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Corrosion resistance of rapidly formed in-situ steam Mg—Al LDH coating
on AM50 Mg alloy pretreated with oxalic acid
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Abstract: The effect of oxalic acid (OA) etching on the formation mechanism and corrosion performance of in-situ
steam Mg—Al layered double hydroxide (LDH) coatings on AM50 Mg alloy was investigated by exposing the
intermetallic compounds (#-Mgi7Al;> and AIMn) on the surface of the alloy. The results demonstrated that the presence
of OA led to an increased fraction of intermetallic compounds on the Mg substrate. Mg—Al LDH nucleated and grew
around the Al-Mn phase. The best corrosion resistance of LDH coating was obtained with the maximum thickness at a
pickling time of 45 s, and the corrosion current density was reduced by three orders of magnitude compared to the
substrate. Finally, the formation mechanism of Mg—Al LDH coating on AM50 Mg alloy was proposed.
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1 Introduction

As the lightest structural engineering material,
magnesium (Mg) alloys have the advantages of low
density, good casting performance, and mechanical
properties, which have found applications in
many fields including 3C electronic products,
aerospace, and transportation [1,2]. However, the
rapid corrosion rate of Mg is hampering its
widespread applications. Hence, reducing the
corrosion rate of Mg has become the driving force

for the continuous development of magnesium-
based alloys [3—5].

Currently, the common methods to improve the
corrosion resistance of Mg are as follows: elemental
alloying, microstructure alteration, processing
technology [6,7], and surface modification [8—11].
Unfortunately, alloying alone does not completely
solve the corrosion problem, and thus surface
modification process has become a practical
strategy to improve the corrosion resistance of Mg
and its alloys [12]. As a result, a large number of
surface modification processes have been developed,
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which include the chemical conversion treatments
[13], layer by layer assembly [14], electrochemical
deposition [15], micro-arc oxidation [16,17], and
layered double hydroxides (LDHs) [18] and so on.

LDH coatings are a kind of layered bimetallic
hydroxides, which have attracted much attention
in recent years for their surface protection and
functionalization properties [19,20]. LDHs can
effectively capture aggressive ions and protect the
substrates through anion exchange reactions in
aggressive media [21]. The chemical formula of
LDH is [M; M} (OH),](A"),,, -mH,0, where
M?" and M3* ions are bivalent and trivalent metallic
cations, respectively, and A" represents an
intercalated anion. Due to their unique sandwich
structure, LDHs have been identified as a new type
of intelligent coatings that can be used as
nanocontainers by adjusting the type of interlayer
anions [22,23].

A novel in-situ steam method for preparing
LDH coating has been developed recently [24].
This method is simple, environmentally friendly,
and inexpensive. The reactant used in this method is
only ultrapure water, which is utilized as a steam
source to facilitate the reaction. Due to the in-situ
growth of LDH, the formed film binds closely to
the surface of Mg and has excellent adhesion to the
substrate. In the coating process, the sample is
suspended 2—3 cm above the water level [24,25].
The required Al element for the reaction is basically
from the dissolution of the Mg—Al alloy substrates
and their intermetallic compounds. However, the
AI** ions on the surface of the substrates that
participate in the LDH formation reaction are
insufficient for the growth of Mg—Al LDH coating.
The obtained coating contains a large proportion of
Mg(OH), layer, which is soluble in chlorine-
containing environment and does not protect the
substrates for a long time [26,27].

The Al element in the as-cast AMS50 Mg alloy
is present in the form of f-Mgi;Al;; and AlMn
phases, in addition to being partially solid-soluble
in the Mg matrix [28]. Although the second phase
particles provide the AI’* ions needed for LDH
growth in steam coating, they could also inhibit
LDH formation to a certain extent [29].

However, the impact of the alloying elements
and intermetallic compounds or second phase on
the formation of LDH coatings has not been widely
studied, particularly on in-situ steam LDH coating

on Mg alloys. ISHIZAKI et al [30] prepared
composite LDH films by steam coating treatment
on Mg—Al alloys (AZ31, AZ61, and AZ91D). The
coatings were composed of Mg(OH)., AIOOH, and
Mg—Al LDH for both AZ61 and AZ91D alloys.
However, there is no AIOOH for the coating on
AZ31 alloy. The fraction of AIOOH increases with
increasing Al content in the alloys. It was noted that
the content of Mg—Al LDH in the film on AZ61
alloy is the highest as compared to that on AZ31
and AZ91D alloys. The corrosion resistance of the
coatings depends on the thickness and LDH content
of the coating. It is evident that the presence of Al
as an alloying element is beneficial to the formation
of Mg—Al LDH coating for improved corrosion
resistance. On the contrary, a high Al content
inhibits the formation of LDH coating on AZ91 Mg
alloy. The content of Al in the matrix and
intermetallic compounds for effective formation of
LDH coating on Mg—Al alloys has not been known
yet.

CHEN et al [31] have reviewed a large number
of corrosion protection coatings
available for Mg alloys, and it was noted that the
best coatings involve pretreatment. Acid etching has
been used as a pretreatment process for vapor
deposition coatings on Mg alloys [32—34]. Pickling
treatment also improved the surface energy and
increased roughness of the substrate and thus
increased the adhesion of the coating [35,36]. In our
previous work [37], it was found that area fraction
of the second phases in extruded AZ80 Mg alloys
increased after citric acid (CA) etching, which
resulted in a denser and thicker LDH formation.
The observation of C=0 and C—O groups in the
XPS spectra suggested that CA has a strong
complexing ability with metallic ions, which
promotes the formation of Mg—Al LDH coating.
Oxalic acid (OA) has a strong coordination
effect [38,39]. OA can form oxalate complexes with
Mg* and A" [40], which can improve the
distribution of nucleation sites of LDH coatings on
the alloy surface. It is worth mentioning that the
microstructure of as-extruded Mg alloy is generally
uniform and homogeneous. In contrast, the
composition of the microstructure in the as-cast Mg
alloys is heterogeneous.

This study aims to investigate the effect of
OA etching on the exposure of surface inter-
metallic compounds (Al-containing species) and the

conversion
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formation mechanism and corrosion resistance of
in-situ steam Mg—Al LDH coatings on as-cast
AMS50 Mg alloy. Further, the influence of the
distribution of the intermetallic compounds on the
nucleation and growth of the in-situ steam LDH
coating was studied.

2 Experimental

2.1 Materials

An as-cast AM50 Mg alloy (composition:
4.4-4.5 wt.% Al, 0.22 wt.% Zn, 0.2—0.6 wt.% Mn,
0.01 wt.% Si, 0.01 wt.% Cu, 0.002 wt.% Ni,
0.004 wt.% Fe, and the rest is Mg) with dimensions
of 20 mm % 20 mm x 5 mm (supplied by Shandong
Yinguang Yuyuan Light Metal Precise Forming Co.,
Ltd., China) was used as the substrate in this study.
The alloy samples were sanded to 25007 with
silicon carbide paper prior to the experiments and
then rinsed with deionized water and air dried.

2.2 Preparation of steam coating

A procedure of the LDH coating by in-situ
steam method was illustrated in Fig. 1. The as-cast
AMS50 Mg alloys were etched with 10 g/L OA
solution for 15, 30, 45, and 60 s, respectively, and
then cleaned with deionized water and absolute
ethanol. A 20 mL ultrapure water was added to a
100 mL PTFE container. The OA-pretreated sample
was suspended 2 cm above the water level using a
cotton thread. The setup was enclosed in an
autoclave and transferred to an oven and heated to
433 K for 6 h to obtain the LDH coating. The
samples were named OA/AMS50-15s, OA/AMS50-30s,
OA/AMS50-45s, and OA/AMS0-60s based on the
etching time, and the coated samples after the in-
situ steam reaction are designated as OA/LDH-15s,
OA/LDH-30s, OA/LDH-45s, and OA/LDH-60s,
respectively.

Grinding
to 25007

[I—

(0]

OH
HO

]

AMS0

2.3 Coating characterization
2.3.1 Surface morphology and composition analysis

An optical microscope (OM, Olympus-GX41,
Japan) was used to capture the microstructure of the
samples and analytical software (ImageJ) was used
to calculate the surface fraction of the second
phases. A three-dimensional (3D) topography and
the surface roughness of the samples before and
after OA etching were measured using a 3D
topography instrument (Zeta—20, Bruker Contour
GT-K optical profiler). The average roughness (R.)
of the samples was calculated based on three
measurements. The compositions of the LDH
coatings and the substrates were determined by an
X-ray diffractometer (XRD, Rigaku Ultima IV,
Japan) with CuK, target (4=0.154 nm). The
parameters used were: scanning angle range of
5°=80° and scanning speed of 8 (°)/min. The
chemical bonds and functional groups in different
kinds of LDH coatings were analyzed by a Fourier
transform infrared spectrometer (FT-IR, Thermo
Fisher Scientific, Nicolet 380, USA) with a
wavenumber range of 4000—400cm™! and a
resolution of 1cm™' at room temperature. The
elemental presence, valence state, and functional
group of LDH coating were analyzed by X-ray
photoelectron spectroscopy (XPS, ESCALAB XI*,
Thermo Fisher Scientific, USA). An Al target was
used with an energy resolution of 100 eV broad
spectrum and 20 eV narrow spectrum and the
charge correction was carried out with C element
(284.6 eV).
2.3.2 Corrosion performance assessment

The corrosion performance was evaluated
using an electrochemical step-up and a potentiostat
(PARSTAT 2273, Princeton Instruments Co.,
USA). The electrochemical step-up consisted of
a conventional three-electrode cell, i.e. working
electrode (sample to be tested), reference electrode

-

Heating at 433 K for 6 h

Fig. 1 Schematic diagram of experimental process for preparing steam coating on AM50 Mg alloy



1846 Shi-qi PAN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1843—1863

(saturated KCl-glycury electrode) and counter
electrode (platinum electrode). All tests were
carried out in 3.5 wt.% NaCl solution at room
temperature. The scan rate of the potentiodynamic
polarization curve was 2 mV/s. According to Eq. (1),
the corrosion current density Jeor is converted into a
corrosion rate v, where A4 is the relative atomic mass,
n is the number of electrons gained or lost, and p is
the density of the metal material.

3.274J,,,
y=—"
np

(1)

Electrochemical impedance spectroscopy (EIS)
analysis was performed in the frequency range
from 10 mHz to 100 kHz with 10 mV amplitude.
Equivalent circuit modeling of the obtained EIS
spectra was done using software (ZSimpWin). To

(2)
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further analyze the corrosion resistance of the
coating, a salt spray experiment was carried out
using 5 wt.% NaCl solution. Photographs were taken
at different periods.

3 Results

3.1 Surface topography after OA etching

Figure 2 shows the microstructure and area
fraction of intermetallic compounds on as-cast
AMS0 Mg alloy surface after OA etching. As seen
in Fig. 2(a), there are a few second phase particles
on the surface of polished as-cast AM50 Mg alloy.
In Figs. 2(b—d), the exposed second phase on the
alloy surface increases with the increase of acid
etching time, and the number of the exposed second
phase particles is the largest when the OA etching

0.97+0.18
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0.5 10292003 s
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Fig. 2 Metallographic microstructures of polished AMS5S0 Mg alloy (a), OA/AMS50-15s (b), OA/AMS50-30s (c),
OA/AMS50-45s (d), OA/AMS50-60s (e) and corresponding area fraction of second phase (f)
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time is 45s. With further increase in time, the
number of second phase particles on the surface of
OA/AMS50-60s Mg alloy decreases, which is due to
extensive corrosion (Fig. 2(e)). The area fraction of
the Al-rich phase particles was calculated using the
software Imagel, and the histogram of the particles
is presented in Fig. 2(f). The acid etching significantly
increased the area fraction of the second phase, and
the area fraction of the Al-rich phase particles on
the surface of OA/AMS50-45s sample reached the
maximum. It was noted that when the etching time
in the OA solution was long (60 s), the Al-rich
phase on the surface of the alloy was damaged to
some extent and the exposed second phase particles
were reduced. Therefore, when the acid etching
time is appropriate, the second phase particles on
the surface will be fully exposed, and the nucleation
sites can be increased, which is helpful for the
subsequent growth of LDH coating.

Figure 3 shows the XRD patterns of the as-cast
AMS50 magnesium alloy after different OA etching
time. Strong diffraction peaks of AIMn and AlsMn;s
were found in all specimens. Those diffraction
peaks tend to increase with the increase of OA
etching time, which is consistent with the
metallographic micrographs in Fig. 2. Moreover,
the OA/AMS50-45s sample has the strongest
diffraction peaks for the AIMn and AlsMns phases,
which indicates that the most Al-rich phases can be
exposed under this condition. Therefore, it is
favorable for the subsequent LDH growth.

The microstructures of AMS50 after polishing
and etching with OA are shown in Figs. 4(a—e). It

(2)
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Fig.3 XRD patterns of as-cast AM50 Mg alloy (a),

OA/AMS50-15s (b), OA/AMS50-30s (c), OA/AMS50-45s (d)
and OA/AMS50-60s (e)

can be seen that the Al-rich eutectic films of AMS50
are mainly granular and flaky, and Al-rich phase
particles on the surface of the alloy are exposed
significantly after OA etching. There are few
Al-rich phase particles exposed on the polished
AMS50 surface, as seen in Fig. 4(a). It is worth
noting that, in Figs. 4(b—d), with the increase of OA
etching time, the number of Al-rich phase particles
on the surface of AMS5O0 increases, and the area
fraction of the second phase particles reaches the
maximum after 45 s treatment. It is found that the
area fraction of the Al-rich phase does not continue
to increase with a further increase in the etching
time. Instead, there are pits on the alloy surface.
This can be due to the long time acid treatment,

Fig. 4 SEM images of polished AM50 Mg alloy (a), OA/AMS50-15s (b), OA/AMS50-30s (c), OA/AMS50-45s (d) and

OA/AM50-60s (¢)
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resulting in corrosion pits and shedding of the
second phase particles. The elemental composition
of the AMS50 surface after OA treatment (Fig. 4) is
shown in Table 1. The elemental composition
shows a large amount of C and O present on the
surface, which can be attributed to the oxalate
produced by the complexation of the dibasic strong
acid (oxalic acid) with the matrix. It can be
observed from the element composition (Points
1"~10") that the Al/Mn molar ratios of the granular
phase are close to 4:1 and 1:1, respectively. The result
suggests that the second phase is AlsMn phase as
well as AIMn phase. The morphology of the flakes
with Mg/Al molar ratio close to 17:12 is designated
as the Mgi7Al;, phase. Therefore, the main second
phase particles in AMS50 are AlMn, AlsMn, and
P-Mg7Al2. At the same time, appropriate etching
time may not cause damage to the flake f-Mg7Al2
phase and granular AIMn phase, which is conducive
to the growth of subsequent LDH coating.

Figure 5 shows the 3D morphology and
surface roughness (R.) of each sample after OA
etching. The R, is arranged in ascending order: AM50
after polishing ((0.075+£0.013) um) < OA/AMS50-15s
((0.089+0.018) um) < OA/AMS50-30s ((0.098+
0.015) um) < OA/AMS50-60s ((0.108+ 0.017) pm) <
OA/AMS50-45s ((0.125+0.02) um). The R, increases
with increase of the etching time. It is noted that
when the etching time reaches 60s, the R.
decreases, which may be due to excessive corrosion.
As the a-Mg matrix dissolves, the f-Mg;7Ali» phase
and AIMn phase on the surface of the alloy increase,
and the roughness increases.

z/pum z/um
228 1.59

z/um z/pm
3.89 2.86

197 %

1.68

Table 1 Elemental compositions of selected points on
surface of AMS50 Mg alloy in Fig. 4 (at.%)
Point C o Mg Al Mn

1# 35.00 20.15 38.42 4.61 1.82
2# 26.18 3.72 66.27 3.39 0.43
3* 29.05 6.13 5.27 47.64 1191
4* 35.24 3.82 36.58  24.36 -

5% 35.08  20.67 5.03 20.05 19.16
6" 32.69 16.41 9.60 33.04 8.26
7 44.06 6.86 3.14 23.65 22.28
8" 37.17 4.36 3428  24.19 -

9* 3841 18.70 5.08 19.37  18.45
10* 8.83 3.34 51.29  36.54 -

3.2 Surface coating characteristics

Figure 6(a) shows the XRD patterns of AM50
and the LDH coatings after different OA treatment
time. The diffraction peaks of LDH appear at both
11.3° and 22.6°, corresponding to (003) and (006)
crystal planes of carbonate intercalated LDH,
respectively. This indicates that the LDH coating is
successfully prepared on the substrate. The LDH
diffraction peaks of the samples etched with OA for
45s are the strongest, which suggests that the
LDH content of the coating generated under this
condition is the highest. The characteristic
diffraction peaks of brucite-type Mg(OH), appear
at 26=18.4°, 37.8°, 58.6° and 62°. Thus, the LDH
coatings prepared in this study are composed
of Mg—Al-CO; LDH and Mg(OH),, which is
consistent with the literature [24,30].
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Fig. 5 3D surface morphologies of polished AM50 Mg alloy (a), OA/AMS50-15s (b), OA/AMS50-30s (c), OA/AMS50-45s

(d), OA/AMS50-60s (e) and corresponding roughness (f)
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Fig. 6 XRD patterns (a) and FT-IR spectra (b) of AM50
Mg (I), LDH (II), OA/LDH-15s (11I), OA/LDH-30s (IV),
OA/LDH-45s (V) and OA/LDH-60s (VI)

Figure 6(b) shows the FT-IR spectra of AMS50
and the LDH coatings after OA treatment. It can be
seen that the positions and numbers of the
absorption peaks of each functional group under
different conditions are the same, while the
intensity of the absorption peaks is different. There
is an absorption peak of Mg—OH at 3695 cm™! and
an absorption peak of O—H at 3468 cm™!, which
are caused by the reaction of water vapor with
AMS0, thus forming product of Mg(OH),. The
absorption peak at 1638 cm™! corresponds to —OH
in water molecules, and 1520 and 1394 cm™! are
the absorption peaks of intercalation ion COj,
indicating that the intercalation anion between LDH
laminates is CO3, which is in line with the XRD
results (Fig. 6(a)). The stretching vibration of
Al—O at a wavenumber of 536cm™' and the
stretching vibration of Mg—O at 459 cm™! are
attributed to the main laminate structure of LDH.
The results suggest that the LDH coating is
successfully prepared on the surface of the substrate

by the steam method, and the coatings are
composed of Mg(OH), and Mg—AI-CO3; LDH.

Figure 7 shows the SEM images of the LDH
coatings after different OA treatment time. It can be
seen that the LDH coating without OA etching in
Fig. 7(a) is loose, and the size of the nano-sheets is
smaller and different from each other. As can be
seen from Figs. 7(b—e), the compactness of the
obtained coatings is effectively improved after OA
etching and the growth of LDH nano-sheets
becomes much more uniform compared to the
sample without OA etching. Among the samples,
OA/LDH-45s sample possesses the densest
morphology, and the needle-like nano-sheets grow
vertically, which almost completely cover the
surface of the alloy substrate. When the etching
time is up to 60 s, the gap between the nano-sheets
begins to increase and the morphology is not as
uniform as that of the OA/LDH-45s sample, which
is consistent with the results of the metallographic
test. Although the increase of the f-Mgi7Al> phase
increases the corrosion resistance of the alloy,
excessive acid etching causes damage to the alloy
surface, making the second phase particles dissolve
or fall off, resulting in the loss of AI*" ions.
Figure 7(f) shows the EDS data (average of 3 points)
corresponding to Figs. 7(a—¢). The data show that
the coating is mainly composed of C, O, Mg and Al,
and the most abundant elements in the coating are
O and Mg, indicating that the coating is mainly
composed of Mg(OH),. The increased contents of C
and Al indicate that the content of Mg—Al-CO3;
LDH increases after OA etching. The content of Al
in the sample of OA/AMS50-45s reaches 3.36, which
is twice as much as that in the LDH coating without
acid etching, demonstrating that the activation of
OA increases the content of LDH in the coating. It
is noted that the Al content in the OA/AMS50-60s
samples decreases, which is consistent with the
result of the SEM image analysis.

Figure 8 shows the longitudinal cross-sectional
views and element distribution of different LDH
coatings on AMS50. The thickness of LDH coating
prepared by OA etching combined with the in-situ
steam method on the surface of AMS5O0 is larger,
with the maximum thickness of 61.05 um
(OA/LDH-45s). This coating thickness is nearly
twice the thickness of LDH coating without OA
etching (32.78 pm). As shown in Figs. 8(a—d), with
the increase of etching time (from 15 to 45 s), the
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Fig. 7 SEM images of LDH (a), OA/LDH-15s (b), OA/LDH-30s (c), OA/LDH-45s (d), OA/LDH-60s (e) and corresponding
EDS data (f)
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Fig. 8 Cross-sectional views and elemental distribution of LDH (a), OA/LDH-15s (b), OA/LDH-30s (c), OA/LDH-45s
(d) and OA/LDH-60s (e)

thickness of LDH coating increases, and the thickness and compactness of the coating are
microcracks in the coating decrease gradually. After significantly improved. It is worth mentioning that
activation by OA, more second phase particles are the LDH coating prepared by in-situ steam method
exposed on the surface of the substrate, and the has grown from inside to outside as the Mg and Al
amount of LDH generated increases, thus the sources are from the Mg alloy substrate, and hence
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there are fine cracks inside the film. It is observed
that when the OA etching time reaches 60 s, the
thickness of the coating decreases, which is
consistent with the results of metallographic test
and 3D morphology test. Although acid etching can
make use of micro galvanic corrosion between the
o-Mg phase and the second phase particles,
changing the distribution of the second phase
particles, excessive etching will cause damage to
the Al-rich phase, which is easy to cause
overcorrosion and dissolution or shedding of the
second phase particles.

3.3 Corrosion resistance

The polarization curves of AMS50, LDH,
OA/LDH-15s, OA/LDH-30s, OA/LDH-45s and
OA/LDH-60s samples in 3.5 wt.% NaCl solution
are shown in Fig. 9. Due to the unusual behavior of
the Mg alloy during anodic dissolution, the anodic
region of the polarization curve shows very
pronounced passivation and the traditional Tafel
extrapolation method of calculating the corrosion
current density (Jeorr) 1S not accurate enough, so
only the cathodic polarisation region was used to
obtain the Jeor and the data obtained are listed in
Table 2. The values of corrosion potential (@cor)
reflect the thermodynamic properties of the
coatings, i.e., the higher the @ value, the more
stable the coating; the Jeor values reflect the
anti-corrosion performance of the coatings, i.e., the
lower the Jeor, the better the corrosion resistance of
the coating. Table 2 indicates that the gcorr of LDH
coating obtained by OA treatment is higher than

-1.8+
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Fig. 9 Potentiodynamic polarization curves of as-cast
AMS0 (I), LDH (II), OA/LDH-15s (III), OA/LDH-30s
(IV), OA/LDH-45s (V) and OA/LDH-60s (VI)

Table 2 Fitted data for polarization curves of samples in
Fig. 9

Sample Peorr (V\s/ SCE)/ (A‘-]Ccor"rffz) " n”‘:-/a’l)
AMS50 -1.46 225107 4.58x10™*
LDH -1.20 1.55x107°  3.16x107°
OA/LDH-15s -1.10 1.64x10°¢  3.34x107°
OA/LDH-30s -1.02 2.89x107  5.89x107°°
OA/LDH-45s —0.88 6.49x10%  1.32x10°°
OA/LDH-60s -1.11 1.10x10°®  2.24x107°

that of AMS0, and the OA/LDH-45s sample has the
largest @corr value, the smallest Jeorr value as well as
the smallest corrosion rate (v) value. The
OA/LDH-45s sample shows repeated damage and
repair phenomena in the anodic polarization region,
suggesting that the corrosive Cl™ destroys the LDH
coating and is in direct contact with the Mg alloy
substrate. This shows that the steam LDH coating
has strong ion exchange ability, and due to the
anion exchange between the LDH layers, the
corrosion products can protect the substrate.

Figure 10 illustrates the EIS curves of AM50
and LDH coatings obtained under different etching
conditions in 3.5 wt.% NaCl solution. In the low
frequency region of Fig. 10(a), impedance modulus
value |Z] reflects the corrosion resistance of the
sample. The impedance modulus |Z]| of each sample
is in the ascending order: AM50 < OA/LDH-60s <
LDH < OA/LDH-15s < OA/LDH-30s < OA/LDH-45s.
Therefore, the sample pretreated with OA for 45 s
has the best corrosion resistance. In Figs. 10(b—d),
the curves capacitive  loops,
corresponding to the internal dense layer and
external loose layer of the LDH coating, which is
consistent with our previously published work [37].
The larger the curvature radius of the impedance arc
in the low frequency region, the better the corrosion
resistance of the sample. As can be seen in
Fig. 10(b), the curvature radius of the OA/LDH-45s
sample is the greatest in the low frequency region,
and the sloping line at low frequencies shows the
characteristics of the diffusion process of the ionic
material at the interface. The radius of the
impedance curve in the low frequency region is
much larger for the OA/LDH-45s sample than that
for the rest of the samples, indicating that the
OA/LDH-45s sample has the highest electro-
chemical capacitance and the best corrosion resistance,

show two
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Fig. 10 EIS curves of AMS50 substrate, LDH, OA/LDH-15s, OA/LDH-30s, OA/LDH-45s and OA/LDH-60s: (a) Bode
plots; (b) Nyquist plots; (c¢) Enlarged Nyquist plots; (d) Enlarged Nyquist plot of AMS50 substrate; (e, f) EC diagrams of

AMS50 substrate and LDH coating, respectively

which can be attributed to the higher coating
thickness and its increased LDH content after
OA etching. It is worth noting that the curvature
radius of OA/LDH-60s sample becomes smaller,
indicating that the long-term OA etching damages
the surface of AMS50 and can no longer promote the
growth of the in-situ LDH coating.

Figures 10(e, f) show the equivalent circuit
(EC) diagrams of AMS0 and LDH coating,
respectively, and Table 3 shows the fitting results.

The EC diagram for AMS50 substrate (Fig. 10(e)) is
composed of constant phase element CPE; and
charge transfer resistance (R.) in the high frequency
region, indicating the formation of a loose film of
corrosion products on AMS50. The R. and L in the
low frequency region indicate the presence of
corrosion pits on the substrate and the shedding of
the corrosion film. Figure 10(f) shows the EC
diagram of LDH coatings obtained under different
etching conditions, in which R is solution resistance,
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Table 3 Electrochemical data from EIS fits data in Fig. 10
Parameter Sample
AMS0 LDH OA/LDH-15s  OA/LDH-30s  OA/LDH-45s  OA/LDH-60s
RJ/(Q-cm?) 24.87 110.25 45.38 40.38 39.52 70.69
CPE/(Qem™2s")  1.44x107°  1.05x107° 3.36x107° 5.95x107°° 5.58x107® 2.63x107°
n 0.8 0.95 0.49 0.47 0.73 0.48
Ri/(Q-cm?) - 9.10x10? 1.06x10? 2.73x10° 1.91x10° 1.38x10°
CPE/(Q'-em™2-s") - 1.28x10° 6.55%107° 8.13x107°° 2.90x1077 8.81x107°
na - 0.46 0.79 0.86 0.48 0.85
Ro/(Q-cm?) - 2.12x10% 2.11x103 8.21x10° 6.55x10° 1.82x10°
CPE3/(Q'-em™2-s") - 1.46x107* 7.59%107° 6.28x107° 1.39x10°° 7.33%107°
n3 - 0.84 0.84 0.87 0.78 0.85
Re/(Q-cm?) 6.61x10%  9.48x10° 3.02x10% 5.05%10* 5.42x10° 1.35x10*
RU/(Q-cm?) 5.13x10? - - - - -
L/(H-cm™) 2.14x10? - - - - -

n, n1, n2 and n3 are exponents of constant phase angle elements

Ry and R, are the loose outer resistance and the
dense inner resistance of the steam LDH coating,
respectively. The higher the value of R is, the
better the corrosion resistance of the sample is. The
R value is the highest for the sample pretreated
with OA for 45 s, hence the LDH coating obtained
under this condition has the best effect.

Figure 11 shows the photographs of AM50 and
LDH coatings obtained under different treatment
conditions, exposed to a neutral salt spray condition
of 5 wt.% NaCl solution for different periods. When
the test period was 72h, the AMSO0 substrate
(Fig. 11(a2)) was severely corroded, whereas for the
LDH coated substrate, the coating (Figs. 11(b,—t12))
remained intact, but the surface color was darkened.
As can be seen in Figs. 11(as) and (bs), corrosion
pits appeared on the surface of AMS50 substrate and
the LDH coating without OA etching after 144 h
(highlighted with the black ellipse). As observed in
Figs. 11(c3—13), a large number of white corrosion
products appeared on the surface of LDH coating
with the continuous erosion effect of Cl™ ions, but
the coating remained intact. After 360 h test, the
corrosion pits spread continuously, and the
corrosion was aggravated by the diffusion of Cl™ in
the microcracks and holes of the coating. When the
exposure time was extended to 600 h, the number
of corrosion pits in the OA/LDH-45s sample
(Fig. 11(es)) was minimal and the integrity of the
coating was the best, whereas AMS50 exhibited

serious damage, indicating that the LDH prepared
under this condition can protect the substrate.

To further evaluate the degree of corrosion,
analyze the morphology and elements of corrosion
products, and verify the protection mechanism, the
microscopic morphology of each sample after 600 h
salt spray experiment was characterized by SEM.
As shown in Fig. 12(a), the AMS50 substrate was
severely corroded under the salt spray condition of
600 h, resulting in many cracks and accumulation
of corrosion products on the surface. The surface of
the LDH coating without OA etching, as shown in
Fig. 12(b), also had microcracks, and the corrosion
was severe in some areas. As can be seen in
Figs. 12(c—e), the integrity of the LDH coating after
the salt spray test continued to improve with the
prolongation of the OA etching time. There were no
cracks or corrosion pits on the surface, but only a
small amount of corrosion product was accumulated
and the morphology of LDH nano-sheets was
visible. In particular, the OA/LDH-45s sample
retained the most complete morphology, indicating
that it can still provide long-term protection for Mg
alloy in the corrosion environment with high CI”
content. From the elemental composition of the
sample after corrosion, as shown in Table 4, it is
clear that corrosion product is rich in Mg and O,
and hence it can be concluded that the main
corrosion product is Mg(OH),. Notably, the
OA/LDH-45s samples had the highest LDH content
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600 h

360 h

Fig. 11 Digital camera photographs of AMS50 substrate (a;—as), LDH (bi—bs), OA/LDH-15s (ci—cs), OA/LDH-30s
(d;—d5), OA/LDH-45s (ei—es) and OA/LDH-60s (fi—f5) under neutral salt spray conditions of 5 wt.% NaCl solution for

different periods

prior to corrosion, and after 600 h of salt spray, the
OA/LDH-45s samples also had the highest C and
Al contents, indicating that the samples still had the
highest LDH content. This may be due to the
excellent ion exchange of LDH, which allows the
conversion of Mg—Al-CO; LDH to Mg—Al-CI”
LDH over a longer immersion time, with LDH
structure retained. Based on the SEM results, it can
be concluded that the higher the LDH content, the
better the corrosion resistance of the coating.

3.4 Formation mechanism of LDH coating
3.4.1 Influence of second phase on growth of LDH
coating
To further analyze the influence of the second
phase particles on the growth of the LDH coating
on AMS50 (the optimized etching time was fixed at
45 s), samples were grown for 0.5, 1.5 and 3 h,
respectively. Figure 13 shows the XRD patterns of
the samples with reaction time of 0.5, 1.5, and 3 h.
It can be seen that the diffraction peaks of Mg(OH)
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Fig. 12 SEM micrographs of AMS50 (a), LDH (b), OA/LDH-15s (c), OA/LDH-30s (d), OA/LDH-45s (e) and
OA/LDH-60s (f) under neutral salt spray conditions in 5 wt.% NaCl solution for 600 h

Table 4 Elemental compositions on LDH coatings shown in Fig. 12 (at.%)

Sample C o Mg Al Na
AMS0 16.57+1.20 60.47+4.35 19.334+0.89 - 3.63+0.13
LDH 13.37+2.06 60.16+3.57 23.36+1.45 0.18+0.06 2.92+0.58
OA/LDH-15s 11.36+1.62 64.42+2.68 21.87+0.76 0.5040.11 1.86+0.19
OA/LDH-30s 13.95+2.46 63.22+4.88 21.20+2.93 0.81+0.19 0.82+0.06
OA/LDH-45s 14.59+1.35 63.92+4.67 18.97+1.38 1.12+0.25 1.41+0.53
OA/LDH-60s 15.55+1.56 64.40+5.34 18.22+2.01 0.67+0.22 1.16+0.31
v LDH characteristic peaks of LDH at 26 values of
4 » Mg(OH), approximately 11.3° and 22.6°, indicating that
*Mg the content of LDH increased. In addition, the
diffraction peaks of Mg(OH), also appeared at
M I N t .0 18.4°,37.9° and 58.6°.
(d) JL Figure 14 displays the SEM images of the
© A . LDH coatings at reaction time of 0.5, 1.5, and 3 h,
. - JLJL ped e where the entire growth process of the LDH
®) JM ﬂ N morphology on the substrate surface can be seen.
(a) When reacting for 0.5 h, the a-Mg at the edge of
1I0 2|() 3I() 4|() 51() 610 7l() 80 AlMn, AlsMn and f-Mgi7Ali2 phases on the surface
201(°) of AMS50 began to dissolve, forming Mg(OH), with

Fig. 13 XRD patterns of AM50 substrate (a) and steam
coatings obtained at 0.5 h (b), 1.5 h (c) and 3 h (d)

appeared at 0.5 h, while no diffraction peaks of
LDH were apparent at this stage, indicating that
LDH was not formed at this time. When the
reaction time reached 1.5 h, the diffraction peaks
of LDH with smaller area appeared. With the
reaction time extended to 3 h, there were strong

a network structure, and then accompanied by the
continuous adsorption of AI**. After 1.5 h reaction,
Mg(OH), with reticular structure grew continuously,
and the generated AI** ions isomorphically replaced
part of the Mg?" ions in Mg(OH), to form LDH
with nanosheet structure. Under the conditions of
high temperature and high pressure, OH™ was
supplied continuously, and LDH grew continuously
like seed germination. The EDS data in Table 5
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CME o f
Fig. 14 SEM images of LDH coatings with reaction time
of0.5h (a), 1.5h(b)and 3 h (c)

Table 5 Elemental compositions of sample surface in
Fig. 14 (at.%)
Point C o Mg Al Mn

1# 25.63 33.15 37.06 250 1.66
2% 23.76 44.27 20.13  6.00 5.83
3* 23.41 41.23 19.86  8.44 7.06
4* 25.62 58.34 13.88  2.16 -
5* 20.03 59.88 13.66 428 2.15
6" 6.17 63.49 28.69 1.62 0.03
7 24.42 40.11 31.99 348 -
8" 28.11 47.24 22.88 1.78 -
9* 31.78 31.13 3497 212 -

suggest that the contents of Al and Mn elements at
the nucleation site of Mg(OH), are higher (Points
4%—6"), and it is also verified that the second phase
particles are the nucleation site for the coating.
After 3h of reaction, with the continuous

deposition and adsorption of AI**, the coating
continued to grow until it completely covered the
whole alloy surface. Due to the continuous growth
of the coating, the Mn element was covered
by the growing coating, which makes manganese
undetectable (Points 7"~9" in Table 5).
3.4.2 Effect of OA on growth mechanism of LDH
coating

OA is a binary weak acid containing two
carboxyl groups and has a special role in
complexing with metal ions. During the growth
process of the steam LDH coating, it could play an
essential role in the reaction. In order to understand
the effect of OA etching on the growth process of
LDH coating, XPS analysis was performed on
samples reacted for 0.5, 1.5 and 3 h. Figure 15
exhibits the XPS full spectra, and the C 1s fine
spectra of different samples. The characteristic
peaks of Mg, O, C, Al, and Zn can be seen clearly
from the full spectra. Figures 15(c—e) show that the
C s spectra are composed of three peaks: C—C,
284.6 eV; C—O0, 288.1¢eV; C=0, 288.5eV. The
presence of C—O0 bonds contained in OA can be
detected on the surface of the samples in the three
time periods. At the reaction time of 0.5 h, the
existence of C=—=O indicated that the OA
complexed the free Mg?*, and AI** dissolved on the
surface of the substrate, which significantly reduced
the difficulty of LDH film formation. With the
extension of the reaction time, the C=0 bond still
existed, which might be due to the formation of a
water-insoluble oxalate film on the surface of
AMS0 at the initial stage of OA etching [41].
Therefore, the activation and complexation of OA
have a significant role in the process of LDH film
formation.

4 Discussion
4.1 Comparison of corrosion resistance of
different LDH coatings
As the LDH coating can significantly improve
the corrosion resistance of Mg alloys, our group has
made extensive work in this research field. The
corrosion resistance, compactness, and thickness of
the LDH coatings obtained by the different
preparation processes have improved to different
degrees, as shown in Table 6. In terms of the

preparation method, the LDH with different
intercalation anions can be easily produced by the
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Fig. 15 XPS full spectra of coatings with reaction time of 0.5 h (a) and 3 h (b), and peaks of C 1s for coatings with
reaction time of 0.5 h (¢), 1.5 h (d) and 3 h (e)

Table 6 Comparison of corrosion resistance of LDH coatings based on process parameters and film thickness on

different Mg alloys
com-2
Method Pre- ¢ betrat Parameter —_Interlayer Thickness/ Jeonl(A-Cm ) Sour
ctho treatment "0 04 Temperature/ Time/ o, um Substrate LDH ource
K h coating
Urea hydrolysis No AZ31 393 5 CO; 25-50  3.17x107° 5.75x10°%  [44]
Co-precipitation N s 4
and hydrothermal No AZ31 398 36  MoO; 17 3.17x10™ 1.60%10 [42]
Co-precipitation N s g
and hydrothermal No AZ31 398 36 CO; 7 3.04x10™ 6.52x10 [43]
Steam coating CA AZ80 433 6 CO; 40.04  1.25x107° 3.58x10°%  [37]
Steam coating OA AMS50 433 6 CO3 61.05 2.25x107° 6.49x10°® This work

CA is citric acid
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two-step  co-precipitation and  hydrothermal
combination method [42,43]. However, the reaction
time is too long and the reaction conditions are
complicated. Although urea hydrolysis method [44]
can be used to grow LDH on Mg alloys in one step
in-situ, it can be seen from Table 6 that the prepared
LDH coatings are not as corrosion-resistant as
steam coatings. The LDH coatings prepared by the
in-situ steam method have better adhesion to the
substrate and are thicker and the coatings have
better corrosion resistance. However, the trivalent
cation in the LDH structure provided by the
substrate limits the type and content of LDH. The
acid pretreatment aims to increase the Mg—Al LDH
content of the film, thus improving the corrosion
resistance of the coating. The comparison of the
effect of different etching acids is shown in Table 7.
After CA etching, the area fraction of the second
phase particles on the surface of the extruded
magnesium alloy increases, which leads to the
formation of a denser and thicker LDH coating [37].
OA complexes Mg?* as well as AI** on the surface
of Mg alloys and forms an oxalate surface film,
which improves the distribution of the nucleation
sites of LDH on the alloy surface. Comparing the
acidity coefficients (pKa) of the two acids, we can
see that pKa (OA) < pKa (CA), indicating that OA
is more acidic and complex.

4.2 Schematic diagrams of formation of steam

LDH coating with OA etching

Figure 16 illustrates the growth mechanism of
the LDH coating on the surface of the OA-
pretreated AMS50, which is mainly divided into four
stages.

(1) The oxide film on the surface of AMS50 was
dissolved when it was immersed into OA solution
(Reaction (2)), and the a-Mg matrix as well as the
second phase particles was exposed on the surface
of AMS50 alloy.

MgO+H,C>04=MgC,04+H,0 2)

Table 7 Comparison of effect of different etching acids

(2) OA etching led to the dissolution of the
a-Mg matrix and the release of Mg*" ions,
meanwhile, the intermetallic compounds including
B-Mgi7Ali> and AlMn phases released AI** ions as
the pH increased. In this process, OA captured the
Mg and AI*" ions, playing a certain complexing
role, which increased the amount of A" for
the subsequent LDH coating growth. The
corresponding reactions are as follows (Reactions
(3) and (4)):

H>C,04+Mg=MgC,04+H>1 3)
3H2C204+4A1=2A12(C204)3+3H2T (4)

(3) At 160 °C, MgO nuclei and amorphous
Mg(OH), began to form, and as the temperature
continued to rise, MgO came into contact with the
vapor to form Mg(OH), with a three-dimensional
network structure [46]. A steady stream of OH
gathered on the surface of the alloy at high
temperature and high pressure, creating an alkaline
pH environment suitable for the growth of LDH. As
time increased, the a-Mg phase surrounding the
cathodic phase was corroded and the AIMn phase
started to dissolve, reacting with water and ionizing
in the higher pH environment [47]. Subsequently,
Mg(OH), was isomerically replaced by Al** to form
LDH. The LDH coating started to nucleate and
grow around the AIMn phase. The specific chemical
reactions are shown as follows:

Mg+H,0+2e=Mg**+20H +H>1 ®))
Mg+2H,0=Mg(OH),|+H>1 (6)
2AI+6H,0=2A1(OH)s+3H, 1 )

(4) LDH and Mg(OH), continued to grow, and
finally, the steam coating completely covered the
entire substrate surface.

4.3 Corrosion mechanism of LDH coatings
Figure 17 shows a schematic diagram of the

corrosion mechanism of steam LDH coating on

an OA pretreated AM50 Mg alloy, which is divided

Area fraction of second phases/% Ro/um
Substrate  Etching acid Source
Before etching After etching Before etching  After etching
AZ31 CA 1.98+0.12 5.04+0.45 0.790+0.01 0.950+0.02 [45]
AZ80 CA 0.86+0.16 2.12+0.20 0.920+0.02 1.310+0.02 [37]
AMS0 OA 0.29+0.03 2.34+0.29 0.075+0.013 0.125£0.02  This study
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Fig. 16 Schematic diagram showing formation of steam LDH coating with OA etching
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Fig. 17 Schematic diagram showing corrosion mechanism of steam LDH coating with OA etching

into the following two main stages.

(1) Under neutral salt spray conditions, the
LDH in the steam coating captures the Cl™ in the
corrosive environment through ion exchange while
releasing the CO3 ions between the laminates,
achieving the first protection of the substrate
through the chemical reaction of ion exchange as

ommno:oo‘mo .m....”.”‘Q‘QQ

.‘Q. Q“..QO? | .‘0.

o-Mg

o-Mg

 AMS50

well as a physical barrier. The CO; ions collected
at the boundary of the coating and the dissolved
Mg** ions in the LDH coating start to react to
produce a slightly water-soluble MgCOjs precipitate.
In an alkaline environment, MgCO; will be
transformed into Mg(OH), at a faster rate, and the
accumulation of corrosion products will form a
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secondary protection for the substrate in a short
period of time. The specific chemical reactions are
shown as follows:

LDH—CO; +CI'=LDH—CI+CO03" )
Mg>+CO; =MgCOs| 9)
MgCO;+20H =Mg(OH),|+CO;~ (10)

(2) As the physical barrier effect of the steam
coating fails, the LDH—CO3 ™ on the surface of the
sample gradually decreases. H>O molecules and C1™
ions from the steam environment gradually
penetrate the coating/substrate interface through
defects or pores in the coating, forming micro
galvanic corrosion. Dissolution reactions occur in
Mg, generating large amounts of Mg(OH), and H,
(Reaction (6)). At the same time, Cl” ions can
replace the OH™ ions in Mg(OH), to form MgCl,

(Reaction (11)), which has a high solubility in water.

Finally, damage and failure of the coating are
caused by the volume expansion of the corrosion
products and the upward force exerted by Ha.

Mg(OH),+2Cl =MgCl,+20H" (11)
5 Conclusions

(I) Mg—Al LDH coatings grew on AMS50
alloys via an in-situ rapid steam coating method
combined with an organic acid OA pretreatment. As
compared with the polished AMS50 substrate, the
area fraction of the second phase was increased by
approximately 7 times.

(2) The OA etching of AMS0 Mg alloy
significantly enhanced the corrosion resistance
of in-situ steam LDH coatings. The corrosion
current density of OA/LDH-45s sample (Jecor=
6.49x108A/cm?) was two orders of magnitude
lower than that of the LDH coatings without OA
etching (Jeon=1.55x107° A/cm?). Also, the salt spray
test demonstrated excellent corrosion protection of
the OA/LDH-45s samples.

(3) The a-Mg matrix in AM50 Mg alloy was
etched preferentially and the second phases
including AlIMn and f-Mg;7Al;» retained during
acid etching, which provided the nucleation sites
for the subsequent formation of LDH coating.
Furthermore, OA complexed Mg?" and AI** ions on
the surface of AMS0 Mg alloy to form
water-insoluble oxalates, and this film layer can
effectively improve the distribution of Al species

and is useful for the growth of LDH coating.

(4) The OA etching is a beneficial process for
solving the problem of insufficient Al source and
inhomogeneous composition in the growth process
of steam LDH coating on Mg alloys.
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