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Abstract: An environmentally-friendly hybrid coating on AZ31 magnesium alloy substrates was reported. The synergic
effect was studied on Mg—Al-layered double hydroxide Mg—Al LDH/Mg(OH),-coated AZ31 magnesium alloy via an
in-situ steam coating process and a subsequent combined surface modification of bis-[triethoxysilylpropyl]tetrasulfide
(BTESPT) silane and Ce(NOs);. The microstructure and composition characteristics of the hybrid coatings were
investigated by means of X-ray diffraction (XRD), scanning electronic microscopy (SEM), Fourier transform infrared
spectrophotometry (FT-IR) and X-ray photoelectron spectroscopy (XPS). The corrosion resistance of the coated
samples was evaluated by potentiodynamic polarization (PDP), electrochemical impedance spectrum (EIS) and
hydrogen evolution rate during immersion in 3.5 wt.% NaCl solution. The results show an improved corrosion
resistance of the alloy in the presence of BTESPT silane and Ce(NOs);. This is most likely due to the synergistic effect
of steam coating and silane coating to enhance the barrier properties of hybrid coating. In addition, the formation

mechanism and anti-corrosion mechanism of coatings were discussed.
Key words: magnesium alloy; silane coating; layered double hydroxide; corrosion resistance

1 Introduction

Magnesium alloys have significant advantages
over other alloys, such as low density, high
stiffness/mass ratios, good vibration and good cast
ability [1-3]. Unfortunately, magnesium alloys are
very susceptible to corrosion due to their high
chemical activity which restricted their use on a
large scale [4—6]. At present, various methods have
been used to protect magnesium alloys, including
chemical conversion [7,8], micro-arc oxidation
(MAO) [9,10], polymeric coatings [11,12], and
electrochemical plating [13,14].

Layered double hydroxides (LDHs) have good

properties, such as flame retardant performance,
high efficiency adsorption and adjustable elemental
composition. This kind of inorganic nano-container
is small in size, large in load and easy to be
modified, so it is widely used in corrosion
protection research [15—18]. In addition, LDHs
have the unique feature of ion-exchange, which
rendered LDHs to be widely used as coatings to
provide protection for magnesium alloys [19,20].
Various methods of preparing LDHs coatings have
been proposed. YE et al [21] prepared the
NiAl-LDH on Mg alloy by a simple one-step
hydrothermal method. WU et al [22] fabricated
Mg—M LDH on anodized AZ31 magnesium alloy
by a facile in-situ growth method. In the previous
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studies, our research group reported some methods
for preparing LDH coatings on Mg and Al alloys
surfaces to improve corrosion resistance [23—25].
Recently, an in-situ steam growth coating has been
developed to improve the corrosion resistance
without any chemical pretreatment [26,27]. The
LDH/Mg(OH), coatings were obtained on the
surface of the magnesium alloy in a closed
high-pressure reaction autoclave with ultrapure
water [28]. However, there are many pore holes in
the steam coating (SC), which would increase the
opportunity for penetration of the aggressive
medium to the metal substrate. Therefore, a
post-sealing process is necessarily required to
improve the corrosion protection of the steam
coating.

Currently, the silane coating is considered to
be an effective method to improve the corrosion
resistance of magnesium alloys [29—31]. The good
barrier properties of the silane coatings are due to
the development of a dense —Si—O—Si—
network, which hinders the penetration of
aggressive species towards metallic substrate [32].
Thus, the effectiveness of the silane coatings is
strongly dependent on the barrier properties of the
coating. In order to obtain enhanced anti-corrosion
behaviour, the improvement of the barrier property
of the coating is an important aim. The silane
coating also has many small defects such as
pinholes or cracks, which leads to the onset and
acceleration of corrosion. On the other hand, in
order to improve the protective properties of the
silane coating, the corrosion inhibitor is directly
doped in the silane coatings. Research showed that
cerium salt is an excellent corrosion inhibitor [33].
The addition of a small amount of rare earth ions
can promote the hydrolysis and agglomeration of
silane [34]. This procedure aims at improving the
barrier property of silane coating by adding cerium
ions and improving the corrosion resistance of
hybrid coating.

In this work, anti-corrosion hybrid coatings on
magnesium alloy were prepared. Firstly, a steam
coating was prepared on magnesium alloy by a
simple in-situ steam growth method, which can
greatly shorten the preparation cycle. Subsequently,
the bis-[triethoxysilylpropyl]tetrasulfide (BTESPT)/
Ce’™ modified coatings were prepared by a
one-step dipping process. BTESPT is a multi-
functional silane coupling agent that can form six

hydrolysable silanol groups, which would facilitate
the reaction with the metallic substrates.

In order to give a comprehensive evaluation of
the potential application of this new coating,
electrochemical properties as well as the early
deterioration of the hybrid coatings during
immersion in NaCl solution were investigated and
correlated with the microstructure of the coating.

2 Experimental

2.1 Formation of hybrid coatings on AZ31 alloys

Figure 1  illustrates the  schematic
representation of the preparation process of the
hybrid coatings on the Mg alloy. AZ31 Mg alloy
(3.0 wt.% Al 1.0 wt.% Zn and balanced Mg)
specimens (Shandong Yuyuan Light Metal Precise
Forming Co., Ltd., China) with dimensions of
20mm x 20 mm X 5 mm were used as substrate
materials. The substrate was ground to 2500 grit
with SiC paper, then cleaned with ethanol and dried
in the air.

Firstly, 20 mL of pure water was added to the
bottom of a 100 mL Teflon-lined autoclave to
generate steam. The AZ31 alloy was placed in the
autoclave with a cotton thread to maintain a
distance of 3 cm between the AZ31 substrate and
water surface. The autoclave was heated to 433 K
for 6 h and cooled naturally to room temperature.
After steam treatment, the sample was washed with
ethanol and dried with hot air.

Secondly, the BTESPT silane (Jingke
Chemical Reagent Co., Ltd., China) Solution 1
(4 vol.% silane, 96 vol.% methanol) was prepared
and solution 2 (4 vol.% silane, 90 vol.% methanol,
6 vol.% Ce(NO;); solution) was obtained by adding
1x10 mol/L of Ce(NOs3);.. Then, the silane/Ce
mixed solutions were stirred for 1 h and placed for
3d. Finally, the Mg—Al LDH/Mg(OH),-coated
AZ31 magnesium alloys were immersed once in the
prepared silane solutions for 30 s and then cured in
a drying oven at 120 °C for 30 min. The samples
prepared with the above two different silane
solutions were designated as SC/BTESPT coating
and SC/BTESPT/Ce’" coating, respectively.

2.2 Surface characterization

Surface morphologies of the obtained coatings
were observed using field-emission scanning electron
microscopy (FE-SEM, Nova NanoSEM 450,
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Fig. 1 Schematic diagram of preparation process of hybrid coatings

USA). The composition of element was determined
by equipped energy dispersive X-ray spectrometer
(EDS). The chemical bonds in the coating were
characterized by Fourier transform infrared
spectrophotometer (FTIR, Nicolet 380, Thermo
Electron Corporation, USA). The crystal micro-
structure of the coatings was analyzed by X-ray
diffractometer (XRD, Rigaku D/MAX2500PC,
Japan).

2.3 Corrosion characterization

The corrosion properties were evaluated via an
electrochemical Princeton potentiostat
(PARSTAT?2273, Princeton Instruments Corporation,
USA) apparatus equipped with a classical
three-electrode cell, consisting of the specimen with
an exposed area of 1 cm” as the working electrode,
saturated calomel as the reference electrode and the
platinum as counter electrode. All experiments were
conducted in 3.5 wt.% NaCl solution at room
temperature. The EIS measurements on the samples
were carried out at their open-circuit potential
(OCP) with a peak-to-peak amplitude of 10 mV in
the frequency range from 100 kHz to 10 mHz.
Potentiodynamic polarization (PDP) measurement
was performed by scanning the potential from —2.0
to —0.5 V with respect to the OCP value at a scan
rate of 1 mV/s. The results were fitted to the
model and analyzed by

equivalent circuit

ZSimpWin software.

3 Results

3.1 Microstructure and chemical compositions of
coatings

Figure 2 demonstrates the SEM morphologies
of the steam coating and hybrid coatings. Figure 2(a)
shows that the obtained coating is dense on the
entire magnesium alloy substrate. Figure 2(b)
provides a high magnification image of the steam
coating, demonstrating that the coating consisted of
uniform nano-plates that grew roughly vertically on
the substrate. As observed, the eclemental
compositions (Point 1 and Point 2) illustrate that the
steam coating is mainly composed of O, Mg, Al and
C, indicating the presence of Mg—Al LDH and
Mg(OH),. It is noted that there are similarities in
morphology between the SC/BTESPT (Fig. 2(c)),
SC/BTESPT/Ce’" coatings (Fig. 2(d)) and the steam
coating. Compared with steam coating, the surface
of the hybrid coating appeared to be smoother. In
view of the presence of the BTESPT, the hybrid
coatings may be covered by a layer of oily
substance. The EDS analysis shows that BTESPT
modified coatings (Points 3—6) are composed of O,
Mg, Al, C, S and Si elements. Particularly, the
SC/BTESPT/ Ce*" coating (Points 5 and 6) is also
composed of a small amount of Ce element (see
Table 1).

The cross-sectional morphology of the
SC/BTESPT/Ce’" coating is represented in Fig. 3(a).
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Fig. 2 SEM images of steam coating (a, b), SC/BTESPT coating (c) and SC/BTESPT/Ce*" coating (d)
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Table 1 Elemental compositions of coatings in Fig. 2 (wt.%)

Point Mg o Al C S Si Ce Total
1 55.39 40.43 2.05 2.13 - - - 100
2 55.61 40.14 1.99 2.21 - - - 100
3 21.42 47.74 1.42 16.47 8.65 431 - 100
4 23.47 44.97 1.92 11.95 11.41 6.28 - 100
5 21.45 39.65 1.31 17.50 12.85 6.85 0.38 100
6 19.48 41.48 1.46 20.53 11.04 5.26 0.34 100

The EDS mappings are shown in Figs. 3(b)—(f).
Figure 3(a) shows that the thickness of the steam
coating is about (25+10) um. As observed, the
structure of steam coating is dense and uniform, and
the thickness of BTESPT/Ce’ layer is almost
negligible, which may be due to the thin
BTESPT/Ce*" layer and the low accuracy of the
instrument. The existence of BTESPT/Ce’* will be
proved in the subsequent FT-IR and XPS results.
The phase compositions of the coatings on the
AZ31 alloy were analyzed by XRD. The structure
and composition of the coating were confirmed.
Figure 4(a) presents the characteristic peaks of
AZ31 magnesium phase. As can be seen from
Fig. 4(b), the pattern of the steam coating is clearly
reflected, indicating that the LDH phase forms a
good layered crystalline structure. The two peaks
located at approximately 26=11.3° and 22.6° and
can be distributed to (003) and (006) diffraction

peaks, which are [Mg; ,AL(OH)y(CO;),»]-nH,O
(Mg—Al LDH) [35,36]. Meanwhile, Figs. 4(b—d)
show the characteristic peaks of Mg(OH), at
26=18.4°, 37.9° and 58.6°, indicating the formation
of Mg(OH), on the magnesium alloy. It is worth
noting that the XRD patterns of the hybrid coatings
(Figs. 4(c, d)) remain the same as those of the steam
coating and no new peaks appear for the hybrid
coating.

The steam coating, SC/BTESPT coating and
SC/BTESPT/Ce’ coating were assessed by FT-IR
spectra, as shown in Fig. 5. The peak at 3469 cm™'
corresponds to O—H due to the presence of the
water and the peak at 1633 cm ' is attributed to the
hydroxyl deformation mode of water (H,O) [37].
The peak at 459 cm ' corresponds to the
vibrational mode of the Mg—O octahedron. The
peak at 3694 cm™' corresponds to the Mg—O—H
stretching vibration of Mg—Al LDH and the peak at
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Fig. 4 XRD patterns of AZ31 alloy (a), steam coating (b),

SC/BTESPT (c) and SC/BTESPT/Ce* (d) coatings

1394 cm™' is assigned to the tensile vibration of the
interlayer CO; [22]. Consequently, LDH is
successfully generated via such an in-situ
steam growth method on AZ31 alloys, which is
in accordance with the XRD results as shown in
Fig. 4. Additionally, the peak at about 2927 cm™'
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Fig. 5 FT-IR spectra of steam coating (a), SC/BTESPT
coating (b) and SC/BTESPT/Ce*" coating (c)

belongs to C—H asymmetric and symmetric
stretching  vibrations, respectively [38]. The
peak of Si—O—Si from BTESPT appears at
1079 cm™' [39]. Based on the results, it is
demonstrated that the hybrid silane coating was
synthesized successfully.
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The bonding structure of the
SC/BTESPT/Ce’coating was characterized by XPS.
Figure 6(a) shows that C 1s, O 1s and Si 2p signals
can be observed in the survey spectra. This
confirms the existence and combination of LDH
and BTESPT in the hybrid coating. Figure 6(b)
shows the C 1s spectra, which are C—H (284.6 eV),
C—S (285.1 eV) and C—O (286.4 eV). Figure 6(c)
shows the O 1s spectra, consisting of C—O,
Mg—O—Si and Si—O—Si, which were centered
at 531.7, 532.1 and 532.6 eV [40]. Figure 6(d)
shows the Si 2p spectrum with three peaks of 101.6,
102.1 and 102.5 eV, corresponding to Si—C,
Si—O—Si and Mg—O—Si, respectively [41]. It is
worth noting that the Ce signal is not detected in the
XPS, which may be due to the small amount of
Ce(NO;); (6x10”° mol/L) in the experiment. XPS
analysis shows that the hybrid coating is formed on
the surface of the AZ31 alloy and it is bonded by
Mg—O0—Si and Si—O—Si.

3.2 Corrosion resistance
Figure 7 compares the potentiodynamic
polarization (PDP) curves for the samples. Table 2

Zai-meng QIU, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2967—2979

lists values related to the estimation of the corrosion
parameters for all coatings. Generally speaking, the
higher corrosion potential or lower corrosion
current density indicates lower corrosion rate and
better corrosion resistance. As can be seen, the
corrosion potential of all treated samples was higher
than that of untreated alloys. The corresponding
free-corrosion potentials (¢cor) of AZ31 substrate
and steam coating are —1.457 and —1.384V,
respectively. However, the ¢, of SC/BTESPT
coating and SC/BTESPT/Ce’" coating are —1.364
and —1.293 V, which are more positive than that of
the AZ31 substrate. Moreover, the corrosion current
densities (J.orr) of the AZ31 alloy substrate is
1.296x10 A/cm® which is the highest compared
with the coated samples, indicating that the
substrate is easily to be corroded. The wvalue
of the steam coating sample is 1.923x107 A/cm’
while those of the SC/BTESPT coating and
SC/BTESPT/Ce®* coating are 3.989x10* and
2.712x10"° A/em?, respectively. In summary, the
Jeorr for the hybrid coating sample decreases by
three orders of magnitude compared with that
of AZ31 substrate. In addition, the polarization
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Fig. 6 XPS results of survey spectra (a), C 1s (b), O 1s (c) and Si 2p (d) of SC/BTESPT/Ce**coating
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resistance (R,) of the different specimens increases
in the following order: AZ31 substrate < steam
coating < SC/BTESPT coating < SC/BTESPT/Ce*"
coating. Therefore, the SC/BTESPT/Ce’" coating
possesses the best corrosion resistance among all
samples. It is worth noting that there are many
breakdown potentials and passivation regions in the
anodic branch of polarization curve for the coating.

Such phenomenon is owing to the self-healing
ability of LDH [23,42].

Electrochemical impedance spectrum (EIS)
provides a powerful way to interpret the dynamics
of the corrosion process. Figure 8(a) shows the
Bode plots of different coatings in 3.5 wt.% NaCl
solution. As is known to all, at lower frequencies,
higher |Z] modulus represents better corrosion
resistance of metal substrate. It can be seen from
Bode diagram that the impedance of
SC/BTESPT/Ce’" coating is the highest at the low
frequency among different samples. Meanwhile, the
Nyquist diagrams (Figs. 8(b,c)) present a
capacitive semicircle in high frequency region and
a slanted release line in low frequency region.
Moreover, the SC/BTESPT/Ce*" coating has a
maximum radius of curvature, indicating that the
sample has the highest corrosion resistance, which
is owing to barrier properties of LDH and BTESPT.

Figures 8(d—f) show different equivalent
circuit (EC) modes to fit the EIS results. The fitting
data are listed in Table 3. For AZ31 substrate, the
equivalent circuit (Fig. 8(d)) was proposed as
R(CPE(R(RLL))), where R, represents the NaCl

Table 2 Electrochemical parameters of polarization curves of samples in Fig. 7

Sample B/(mV-dec) —pSmV-dec")  geon(vs SCEYV  Joou/(Aem®)  R/(Q-cm’)
AZ31 substrate 122.058 100.651 —1.457 1.296x107° 1.923x10*
Steam coating 286.647 170.849 -1.384 1.923x1077 9.550x10°

SC/BTESPT coating 363.771 278.319 -1.364 3.989x107" 1.290x10’
SC/BTESPT/Ce’" coating 358.469 426.550 -1.293 2.712x107% 3.596x10’
106 (a) 100 (b) 50
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& NE eam coatin &
E 104 g 50 S g 20
é} Steam coating 2 40 + d 10
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Fig. 8 EIS (a—c) and equivalent circuits of AZ31 substrate (d), steam coating (e), SC/BTESPT coating and
SC/BTESPT/Ce’" coating (f)
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solution resistance, R, represents charge transfer
resistance, L is the inductance, Ry is a low
frequency resistor due to pitting and peeling of
corrosion products. While for steam coating
(Fig. 8(e)), a different model was applied as:
Ry(CPE (R (CPEy(RZy)))), where R; designates
steam coating resistance, Z,, represents the diffusion
resistance of LDH, indicating that steam coating
has the ability of ion-exchange. After modification
with BTESPT and Ce™, the SC/BTESPT and
SC/BTESPT/Ce’" coatings have similar results and

Zai-meng QIU, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2967—2979

designates hybrid coating resistance. Generally
speaking, the higher the R value, the better the
corrosion resistance of the coating. As can be seen
from Table 3, the R, value of SC/BTESPT/Ce**
coating is the largest, so that it has the best
corrosion resistance.

Figure 9 estimates the corrosion rate of the
studied samples by continuously collecting
hydrogen evolution volumes (HEVs) and hydrogen
evolution rates (HERs). As can be seen in
Figs. 9(a, a"), the HEVs of the steam coating and

can be fitted with an EC (Fig. 8(f)): hybrid coatings are greatly reduced throughout the
Ry(CPE|(R|(CPEy(R,(CPE3(Ry)))))), where R, immersion time and the SC/BTESPT/Ce*" coating
Table 3 EIS data recorded in Fig. 8
Samole R/ CPE,/ R/ R/ L/ CPE,/ CPE,/ R/ Ry Z/
P (Qem?) (@S em?) (Q-em?) (Q-em?) (Heem?) (@S em?) (@ -8"em?)  (Q-em?)  (Q-emd) (Q %S m?)
Substrate 22.09 1.497x10°  157.8  155.8  200.3 - - - - -
Steam ) 56 8.127x107 5.520x10° - ~ 6397x107 - 6080 — 3.134x10°
coating
BTSECS/PT 4830 3.657x107 9.299x10* - - 2.079x107°  3.776x107°  1.244x10* 1.420x10* -
SC/
BTESPT/ 51.32 1.272x10° 2.507x10° - - 1.778x107°  8.729x107'°  1.680x10° 2.507x10° -
CeS+
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Fig. 9 Function of hydrogen evolution volume (a, a’) and hydrogen evolution rate (b, b’) of AZ31 substrate, steam
coating, SC/BTESPT and SC/BTESPT/Ce’" hybrid coatings after immersion for 240 h
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is the lowest. The HERs (Figs. 9(b, b’)) can be
arranged in the following ascending order:
SC/BTESPT/Ce’ < SC/BTESPT < steam coating <
the substrate, indicating a good resistance for the
hybrid coatings. The initial decrease in the HER for
the AZ31 alloy is related to the dissolution of
substrate and the formation of Mg(OH), precipitate.
Particularly, the fluctuation of the HER of the steam
coating may be caused by the self-healing ability of
the LDH. The HER results of the hybrid coatings
are close to zero during the whole immersion
process which may be due to the better barrier
properties of BTESPT and Ce(NOs);, which can
effectively protect the substrate. As can be seen, the
HER of the SC/BTESPT/Ce’" coating is the lowest
during the whole immersion period, implying a
better protection to the substrate.

Figure 10 shows the SEM images of the
samples after immersion for 240 h in
3.5 wt.% NaCl solution. It can be clearly seen from
Fig. 10(a) that the surface of the AZ31 alloy is
severely damaged after immersion. As can be seen
from Fig. 10(b), compared with the original sample,
the morphology of the steam coating after
immersion changed drastically, the nano-plate
structure of LDH disappeared and the surface had
cracks. Figures 10(c) and (d) show the SEM images
of SC/BTESPT coating and SC/BTESPT/Ce’
coating, respectively, which have similar structures.

+

Point 1

4

Joifpies”

RS

Compared with the original sample, the oily
substance began to disappear, and the nano-plate
structure of LDH was retained. In addition, there
are no significant cracks on the surface of the
hybrid coating, indicating that the coating is more
stable than other samples.

The elemental compositions of samples after
immersion in 3.5 wt.% NaCl solution for 240 h are
shown in Fig. 11. Points 1, 2, 3 and 4 in Fig. 10
correspond to AZ31 substrate, steam coating,
SC/BTESPT coating and SC/BTESPT/Ce’" coating.
It is noted that there are a great proportion of O and
Mg elements for all the samples, indicating that
Mg(OH), may be formed as the corrosion product.
The concentration of Al in the steam coating is the
highest, which may be due to the corrosion of
magnesium in preference to aluminum during
corrosion. The concentrations of S and Si elements
have a great difference for the hybrid coatings. The
content of S and Si elements of SC/BTESPT/Ce’"
coating was higher than that of SC/BTESPT coating,
which demonstrated that the SC/BTESPT/Ce**
coating is relatively stable and compact compared
with the SC/BTESPT coating. It is worth noting
that no Ce element was detected after the
immersion, which may be due to the corrosion of
the coating in the presence of Ce.

XRD patterns of steam coating and hybrid
coatings after immersion are shown in Fig. 12. As a

Point 2

Fig. 10 SEM images of AZ31 substrate (a), steam coating (b), SC/BTESPT coating (c) and SC/BTESPT/Ce’" coating (d)

after immersion in 3.5 wt.% NaCl solution for 240 h
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Fig. 12 XRD patterns of steam coating and hybrid
coatings after immersion in 3.5 wt.% NaCl solution for
240 h

corrosion product, the characteristic peaks of
Mg(OH), are at 18.4°, 37.9° and 58.6° on all
coating. It is noted that the two peaks at 11.3° and
22.6° in the steam coating and all hybrid coatings
can be designated as diffraction of LDH peak. It is
proved that the steam coating is not completely
corroded, suggesting a stable structure of the
as-prepared coatings.

4 Discussion

4.1 Comparison in coatings on Mg alloys

At present, there are many methods for
preparing LDH coatings, most of them are prepared
by two-step method [43], which is complicated and
requires a lot of time. Here, we adopted a simple,

time-saving one-step in-situ steam coating method
to prepare a LDH coating on the surface of AZ31
magnesium alloy, and it had good corrosion
resistance. In addition, we used a good silane
coupling agent (BTESPT) to modify the LDH
steam coating, and added a small amount of
Ce(NOs); to enhance the performance of the silane
coating, which had a significant effect. The
SC/BTESPT/Ce®" hybrid coating had a very low
self-corrosion current density, and still protected the
substrate well after immersion for 240 h.

4.2 Coating formation mechanism

Based on the above results, in a closed reaction
vessel, the steam produced at high pressure and
temperature would have a high kinetic energy and
reactivity, thus steam can react with dissolved Mg
and AI’" ions in magnesium alloys, resulting in the
formation of carbonate Mg—Al LDH and Mg(OH),.
When BTESPT was coated on the steam coating, a
hydrolysis reaction (Reaction 1) occurred to obtain
a (OH);Si(CH;);S4(CH,);(OH); group, then the
group reacted with the Mg—OH groups of the
steam coating, which was via hydrolysis
condensation reactions shown in Reaction (2). In
addition, self-condensation (Reaction 3) of Si—OH
groups also occurred [43]. Therefore, after silane is
hydrolyzed, Si—O—Mg is formed by chemical
reaction to bond with the steam coating, and silane
can also form a network structure of Si—O—Si to
cover the coating surface.

(H5C,0)3S1(CH,)384(CH,)3Si(0C,Hs)3+3H,0—
(OH);S1(CH,)3S4(CH,);Si(OH);+3HsC,0H (1)
Mg—OH+Si—OH—Si—0—Mg+H,0 2)
28i—OH—Si—0—Si+H,0 3)

4.3 Corrosion mechanism

When the hybrid coating was immersed in
3.5 wt.% NaCl solution, H,O and Cl were harmful
to the coated sample. As a result, the hybrid coating
began to corrode (Fig. 13(b)). As the immersion
time increased, corrosion occurred on the surface of
the magnesium substrate, which will lead to the
generation of hydrogen and local bubbling, causing
the BTESPT coating to expand and fall off
(Fig. 13(c)), which also rendered that the steam
coating was completely exposed. Subsequently, the
steam coating was more severely damaged

(Fig. 13(d)).
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Fig. 13 Schematic representation of SC/BTESPT/Ce*" coating (a) and its corrosion mechanism (b, c, d)

When LDH coating was exposed to 3.5 wt.%
NacCl solution, the anion-exchange reaction would
happen, and Reaction (4) is as follows:

MgAl—CO; —LDH+2Cl —
MgAl—2ClI—LDH+CO3" 4)

At the same time, the self-healing reaction to
form Mg(OH), and the subsequent corrosion
reaction are shown as

Mg*+C0O; —»MgCO;| ()
MgCO;+20H —Mg(OH),|+CO3} (6)
Mg(OH),+2C1 —>MgCl,+20H" (7)

Finally, electrochemical corrosion occurs when
the medium solution enters the substrate through
the pores of the vapor coating. The reaction is
shown as

Mg+2H,0—Mg(OH), | +H,1 (8)

The enhanced volume resulted from the
formation of Mg(OH) , and H,, which further led to
the dissolution of the BTESPT coating.

5 Conclusions

(1) The SC/BTESPT and SC/BTESPT/Ce’*
coatings were prepared on the surface of AZ31 Mg

alloy by combining an in-situ steam growth process
and a subsequent immersion treatment. The
immersion  test  demonstrated  that  the
SC/BTESPT/Ce®" coatings can provide a long-term
corrosion protection for the AZ31 alloy.

(2) As a dopant, Ce*" can effectively improve
the corrosion resistance of BTESPT coating.
Corrosion current density of SC/BTESPT hybrid
coating decreased by three orders of magnitude
compared with the AZ31 substrate. The hydrogen
evolution rate of SC/BTESPT/Ce®" hybrid coating
was the lowest after 240 h of immersion, indicating
that SC/BTESPT/Ce®" coatings possessed a good
corrosion resistance.

(3) The silane is combined with steam coating
through chemical reaction, the addition of Ce(NOs);
can promote the hydrolysis and agglomeration of
the silane, making the hybrid coating more stable,
and the LDH has the self-healing function, which
lead to good corrosion resistance of the hybrid
coating.
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