
the coating to crack.32 These cracks, which act as a Cl−
penetration path, are common in chromate-free conversion
coatings and cause severe corrosion of Mg alloys. Therefore, a
coating with no or few micro-cracks is a guarantee to achieve
better corrosion resistance.
Among these conversion technologies, phosphate conversion

is more environmentally friendly and has been widely used in the
corrosion protection of steel, zinc, magnesium, and other metals.
Phosphate coatings possess the necessary corrosion protection
and other physical properties, such as biocompatibility for
Ca2+33 and wear resistance for Mn2+.34 Over the past decades,
the applications of Mn-PO4,

34 Zn-PO4,
10 Ca-PO4,

33 and Sr-
PO4

35 conversion coatings have been successfully expanded to
Mg alloys. In contrast, few researchers have focused on Mn-PO4
conversion coating, although they are more stable and have
higher corrosion resistance than Ca and Zn coatings.36 Chen et
al.36 prepared a double-layer conversion coating consisting of
magnesium hydroxide andmanganese phosphate on the AZ91D
alloy, and this coating exhibits good corrosion resistance. Cui et
al.37 obtained a double-layer phosphate coating on the AZ31
alloy by substituting theNaF bath with a citric bath. A new three-
stage coating formation mechanism has been proposed. For the
double-layer coating, the outer layer coating can fill cracks and
micron holes in the inner layer, thus reducing surface and
structural defects, and better preventing contact between
corrosive media and the Mg alloy substrate.38,39 Although
these reported manganese-based phosphate conversion coatings
possess good corrosion resistance, their coating formation times
are as high as 15 min or more, which is much higher than the
formation time required for industrial production.
Silanes are organic−inorganic materials polymerized from a

silicon group with the formula R′(CH2)nSi(OR)3, where R′ is an
organic functional group and R is a hydrolyzable alkoxy group.40

As silanes are mixed with water, they hydrolyze to produce
silanol groups (Si-OH), which attach to metal surfaces (metal-
OH) by forming Si-O-metal bonds.41 These Si-OH formed

siloxane bonds (Si-O-Si) by self-cross-linking, producing an
organic protective coating chemically bound to the metal.42

However, a single silane conversion coating possesses limited
corrosion protection properties and is usually used for short-
term protection.43 To improve corrosion resistance, researchers
typically prepare a double-layer silane coating in two steps or add
a corrosion inhibitor to the conversion solution to fabricate the
coating. Using titanium sulfate as the primary ingredient, Lai et
al.44 first prepared a TiO2 conversion coating on the zinc layer. A
solution of tetraethyl orthosilicate and hexamethyldisilazane was
then used to modify the coating. The final coating was a double
layer consisting of an inner coating of TiO2 and an outer coating
of SiO2 gel. Najibzad et al.

45 used varying concentrations of
inhibitors dispersed in the silane solution and deposited films by
dipping in an AZ31 alloy. The salt spray test (SST) revealed that
the obtained self-healing coating effectively prevented the
corrosion of the alloy. Lei et al.46 created a silane-modified
cerium coating on the AZ31 Mg alloy by combining a
hydrolyzed silane solution with the cerium salt conversion
solution.
A few current studies have investigated the addition of silane

as a main film-forming agent into the conversion solution to
obtain highly corrosion-resistant conversion coatings. Research-
ers mainly use a two-step method to prepare organic/inorganic
composite coatings,47 which is more complicated and time-
consuming to fabricate. In this study, a new chemical conversion
solution that consists of hydrolyzed APTES (3-aminopropyl
triethoxysilane) was prepared, and by this, a highly corrosion-
resistant organic/inorganic composite double-layer coating
could be prepared in one step. Furthermore, the extremely
short film-forming time of this coating can help considerably
improve industrial production efficiency. This study aimed to
investigate the morphology, composition, and electrochemical
properties of the sample produced by this chemical conversion
solution containing APTES.

2. EXPERIMENTAL SECTION
2.1. Materials. A new Mg-Al-RE alloy was chosen as the

substrate which was provided by Shenzhen Xinshen New

Figure 1. Schematic diagram of the preparation of chemical coatings.
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Material Technology Co., Ltd., China, with the following
composition: Al 3.07 wt %, La 1.17 wt %, Ce 2.59 wt %, other
elements 2.67 wt %, and balance Mg. The samples with the size
of 30 mm × 25 mm × 5 mm were cut from the ingot. The
chemicals including sodium hydroxide (NaOH), trisodium
phosphate (Na3PO4), ferric nitrate (Fe(NO)3), potassium
fluoride (KF), phosphoric acid (H3PO4), seignette salt
(NaKC4H4O6), manganese carbonate (MnCO3), chromium
trioxide (CrO3), and ammonium orthophosphate ((NH4)3PO4)
were purchased from Guangzhou Chemical Reagent Factory,
China. The APTES with an effective content of 99% was
purchased from Shanghai Macklin Biochemical Co., Ltd, China.
All of the above-mentioned chemicals were of analytical purity
grade and used without further purification.

2.2. Preparation of the Conversion Coatings. Before the
conversion treatment, the samples were polished with emery
paper from 240 to 1000 grits, then washed with distilled water,
and finally air-dried. Anhydrous ethanol, water, and APTES
were mixed in the ratio of 18:2:5 by volume, and the mixture was
then stirred at 25.0 ± 3 °C to hydrolyzation. After 2.0 h of
hydrolysis, the hydrolyzed solution was combined with an
aqueous solution containing the remaining components. The
sample preparation procedure is depicted in Figure 1 and the
hydrolysis process of APTES is provided in eq 1. The samples
converted with the electrolyte solution containing APTES were
named MPCC-Si, in which M stands for manganese, P for
phosphate, CC for conversion coating, and Si for silane. The
samples prepared using the conversion solution without the
addition of APTES were named MPCC samples. The
compositions of the conversion solution and the conversion
parameters are listed in Table 1. Both conversion solutions were

adjusted to pH = 3.00 using NaOH solution. Following the
conversion process, the samples were rinsed with distilled water
and then air-dried at 25.0 ± 3 °C.

NH (CH ) Si(OC H ) H O

NH (CH ) Si(OH) CH OH
2 2 3 2 5 3 2

2 2 3 3 3

+

+ (1)

2.3. Microstructure and Composition Characteriza-
tions. Scanning electron microscopy (SEM, Merlin, Zeiss,
Germany) and stereomicroscopy (S9i, Leica, Germany) were
employed to observe the surface and cross-sectional micro-
morphologies of the samples. An energy-dispersive spectrom-
eter (EDS, INCA400, Oxford, Britain) was used to examine the
chemical composition and elemental mapping of the coating.
Using an X-ray diffractometer (XRD, X’pert Powder, PAN-
alytical, Netherlands), the phase composition of the coating was
examined. In addition, the chemical state of elements in
conversion coatings was precisely characterized using X-ray
photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD,

Kratos, United Kingdom). The XPS peak software identified
each peak in the XPS spectrum, with all the peaks adjusted by the
standard C 1s binding energy (284.8 eV).

2.4. Corrosion Test. The corrosion rates of the samples
were determined using a 3.5 wt % NaCl solution as a test
medium. In the corrosion test, the ratio of the test medium
volume to the sample surface area was controlled to 50.0 mL/
cm2. A homemade device as shown in Figure 2 was employed to

test the hydrogen evolution rate (HER) of the samples. A mass
loss test was conducted to represent the corrosion rates of the
samples. The corroded samples were submerged in a solution of
10.0 g/L AgNO3 and 200.0 g/L CrO3 for 5.0 min at 25.0± 3 °C
to remove the surface corrosion products. The samples were
then washed with distilled water and then weighed after being
air-dried at room temperature. Equation 2 was used to
determine the mass loss corrosion rate48

m m
At

2.10( )
m

a b=
(2)

where υm is themass loss corrosion rate in mg·cm−2 d−1,ma is the
sample mass before the test, mb is the sample mass after the
surfaces of the corrosion products were cleaned, A is the sample
surface area in cm2, and t is the total immersion time in days.
The neutral salt spray test, according to ASTM B117-19,

assessed the corrosion resistance of the coating under severe
conditions. The samples were placed in a salt spray chamber at
20.0± 1° for 72.0 h while spraying with 5.0 wt %NaCl fog with a
pH range of 6.50−7.20. The corrosion degree of the samples was
evaluated using ASTM D610-08 by the Image J software.
The electrochemical workstation (Reference 600+, Gamry,

America) was adopted to measure the Tafel polarization curves
in 3.5 wt % NaCl solution at 25.0 ± 3 °C. The electrochemical
parameters were measured in a three-electrode system with the
test sample as the working electrode, a platinum plate as the
counter electrode, and a saturated calomel electrode (SCE,
+0.24 V vs SHE at 25.0 ± 3 °C) serving as the reference
electrode. Samples should first be immersed in a 3.5 wt % NaCl
solution until a constant open circuit potential (OCP) is
achieved to ensure stable electrochemical impedance spectros-
copy (EIS) measurements. Then, at a scan rate of 1.0 mV/s, the
potentiodynamic polarization scans were performed to scan the
−250.0 to +500.0 mV concerning OCP. A sine wave with an
amplitude of 5.0 mV and a frequency of 10.0−2 to 10.05 Hz was
used for EIS measurements. ZView software was used to analyze
and fit the most recent EIS spectra.

Table 1. Solution Type and Conversion Parameters

solution
type composition and concentration parameters

degreasing Na3PO4·12H2O 10.0 g/L, NaOH 90.0 g/L 80.0 ± 3 °C,
10.0 min

pickling Fe(NO3)3·9H2O 40.0 g/L, CrO3 180.0 g/L,
KF 3.5 g/L

25.0 ± 3 °C,
2.0 min

MPCC
conversion

MnCO3 25.0 g/L, H3PO4 45.0 mL/L,
(NH4)3PO4 5.0 g/L, NaKC4H4O6·4H2O
7.0 g/L, pH = 3.00

25.0 ± 3 °C,
2.5 min

MPCC-Si
conversion

same as MPCC solution, but APTES
15.0 mL/L is added. pH = 3.00

25.0 ± 3 °C,
2.5 min

Figure 2. Home-made equipment for the HER test.
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2.5. Adhesion Test. A tape test was carried out on the
coated samples to qualitatively assess the adhesion strength
between the Mg-Al-RE substrate and the composite coatings. A
cross-hatch adhesion test was conducted according to the
ASTM D3359-17 standard. After the test, the scratches were
then compared to the standard to determine the quality of the
adhesion strength.49

3. RESULTS AND DISCUSSION
3.1. Surface Characterization. The SEM images of the

samples are displayed in Figures 3−5. Only the uncoated sample
showed a few mechanical scratches after polishing. In contrast,
the SEM images of the coated samples showed no evidence of
previous mechanical scratches but rather a clear coating,
confirming the successful preparation of the MPCC and
MPCC-Si samples.
As shown in Figure 3b, the β-phase was visible. The results of

the EDS analysis are depicted in Figure 3c and correspond to
region A in Figure 3b, in which the β-phase of the alloy was
primarily made up of Mg, La, Ce, Al, and Si. The EDS analysis of
region B (Figure 3d) indicated that the α-phase of the alloy
comprised Mg and Al.
The SEM of the MPCC sample is shown in Figure 4,

displaying an outer layer of an embedded fragmentation film and
an inner layer with localized microcracks. The region of mud
cracks was covered with tiny turtle cracks. The cross-sectional
SEM of the MPCC sample is shown in Figure 4f, and the
thickness of the outer layer of the coating is about 3.737 ± 0.5
μmand that of the inner layer is about 0.199± 0.05 μm. It can be
seen that the coating of the sample has larger cracks and is
looser; such a structure can be easily penetrated by corrosive
media, which will lead to serious corrosion of the Mg alloy.
However, the MPCC-Si samples (Figure 5a−c) exhibited

numerous globular converted products on the embedded
fragmentation film. The converted products filled mud-like
cracks and cross-linked with the fragmentation film (Figure 5b).
Additionally, the cross-sectional SEM of the MPCC-Si sample is
shown in Figure 5d, which revealed that the coating consisted of
a dense layer of 0.355± 0.1 μmat the bottom and a loose layer of
6.636 ± 0.3 μm at the outside. In general, conversion coatings
with microcrystalline structures exhibit better corrosion
resistance, while those with coarse grains have poorer corrosion
resistance. Corrosive media will more easily pass through the
coating and contact with the substrate, resulting in corrosion.
However, the denser conversion coating of theMPCC-Si sample
and the almost crack-free base layer give it better corrosion
resistance, blocking the aggression of corrosive media.
The EDS results for regions A, B, and C depicted in Figure 4c

are shown in Figure 4d−f, respectively. The element P was
discovered in region B, showing that themud-crack area was also
covered with a thin phosphate coating. Furthermore, the
irregular region C contained La, Ce, and P elements, showing
that this may be the β phase of the alloy covered with a very thin
phosphate coating. The MPCC-Si coating element mapping
images are displayed in Figure 6b−f. Si was scanned to indicate
that APTES hydrolysate was contributing to the formation of the
coating. Si elements were more dispersed in the globular-
converted product region than in the mud cracks, as seen in
Figure 6e. The EDS analysis results of regions A, B, and C in
Figure 6a are shown in Figure 6g−i. Only in region A, which
contains spherical particles, was the Si element found. Due to the
addition of APTES, which covered the surface of the β-phase
with the converted products, no obvious stripe or raised β-phase
was present on the surface of MPCC-Si samples.
XRD was frequently used to analyze the coating components.

The resulting XRD patterns of the samples (Figure 7), reveal

Figure 3. (a,b) SEM images of the bare sample; (c,d) EDS spectra acquired at regions A and B of the bare sample, respectively.
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that the MPCC-Si samples primarily contained Mg3(PO)4,
MnHPO4, and Mn3(PO4)2 phases. The Si-containing inorganic
phases were not detected in the test, possibly because the Si-
containing compounds covered by the surface were organic. In
addition, the peak intensities of the Mg-Al-RE alloy in the XRD
spectrum of the MPCC coating were greater than those of the
MPCC-Si coating. It may indicate that the MPCC-Si coating
was denser than the MPCC coating and had fewer cracks;
consequently, there was less exposure of the Mg-Al-RE alloy

beneath the MPCC-Si coating. In addition, the XRD peak of the
β-phase of the Mg-Al-RE alloy was weak in the spectra of the
MPCC-Si coatings, indicating that the MPCC-Si coating can be
formed on the β-phase.
The XPS survey spectrum of the MPCC-Si samples (Figure

8a) revealed the presence of Mn, O, P, Si, Mg, N, and C in the
coating. The C 1s peak was curve-fitted to three components at
284.8 eV (C−C/C−H), 286.8 eV (C−O), and 288.6 eV (C−
Si)50,51 as shown in Figure 8b, which correspond to functional
groups attributed to APTES. These findings suggested that
hydrolyzed APTES played a part in the formation of the coating,
which was supported by the discovery of a strong Si peak.
Previous studies52−55 indicated that the Si 2p spectrum contains
four distinct types of Si bonds located at approximately 101.8,
102.2, 103.2, and 104.4 eV (Figure 8c), which were assigned to
the Si-O-Mn, Si-O-Mg, Si-O-Si, and Si-C groups, respectively.
Additionally, after fitting the peak of O 1s depicted in Figure 8d,
four components were discovered at 531.6 eV (P−O), 531.8 eV
(C−O), 532.7 eV (Si−O), and 533.8 eV (Mg-O-Si/Mn-O-
Si).53−55 Notably, the peak of the oxygen of metal oxide, which
generally appears at ∼530 eV, was not detected, indicating the
presence of metal oxides in the coating. The P 2p peak was
curve-fitted to two components at 133.5 and 135.1 eV, as shown
in Figure 8e, corresponding to HPO4

2− and PO4
3−, respec-

tively.36,56 The primary and secondary peaks correspond to the
Mn 2p3/2 (642.1 eV) and Mn 2p1/2 (652.9 eV)

36 spin−orbit
energy levels seen in the spectrum (Figure 8f). Meanwhile, the

Figure 4. (a−c) SEM images of the MPCC sample; (d−f) EDS spectra acquired at regions A, B, and C of the MPCC sample, respectively; (f) cross-
sectional morphologies of the MPCC-Si sample.

Figure 5. (a−c) Surface microstructure and (d) cross-sectional
morphologies of the MPCC-Si sample.
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secondary peaks at higher binding energies represented the
satellite peaks (645.6 and 658.4 eV).

3.2. Properties of Conversion Coating. 3.2.1. Hydrogen
Evolution Test and Mass Loss Test. The photograph of various
samples before and after the hydrogen evolution test is shown in
Figure 9. Due to the accelerated corrosion of microgalvanic for
the substrate phase by the contiguous β-phase particle,
significant partial corrosion can be seen on the Mg-Al-RE
alloy surface after 4 h of immersion. The sample showed
numerous filiform and white pitting corrosion products after 96
h of immersion. The sample color changed significantly,
indicating that the alloy had been severely corroded. The
MPCC sample displayed apparent pitting corrosion after 12 h of
immersion, and the color changed after 96 h of immersion.
However, the pitting corrosion was less severe than that
observed on the uncoated sample. After 24 h of immersion, the
MPCC-Si sample appeared to have white pitting corrosion
products, and the sample had a little variation in color. The
amount of pitting on the MPCC-Si sample was also the lowest,
indicating that the corrosion rate of the sample was significantly
reduced after this conversion treatment with the APTES-
phosphate solution. The average mass loss rate of the samples is
shown in Figure 10a, with the bare sample exhibiting the highest
mass loss rate, followed by theMPCC sample, and theMPCC-Si

Figure 6. (a−f) Mapping images of the EDS area of the MPCC-Si sample; (g−i) EDS spectra acquired at regions A, B, and C of the MPCC-Si sample,
respectively.

Figure 7. XRD patterns of the bare, MPCC, and MPCC-Si samples.
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sample exhibiting the lowest mass loss rate during the total 96 h
test time. The results of theHER test (Figure 10b) indicated that
the MPCC-Si sample possessed the lowest HER and the best
corrosion resistance, which is consistent with the level of
corrosion observed on the sample surface.

3.2.2. Salt Spray Test. The morphology of the samples before
and after 72 h SST is shown in Figure 11. The bare sample was
severely corroded, resulting in the formation of several
substantial black corrosion areas. After 12 h of SST, the bare
sample had a corroded area of about 40%. However, after 12 h of
SST, the MPCC sample only showed a few pitting rusts.
Surprisingly, only a pitting spot appeared on the MPCC-Si

sample after 36 h of SST. Table 2 displays the corrosion surface
area percentages and rust grade of various samples evaluated
after 72 h of SST using ImageJ software following ASTMD610-
08. Notably, the corrosion surface area of the MPCC-Si sample
after 72 h of SST was only about 0.28% (rust grade 7),
demonstrating the highest corrosion resistance. These results
suggest that the coating obtained by the APTES-phosphate
solution could better inhibit the aggressive media when exposed
to a harsh environment. These results were consistent with the
HER and mass loss test outcomes.

3.2.3. Electrochemical Analysis. The electrochemical test
results of the samples in the 3.5 wt %NaCl solution are displayed

Figure 8. XPS spectrum of the MPCC-Si sample, (a) survey, (b) C 1s, (c) Si 2p, (d) O 1s, (e) P 2p, and (f) Mn 2p.

Figure 9. Morphology of samples before and after immersion for 96 h.
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in Figure 12. The Tafel extrapolation method was used to fit
corrosion current densities (icorr) and potentials (Ecorr). After
conversion treatment, the icorr values of the samples for anodic
and cathodic branches were inhibited, while the Ecorr values
increased.21 The shift in Ecorr toward the anodic direction
suggested that the conversion coating functions as a physical
barrier to prevent electrolyte penetration.57 Compared to the
bare sample, the icorr was reduced by less than 1 order of
magnitude for the MPCC sample and by 2 for the MPCC-Si
sample. The difference in icorr values of the two samples may be
due to the higher densities of the MPCC-Si sample and the

smaller microcracks on the surface, which effectively inhibit the
corrosion of the substrate. This result was consistent with the
results of the hydrogen evolution test and suggests that MPCC-
Si possesses better corrosion protection capabilities. The
summary of the Ecorr and icorr values of samples is provided in
Table 3.
The relationship between the icorr and the corrosion rate Pi can

be interpreted by eq 3.58 The Pi values of the samples calculated
from themeasured icorr values is presented in Table 4. The results
indicated that the MPCC-Si sample had the lowest Pi value
(0.015 mm/y), compared to 0.238 mm/y for MPCC and 1.780
mm/y for the bare sample. The protection efficiency (η, %) is
determined by eq 4,37 where icorr0 and icorr are the corrosion
current densities of the bare and different covered samples,
respectively. According to Table 3, theMPCC-Si sample had the
highest corrosion resistance and the lowest Pi value.

P i22.85i corr= (3)

Figure 10. (a) Average mass loss rate of the samples; (b) H2 volume of the samples.

Figure 11. Visual images of the bare and coated samples after 72 h of SST.

Table 2. Corrosion Area Fraction and Rust Grade of Different
Samples after 72 h of SST

samples test time (h) corrosion area fraction (%) rust grade

bare 72 96.71 0
MPCC 72 2.13 5
MPCC-Si 72 0.28 7
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(4)

The Nyquist plots of the samples obtained through cathodic
electrochemical treatment are shown in Figure 12b. The plot
revealed a single capacitive loop for all the samples (Figure 12b).
In general, the larger the radius of the capacitive loop of the
sample, the better the corrosion resistance.47 The high-
frequency region primarily reflected the barrier properties of

the coating. In contrast, the low-frequency region was primarily
associated with the diffusion-type corrosion reaction at themetal
coating interface.59 The addition of silane increased the phase
angle of the MPCC-Si sample at high frequency, which was
attributed to an increase in coating thickness and a decrease in
defects.52 In addition, the Bode plots in Figure 12c showed that
MPCC-Si exhibits the highest impedance |Z| at 0.01 Hz, and no
apparent resistive plateau was observed, indicating excellent
corrosion resistance.53

Using Zview software, an equivalent electrical circuit model
(Figure 13) was proposed to fit the EIS test data. In addition, the
incomplete capacitive loops in the Nyquist plots may also help
explain the nonuniformity caused by the coating (Figure 12b).
The constant phase element (CPE), which replaced capacitance,
can be used to calculate Q as follows60

Figure 12. (a) Potentiodynamic polarization curves, (b) Nyquist plots, (c) Bode impedance plots, and (d) Bode phase angle plots.

Table 3. Fitting Results of the Polarization Curves and η

sample Ecorr (V) icorr (A/cm2) Pi (mm/y) Η (%)

bare −1.584 7.790 × 10−5 1.780
MPCC −1.377 1.043 × 10−5 0.238 86.611
MPCC-Si −0.224 6.678 × 10−7 0.015 99.143

Table 4. Electrochemical Parameters Gained from the Fitting Results of EIS Data

sample Rs (Ω cm2) Rc (Ω cm2) CPEc (Ω−1 Sn cm−2) n1 Rct (Ω cm2) CPEdl (Ω−1 Sn cm−2) n2 RP (Ω cm2) PE %

Bare 14.30 661.00 9.70 × 10−4 661.00
MPCC 13.42 733.80 2.86 × 10−1 0.88 457.50 2.95 × 10−3 0.80 1191.30 44.51
MPCC-Si 23.76 3252.00 3.37 × 10−5 0.65 977.40 4.95 × 10−4 0.99 4299.40 84.62
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Z
Q j

1
( )nCPE =

(5)

where ω = 2f, in which f is the frequency, n is a CPE index
involving the roughness of the coating, and CPEdl and CPEc
stand for the double-layer and coating capacitances, respectively.
In the equivalent electric circuit model, Rc, Rs, and Rct represent
the coating resistance, the solution resistance, and the charge
transfer resistance, respectively. The polarization resistance Rp is
the sum of Rct and Rc and was applied to calculate the protection
efficiency (PE, eq 6) of the coatings61

R R
R

PE % P
EC

P
0

P
=

(6)

where RPEC and RP0 are the polarization resistances in the coated
and uncoated samples, respectively. The deduced RP and PE
values of the samples are summarized in Table 4. The MPCC-Si
sample exhibited the highest Rp (4299.40 Ω·cm2), while the PE
was 84.62%, revealing a better corrosion resistance for the
sample.

3.2.4. Adhesion Test. Since the adhesion of the coating has a
significant impact on the anti-corrosion ability of the coated
sample, a tape test was performed to assess the adhesive quality
of the samples. The images of the sample before and after the test
are shown in Figure 14. The tape test revealed a little peeling or
separation of the coatings, and the coating/substrate adhesion
level was classified as 5B based on the ASTM D3359-17
standard. This indicates that the organic/inorganic composite
coating composed of silane hydrolysate is well bonded to the
substrate and can perform well in corrosion protection.

3.3. Mechanism of MPCC-Si Coating Formation. Based
on XPS, SEM, and EDS analyses, it was determined that the
formation of the MPCC-Si coating on the Mg-Al-RE alloy
occurred in three stages, as depicted in Figure 15. After
immersion in the phosphate conversion solution, the formation
of the microgalvanic couples on the substrate surface was
attributed to different phase potentials of α and β. Therefore, the
first stage consisted of the dissolution of magnesium as an anode
in the acidic conversion solution (eq 7) and the release of
hydrogen from the β phase (eqs 8 and 9)36

Mg Mg 2e2 ++ (7)

H O OH H2 + + (8)

H 2e H2++ (9)

The second stage should be phosphate deposition, as shown
in Figure 15b. Since theKsp value of Mg phosphates was 10−20 or
lower,37 the deposition of Mg3(PO4)2 (eq 10) began when the
Mg alloy was dissolved. Then, an interlaminar block composed
primarily of magnesium phosphate and manganese phosphate
(eqs 11 and 12) began to form. The complex formed by PO4

3−

or HPO4
2− and APTES hydrolysates likewise contributed to this

process.

3Mg 2PO Mg (PO )2
4

3
3 4 2++

(10)

H PO HPO H2 4 4
2 + +

(11)

4Mn 3HPO

MnHPO Mn (PO ) 5H

2
4

2

4 3 4 2

+

+ +

+

+
(12)

As depicted in Figure 15c, the final stage should be the self-
condensation reaction of APTES hydrolysates. Most Si-OH
groups produced by the hydrolysis of APTES bind to one
another to form a stable Si-O-Si network (eqs 13 and 14), which
provides the required chemical stability and anti-corrosion
properties. As depicted in Figure 15c, this results in the
formation of clusters of silicon-containing compounds on the
block area.

Si OH Si OH Si O Si H O2+ + (13)

Si O Si OH Si OH Si O Si O Si O H O2+ + (14)

3.4. Corrosion Mechanism.As can be seen in Figure 9, a lot
of black filiform corrosion, as well as white pitting appeared on
the bare sample after 96 h of immersion in 3.5 wt % NaCl
solution. This suggests that filiform corrosion can lead to
relatively resistive oxides on the Mg-Al-RE alloy, and these
oxides can be cracked by hydrogen evolution during the
corrosion of the substrate. The Cl− ions in the corrosion
medium can accelerate the corrosion of the alloy, and this
mechanism can be illustrated by the following equation62,63

Mg Mg 2e2 ++ (15)

H O 2e 2OH H2 2+ (16)

Mg 2OH Mg(OH)2
2++ (17)

2Cl Mg(OH) MgCl 2OH2 2+ + (18)

For the MPCC-Si sample, no filiform corrosion is observed,
and only a few pitting corrosions are confirmed, indicating that
its corrosion resistance performance is excellent. A possible

Figure 13. Electrical equivalent circuit used to fit impedance data.

Figure 14. Digital image of MPCC and MPCC-Si samples by the tape
test, (a,b) MPCC and MPCC-Si samples before the test, respectively.
(c) and (d) MPCC and MPCC-Si samples after the test, respectively.
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corrosion mechanism of the MPCC-Si sample is presented to
further understand the corrosion behavior of the sample, which
is shown in Figure 16. In the first stage, the corrosion medium
permeates into the interface between the substrate and coating
through the pores and cracks in the conversion coating and
makes the Mg-Al-RE alloy dissolve. Then, the local pH value
increases, causing partly alkaline dissolution and breakage of the
coating. However, the coating is a non-conducting layer that is
well bonded to the alloy surface, and therefore the corrosion
medium is unable to diffuse sideways. Finally, the coating
damaged area forms a small anode-large cathode autocatalytic
system on the longitudinal and results in pitting corrosion. The
coating acts as a physical barrier against the penetration of
corrosive media,57 thus providing protection to the Mg-Al-RE
alloy. However, defects in the coating such as micro cracks will
weaken its corrosion resistance and protection durability.47

Moreover, the thickness and density of the coating affect its

corrosion resistance. Both surface and cross-sectional SEM
images show that the MPCC-Si sample exhibits a denser
structure , thicker coating, and fewer surface cracks than the
MPCC sample. Therefore, the MPCC-Si sample can play a
better role as a physical barrier, which can protect the Mg alloy
better.

4. CONCLUSIONS

1. In this way, a highly corrosion-resistant organic/inorganic
double-layer composite conversion coating can be
prepared in one step. In addition, it can form a coating
in a very short time, which greatly improves the
production efficiency.

2. Higher surface coverage and a denser conversion coating
result from APTES’ involvement in the coating formation
process.

Figure 15. Schematic of the initial formation process of the MPCC-Si coating on the Mg-Al-RE alloy: (a) first stage, (b) second stage, and (c) third
stage.
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3. The samples prepared with the phosphate-APTES
solution exhibited the best corrosion resistance. Com-
pared to the bare Mg alloy, the icorr value of the MPCC-Si
sample with APTES reduced by 2 orders of magnitude,
while the Ecorr value increased by 1.360 V. The salt spray
resistance time was up to 36 h, and the rust grade could
still reach 7 after 72 h of SST.
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