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Abstract

The silicate composite coating with corrosion resistance was prepared by one-step hydrothermal method on the surface of
magnesium alloys. The effect of different time and temperature on the corrosion resistance of silicate coatings was also inves-
tigated. Electrochemical tests were carried out on AZ91D and coated samples in 3.5 wt% NaCl solution. The microscopic
morphology and composition of the coated samples as well as the anti-corrosion mechanism were investigated through the
tests. The results showed that the cluster structure on the surface of the coating effectively prevented the electrolyte from
entering the surface of the magnesium alloy, and the corrosion current of the coating decreased by four orders of magnitude
compared with that of the magnesium alloy substrate, which greatly improved the corrosion resistance of the magnesium
alloy. This provides a new approach to inorganic clay in metal corrosion prevention.

Keywords Magnesium - Hydrothermal method - Anti-corrosion - Silicate coatings

1 Introduction

Magnesium and its alloys provide excellent electromagnetic
shielding, strong damping qualities, high thermal conductiv-
ity, superior machinability, and ease of recycling [1, 2]. They
also exhibit a good strength-to-weight ratio. Due to these
characteristics, it is widely used in a variety of industries,
including computer and automobile components, aerospace
components, and biomedicine. Magnesium alloys are also
used as implant materials in the biomedical area due to their
inherent biodegradability and antibacterial properties in the
physiological environment [3—6]. However, the extensive
application of magnesium alloys has been hampered by their
strong chemical activity. Magnesium alloys are susceptible
to galvanic corrosion, which leads to metal pitting and loss
of mechanical stability. Magnesium alloys mostly experience
hydrogen evolution reactions in aqueous solutions [7, 8].
The presence of pitting on the surface of magnesium alloys
is an indication of widespread corrosion. The reaction of
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magnesium alloys in aqueous solutions results in surface
damage and reduced protection [9]. Generating coatings on
the surface of magnesium alloys is one of the effective ways
to enhance the corrosion protection of magnesium alloys.
The generated coating separates the environment and the
metal, thus protecting the magnesium alloy [10].

A variety of methods such as spraying [11], PVD/CVD
[12, 13], electrodeposition [14, 15], chemical conversion
[16], electroplating/chemical plating [17, 18], and anodic
oxidation [19, 20] have been employed to fabricate anti-
corrosion coatings on magnesium alloy surfaces. Among
these, the hydrothermal method has received a lot of atten-
tion for its advantages of simplicity, controllability, low cost,
no pollution, and good protection. The substrate and coating
material are enclosed in a hydrothermal container at a spe-
cific temperature, and the reaction time varies from a few
minutes to several hours in the hydrothermal process. No
specific equipment is required because the diffusion of atoms
from the substrate and covering material induces a combina-
tion of them [21]. The crystalline form of the hydrothermally
reacted particles allows for better control of their size and
shape, although the reaction time is a little longer compared
to vapor phase deposition [22].

Because they are nontoxic and environmentally
friendly, silicate coatings are widely used in applications
of corrosion protection [23]. Montmorillonite (MMT)
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is the primary component of layered silicate benton-
ite, an inorganic layered clay with the chemical formula
Al,-xMg,(51,0,,)(OH),-(Na,-nH,0). Due to its wide-
spread distribution in the natural environment and low
price, it is one of the clays that has been investigated exten-
sively. Numerous physical characteristics of clay include
granularity, hardness, high flexibility, binding ability, and
proper contractibility. Although they are frequently used
in corrosion protection due to their small particle size and
high surface area due to their complex porous structure,
their hydrophilic nature and surface flaws also restrict their
long-term development in corrosion protection [24]. Zhang
et al. [25] prepared an epoxy coating of polyaniline/organo-
montmorillonite (PANI/OMMT) powder on the surface
of AZ91D magnesium alloy, which still had high corro-
sion protection properties after immersion experiments.
Zamanizadeh et al. [26] coated stainless steel surfaces by
adding montmorillonite to emulsified bitumen in water and
showed that clay nanolayer additions improved the corro-
sion resistance of the coatings. All the above experiments
have demonstrated that montmorillonite can be used as a
corrosion inhibitor to improve the corrosion resistance of
metal surfaces, but their drawbacks are also obvious in
such aspects as the complicated experimental steps, long
consumption time, and use of some toxic materials, which
is not conducive to a green and wide application.

In this paper, a non-polluting method for preparing coat-
ings on the surface of magnesium alloys was proposed,
which has the advantages of non-toxic materials, a simple
process, short consumption time, and good corrosion pro-
tection, and the corrosion current density of the samples is
reduced by four orders of magnitude compared with AZ91D.
The corrosion effect in NaCl solution was investigated and
the formation and anti-corrosion behavior of the coating
were discussed.

2 Experimental
2.1 Materials

AZ91D of 20 x20x 5 mm?® was used as the base material
for the experiments, and its alloy composition is shown in
Table 1. The chemical reagents used in the experiments were
ethanol (AR) purchased from Tianjin Fuyu Fine Chemical Co.
Montmorillonite was purchased from ShanlinShiyu Mineral
Products Co. Sodium hydroxide (AR) purchased from Xilong
Science Co. Silica was purchased from Rhawn Reagent.

2.2 Preparation

The substrate is sanded with SiC sandpaper of 500#, 1000#,
15004, and 2000#, then ultrasonically cleaned in deionized
water and anhydrous ethanol to remove residues from the
magnesium alloy surface and dried naturally. After measuring
65 mL of deionized water, 0.44 g NaOH, 0.44 g silica, and
3.0 g montmorillonite were added and agitated magnetically
until fully dissolved. The reactor was then completely sealed
before being placed in the oven. The schemeatic diagram for
the experimental procedures is shown in Fig. 1. Temperature
and time were the experiment’s variables, and the reaction
temperature ranged from 160 to 180 °C. The samples were
taken out after 2—4 h, then the surfaces were cleaned of reac-
tion reagents and dried at 60 °C for 2 h. Samples produced at
different times and temperatures were named as ms-160-3,
ms-170-2, ms-170-3, ms-170-4, ms-180-3.

2.3 Surface Characterizations
The surface structure and cross-sectional morphology of

the composite coatings were characterized by SEM (SEM,
KYKY-EM6900, KYKY, Beijing, China). The surface and

Table 1 Chemical compositions

of AZ91D alloy (wt%) Element Al

Wt.% 9.3

0.63 0.32 0.05

Mn Si Fe Mg

0.003 balance

Fig. 1 Schematic diagram for
the experimental procedures

/ polished

* NaOH

+ Silica
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cross-sectional microscopic morphology obtained by SEM
provide a visual representation of the quality of the prepared
samples. The crystal microstructure of the samples was ana-
lyzed by X-ray diffraction (XRD, D8 Advance, Bruker AXS,
Karlsruhe, Germany). The chemical composition and ele-
mental valence of the samples were measured and analyzed
by X-ray photoelectron spectroscopy (XPS, Escalab 250Xi,
Thermo Scientific, Waltham, America).

2.4 Electrochemical Measurements

The samples were tested electrochemically using a com-
puter-controlled CS2350H electrochemical workstation
(Wuhan Corrtest Instruments Corp, Ltd, Wuhan, China).
Measurements were carried out at room temperature and
the workstation used a conventional three-electrode meas-
urement system with a platinum auxiliary electrode, an Ag/
AgCl (saturated KCI) electrode as the reference electrode,
and a test sample with a working area of 1 cm? as the work-
ing electrode. To ensure steady conditions, the sample was
tested at open circuit potential for 30 min before the test.
Polarization curves were obtained at a scan rate of 1 mV s~
The test potentials were set from —0.5 to 1 V. The operat-
ing frequency range was from 0.01 Hz to 100,000 Hz with
an AC amplitude of 5 mV. The electrochemical test results
were fitted to an equivalent circuit model and analyzed by
the software.

2.5 Immersion Testing

To test the samples for long-term corrosion, immersion
tests were carried out on the samples. Both the magnesium
alloy substrate and the samples were carried out according
to ASTM-G3172. Both were removed from a Swt% NaCl
solution every 24 h and subsequently immersed in a mix-
ture of 20 wt% CrO; and 1 wt% AgNOj; to remove corro-
sion products. Afterward, they were washed and dried with
deionized water and the weight loss was recorded using an
electronic balance while photographs were taken for surface
analysis of the samples.

3 Result and Discussion

3.1 Characterization of Coating

3.1.1 Morphology of the Surface

The surface morphology of the coatings prepared at 170 °C
was photographed. Figure 2a, b, ¢ shows the surface mor-
phology of the coatings at different reaction times. Scratches

after polishing of the substrate are visible under the coatings,
indicating that the coatings are thin and have protrusions,

cracks, and tiny particles dispersed on the surface. After
local amplification, the surface structure of the coating
ms-170-3 is shown in Fig. 2b, d, f. The protrusions on the
coating surface are unevenly sized and irregularly shaped
particles, and the degree of tightness of the particle bonding
varies. In Fig. 2e, particles are tightly bound as clusters with
small gaps, while the distance between particles in Fig. 2f
differs considerably.

3.1.2 Cross-cut Tape Test

Surface roughness affects the adhesion between the coat-
ing and the substrate. The adhesion of the coating to the
substrate resists the coating coming off the substrate, which
is an important characteristic for obtaining the mechanical
integrity of the coating system [27]. In addition, it has an
important influence on the long-term stability of the coated
implant. Figure 3 reveals the process of the test. The adhe-
sion of the coating to the AZ91D magnesium alloy substrate
was tested according to the American Society for Testing
and Materials (ASTM-D3359). There were small flaking
pieces at the intersection of the cut, with no more than 5%
actual breakage within the scribed area, and the adhesion
quality was 4B compared to the adhesion test standard, indi-
cating a strong bond between the magnesium alloy substrate
and the coating. Coatings generated in situ on the substrate
surface by a chemical reaction between the solution and the
magnesium alloy, unlike those deposited on the surface of
magnesium alloys, generally exhibit stronger adhesion and
mechanical stability than colloidal deposition [28].

3.2 XRD Analysis

The XRD pattern of the magnesium alloy with the sample
is shown in Fig. 4. The narrower peak shape and higher
strength of the magnesium alloy matrix indicate larger
grains [29]. Diffraction peaks of Mg (PDF#01-079-6692)
and Mg,;Al,, (PDF#01-014-7592) are only present in the
matrix. The XRD pattern of the sample shows diffraction
peaks of Mg,-,Al,, with Mg still present, due to the penetrat-
ing nature of the XRD detection. A comparison of the XRD
patterns of the matrix and the sample shows that the peaks
of Mg and Mg,,Al,, in the sample are reduced compared to
the magnesium alloy matrix and converted into compounds.
The compounds are Mg(OH), (PDF#97-003-4401), which
is converted by the reaction between OH™ and magnesium
alloy matrix under the presence of alkaline conditions, and
Mg,SiO, (PDF#01-070-2165), which is formed by the
exchange of cations in the solution, and the diffraction peaks
of the two compounds have lower heights and intensities,
which indicate that the surface species contain substances
with smaller grains, which is conducive to the formation of
corrosion product film layers with protective effects. The
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Fig.2 SEM micrographs of the
coating a ms-170-2, b ms-170-
3, ¢ ms-170-4, d ms-170-3,

e ms-170-4, f ms-170-3
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Hydrothermal coating
Cross-cut grids

Fig. 3 Surface observation of cross-cut tape test on the sample
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Fig.4 The X-ray diffraction pattern of the substrate and the sample
ms-170-3
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Fig.5 XPS survey of the sample

corrosion product film layer effectively slows down the cor-
rosion rate of the magnesium alloy surface [30, 31].

3.3 XPS Chemical Characterization

X-ray photoelectron spectroscopy was performed on the sur-
face of the magnesium alloy using XPS testing to analyze
the composition of the material on the surface of the coating
by the presence of characteristic elements and the internal
electron arrangement. Figure 5 shows the full XPS survey
of the coating, with the main elements of Na, O, C, Mg, and
Si on the surface.

Figure 6a-f shows the high-resolution XPS spectra of
Cls, Ols, Mgls, Nals, Si2p, and Al2p, respectively. In
the Cls (Fig. 6a) narrow scan spectrum, there are three
peaks at binding energies of 284.8 eV, 286.4 eV, and
288.06 eV, corresponding to carbon-carbon bonds (C-C),
carbon-oxygen single bonds (C-O-C), carbon-oxygen dou-
ble bonds (O-C=0). The narrow scan spectrum of Ols
(Fig. 6b) decomposes into two peaks with binding energies
of 531.2 eV corresponding to the hydroxide of magnesium
and 530.3 eV corresponding to metal oxide [32, 33]. The
characteristic peaks of Nals (Fig. 6d) at a binding energy
of 1071.2 eV and Al 2p (Fig. 6f) at a binding energy of
73.4 eV correspond to the dissolution of montmorillonite in
alkaline solution and the hydrothermal reaction of sodium
and aluminum ions [34]. The characteristic peak of Mg Is
(Fig. 6¢) at 1303.1 eV is associated with metallic Mg [35].
Si has a variety of chemical states and is primarily a thin film
composed of SiO, and SiO [36], Robin et al. [37] suggested
that when used as passivation films, Si exists in the form of
mixed silicates (SiO44_). the peak value of Si 2p (Fig. 6e)
at 101.8 eV is the same as the binding energy reported by
Okada et al. [38]. From the analysis, it can be deduced
that the surface composition of the sample is comprised of
Mg(OH), and silicate.

3.4 Potentiodynamic Polarization Curve

Figure 7 presents the potentiodynamic polarization curve
for AZ91D and samples prepared at different reaction times
and temperatures. The polarization curves provide valuable
information about the corrosion current density (Icorr) and
corrosion potential (Ecorr).

Table 2 shows the polarization parameters on corrosion
potentials and corrosion currents measured by the Tafel
extrapolation method. Corrosion current density reflects
the corrosion sensitivity of the coating [39]. After a reac-
tion time of 3 h or longer, the prepared samples displayed a
significant decrease in I, at least by three orders of mag-
nitude. The samples at a temperature of 170 °C showed the
lowest corrosion current density and corrosion rate, indicat-
ing improved corrosion resistance. Additionally, these sam-
ples showed a decrease in I, of four orders of magnitude
compared to the AZ91D.

The bar diagram in Fig. 8 displays the data for corrosion
current density and corrosion rate. It is evident that with the
exception of the sample that reacted at 170 °C for 3 h, the
corrosion current density of the samples was significantly
lower (0.00426 uA/cm?) than that of the magnesium alloy
substrate (32.97 uA/cm?). This suggests that the coating
effectively prevents electrolyte penetration. However, the
corrosion rate of the sample after 2 h of reaction was higher
(45.76 uA/cm?) than that of the magnesium alloy substrate.
This could be attributed to insufficient reaction time, as the

corr
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Fig.6 The XPS spectra of
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coating had not yet formed on the surface of the magnesium
alloy in the strong alkaline environment, resulting in surface
etching.

3.5 Electrochemical Impedance Spectroscopy
Measurements

The EIS test analyzes the impedance of the system and cre-
ates equivalent circuits for magnesium alloy substrates and
hydrothermally treated samples. The results demonstrate that
the fitted curves closely match the findings of the EIS analysis.
The Nyquist plot of the magnesium alloy reveals a capaci-
tive circuit in the high and medium frequency ranges. The

@ Springer

high-frequency capacitive loops may be attributed to the com-
bination of interfacial capacitance and charge transfer resist-
ance [28, 40, 41]. The Nyquist diagram represents the size of
the capacitance loop, which directly indicates the corrosion
resistance of the test sample. A larger diameter indicates better
corrosion resistance [39]. In Fig. 9, the capacitance loop of the
AZ91D substrate displays only one half cycle, and its diameter
is much larger than that of the substrate. The Nyquist curves of
the samples allow the observation of the presence of a second
capacitance arc in the sample representing the double layer
capacitance of the metal surface, close to the 45° slash, which
may be due to the presence of Warburg impedance caused by
the planar diffusion process [42].
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Fig. 7 Polarization curves of different samples in 3.5 wt% NaCl solu-
tion

Table2 The polarization corrosion parameters of the samples and
AZ91D

sample Lon(MA/Ccm?) E..(V)  Corrosion Rate(um/y)
160°C-3 h 0.0592+0.0003 0.29986  1.2549+0.0006
170°C-2 h 45.755+0.005 -1.4844  970.36+0.004
170C-3h  0.00426+0.00005 -0.20994  0.0904 +0.00004
170°C-4 h 0.0136+0.00004 -0.2682  0.2882+0.00002
180°C-3 h 0.0107+0.00004 -0.73706  0.2268 +0.00004
AZ91D 32.973+0.007 -1.4924  699.29+0.002
4 - ICOIT
10 |

Corrosion rate

10

L, (nA/cm?)
4C0rr(<)si0n rate(mm/a)

AZ91D ms-170-2 ms-160-3 ms-170-3 ms-170-4 ms-1 80-5

Fig.8 I, and corrosion rate of different samples

In the Bode plot, a higher impedance modulus IZ| at lower
frequencies indicates good corrosion resistance [43]. Fig-
ure 10 shows the impedance spectra of samples prepared
at different times and temperatures. In the frequency range
of 107210 Hz, the IZI of the samples is 1-4 orders of
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Fig. 10 The Bode plots

magnitude higher than that of the substrate, indicating that
the prepared films are corrosion-resistant, and |ZI tends to
become smaller with the increase of the frequency in the
test, which is due to the corrosion caused by the coating of
the magnesium alloy surface by the C1™ in solution [44]. The
polarization curves are consistent with the electrochemical
impedance spectra, which demonstrates the corrosion resist-
ance of the coating on the magnesium alloy surface.

In Fig. 11, the circuit diagram illustrates the behavior
of the magnesium alloy substrate. The resistance of the
solution is denoted as Rs, the double-layer capacitance of
the magnesium alloy is denoted as CPE1, and the charge
transfer resistance is denoted as R . In a NaCl solution, the
dissolution of Mg occurs in the film-free region, and the
resulting Mg?* ions diffuse through the porous Mg(OH),
[45]. The corrosion process initiates with the formation of
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CPE1

Fig. 11 The equivalent circuit of AZ91D.

a loose film of Mg(OH), on the surface of the magnesium
alloy, which acts as a protective barrier against electrolyte
penetration. However, this film quickly decomposes and
transforms into highly soluble MgCl, in the presence of
chloride ions due to its solubility in water and weak struc-
ture. As a result, porous corrosion occurs, and the ability to
effectively resist the electrolyte in the solution diminishes
over time [46, 47].

The equivalent circuit for the hydrothermal coating is
shown in Fig. 12. The components of the equivalent circuit
correspond to the corrosion system [48], The electrolyte
first penetrates the coating with anti-corrosion properties,
which can effectively mitigate the penetration of the elec-
trolyte in solution and thus anti-corrosion properties. CPE
and R, denote the capacitance of the composite coating
and the constant-phase original and resistive elements of
the solution penetrating the coating, respectively [36]. The
high-frequency circuit reflects the characteristics of the outer
layer of the coating, due to the charge-transfer effect result-
ing from the double-layer capacitance of the film formed
on the surface [49]. The equivalent circuit data were sum-
marized in Table 3.

Fig. 12 The equivalent circuit of the coating

@ Springer

Table 3 Equivalent circuit data of AZ91D substrate and the sample

Sample R(Q/cm?) R, (Q/cm? CPE (Fcm?)  W(Q/cm?)
AZ91D 17.37 1.315%10°  2.5914x107° /
ms-170-3 1214 571x10° 4.684%x107°  3.2529x10°

3.6 Immersion Test

To verify the long-term corrosion resistance of the coat-
ing, the ms-170-3 sample with the best corrosion resistance
underwent a test where the magnesium alloy substrate was
immersed in a 5 wt% NaCl solution for 168 h. Figure 13
presents the surface morphology of the magnesium alloy
substrate and the sample at 24-hour intervals. Over time,
the number and density of pitting holes on the surface of
the magnesium alloy substrate increased after immersion in
the solution. Additionally, as the immersion time increased,
the metal layer on the magnesium alloy surface gradually
peeled off, exposing the corroded substrate. In contrast, the
prepared samples with coating coverage exhibited no peel-
ing of the coating surface or significant corrosion even after
seven days of immersion. Furthermore, the immersion solu-
tion remained clear, indicating a strong bond between the
coating and the substrate and significantly improved corro-
sion resistance compared to the uncoated substrate.

Figure 14 compares the weight loss of the substrate and the
sample. As can be seen from this figure, the mass loss of the
magnesium alloy substrate increases with the immersion time,
and the mass loss increases substantially during the first 48 h
of immersion, the mass loss per day within the next 48-96 h
is kept in equilibrium, and after 96 h, the mass loss shows
an increasing trend. This trend indicates that the corrosion
products first generated on the surface are dissolved under the
corrosive effect of the chloride medium, and the substrate is
further corroded. The samples lost less mass during 0—48 h of
immersion, increased substantially at 72 h, and then, contrary
to the substrate, the weight lost showed an overall decreasing
trend, probably because the structure of the coating surface
can deter the penetration of corrosive ions.

The samples soaked for seven days were subjected to
electrochemical testing and Fig. 15 shows the polarization
curves of the submerged sample compared to the unsoaked
sample and substrate. It is evident from the graph that even
after 168 h of immersion testing, the corrosion current den-
sity of the sample is still less than that of the unsubmerged
magnesium alloy substrate.

3.7 Corrosion Behavior and Mechanism
After the anodic reaction (1), magnesium alloys are oxi-

dized to cations, the resulting electrons undergo a reducing
cathode reaction (2). Due to the existence of magnesium
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Fig. 13 Morphology variation with immersion time for the uncoated and coated samples in 5 wt% NaCl solution
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Fig. 14 Mass loss from the substrate and the sample during the
immersion test

alloy p phase (Mg,;Al,,) grain, the Mg-Al microcell is
formed between the alloy elements and magnesium. So
electrochemical corrosion occurs on the surface of mag-
nesium alloy [50, 51]. Magnesium is also subject to an
electrochemical phenomenon known as the negative dif-
ference effect (NDE), whereby the corrosion and hydrogen
precipitation rates of magnesium increase with increas-
ing potential [52], reaction (3) is the negative differential
effect reaction equation for magnesium.

2Mg — 2Mg*" 4 2¢~ (anodic partial reaction) H

2H,0 + 2e¢~ — H, + 20H" (cathodic partial reaction) (2)

2Mg* +2H,0 — 2Mg** + 20H™ + H, (NDE reaction)
3)

Day 4 Day 5 Day 6 Day 7
0
2+ '/" -7
N'\' /
N
o A \\.
g |
8 | [\ -
< 6F N
= .. N
1) Steem_ )
S slb \\L e
| s
—--AZ91D {
-0 — - -ms-170-3 |
— - -immersed
-12 1 1 1 1

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
Potential(V vs.Ag/AgCl)

Fig. 15 Polarization curve of the sample before and after the immer-
sion test

Mg*t +20H™ — Mg(OH), (corrosion product formation)

4)
Mg(s) + 2Cl (aq) — MgCl, 5)
Mg(OH),(s) + 2Cl" (aq) — MgCl, + 20H™ (6)

When magnesium alloys are subjected to corrosion, they
produce the corrosion product magnesium hydroxide (reac-
tion 4), which is slightly soluble in water and slows down
the corrosion rate. In sodium chloride solutions, magnesium
and magnesium hydroxide react with chloride ions to form
highly soluble magnesium chloride (reactions 5 and 6) [47].
As the concentration of MgCl, produced increases the rate
of chemical reaction increases and the rate of corrosion is
accelerated. After corrosion, the surfaces of magnesium
alloys are more susceptible to anodic and cathodic reactions
[53, 54]. The anodic oxidation reaction is a direct reaction
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Fig. 16 Dissolution of MMT

Fig. 17 Dissolution of AZ91D
and Silica

Mg(OH), = Mg?* + 20H™
Si0, + 2NaOH - Na,SiOs + Hy

Mg+ H,Si0,

Dissolution of AZ91D Dissolution of silica

with magnesium hydroxide, where hydroxyl groups reach
the surface of the magnesium from the solution through a
thin film, thus reducing the corrosion resistance of magne-
sium alloys [55]. Montmorillonite is difficult to completely
dissolve in deionized water due to its water-absorbing and
swelling properties, but it can easily dissolve in an alka-
line environment as shown in Fig. 16, and the metal cations
between the layers are replaced by lower valence cations,
providing aluminum and silicon ions for the coating, thus
forming a silica-aluminum gel in solution with the silicon
ions in the silica, while the excess cations are balanced by
OH™ in solution [56].

The multi-layered structure of the composite coating
delays the entry of electrolytes from the corrosion solution
into the magnesium alloy matrix, delaying the formation of
surface corrosion pits and improving the resistance of the
magnesium alloy to local pitting [57]. The dissolution of
magnesium alloy and silica is shown in Fig. 17.

When silica is added to the solution, the silica film dis- AZ91D e
solves on the surface of the sample in the form of sodium
silicate and adheres tightly to the sample surface to prevent

Fig. 18 Corrosion of the sample in NaCl solution
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corrosion [58]. The increased polymerization of silicate ions
in the solution results in the compacting of the previously
loose magnesium hydroxide film and the formation of a dense
and homogeneous coating on the surface of the magnesium
alloy [59]. Not only does it impede the entry of water mol-
ecules, but it also effectively prevents the entry of chloride
ions over a large area. As a result, a large amount of chloride
ions is located on the outside of the composite coating and
only a small amount of chloride ions can pass through the
coating [60]. However, when immersed in the solution for a
long time, the electrolyte will promote the activation of cracks
on the surface of the coating and reduce the adhesion, and the
solution will penetrate the metal surface and cause a corrosion
reaction, thus reducing the corrosion resistance of the coating
[61], The corrosion of the composite coating in solution is
shown in Fig. 18.

4 Conclusions

Silicate composite coatings were generated in situ on the
surface of a magnesium alloy by a one-step hydrothermal
method, and the morphological composition and corrosion
resistance mechanism of the coating were investigated using
a variety of methods. The following conclusions can be
summarized:

1. The reaction time and temperature affected the morphol-
ogy and properties of the coatings, and sample ms-170-3
had the best corrosion resistance, indicating a four-order
of magnitude decrease in corrosion current density com-
pared to AZ91D. It still has corrosion resistance after
168 h of the weight loss test.

2. The composite structure of Mg(OH), and silicate on the
surface of the coating effectively prevents the entry of
electrolyte ions, which improves the corrosion resistance
of the magnesium alloy surface.

In summary, the preparation process of the whole experi-
ment is simple, eco-friendly, non-polluting, and the gener-
ated composite coating has good protection performance for
magnesium alloy substrate and verifies the application of
montmorillonite in metal corrosion prevention.
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