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Abstract

In this study, the effects of intermetallic compounds (Mg;7Al;; and AlgMns) on the Mg-Al layered double hydroxide (LDH) formation
mechanism and corrosion behavior of an in-situ LDH/Mg(OH), steam coatings on AZ80 Mg alloy were investigated. Citric acid (CA)
was used to activate the alloy surface during the pretreatment process. The alloy was first pretreated with CA and then subjected to a
hydrothermal process using ultrapure water to produce Mg-Al-LDH/Mg(OH), steam coating. The effect of different time of acid pretreatment
on the activation of the intermetallic compounds was investigated. The microstructure and elemental composition of the obtained coatings
were analyzed using FE-SEM, EDS, XRD and FT-IR. The corrosion resistance of the coated samples was evaluated using different techniques,
i.e., potentiodynamic polarization (PDP), electrochemical impedance spectrum (EIS) and hydrogen evolution test. The results indicated that
the CA pretreatment significantly influenced the activity of the alloy surface by exposing the intermetallic compounds. The surface area
fraction of Mg;7Al;; and AlgMns phases on the surface of the alloy was significantly higher after the CA pretreatment, and thus promoted
the growth of the subsequent Mg-Al-LDH coatings. The CA pretreatment for 30 s resulted in a denser and thicker LDH coating. Increase
in the CA pretreatment time significantly led to the improvement in corrosion resistance of the coated AZ80 alloy. The corrosion current
density of the coated alloy was lower by three orders of magnitude as compared to the uncoated alloy.
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction corrosion resistance limits their widespread in industrial ap-

plications [5-12].

Magnesium (Mg) and its alloys have attractive physical
and mechanical properties such as high specific strength and
stiffness, electromagnetic shielding and high damping capac-
ity [1-4]. Hence, they are excellent candidate materials for
automotive and aeronautical applications where weight reduc-
tion is critical for fuel saving purpose. However, their poor
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In order to improve the corrosion resistance of Mg, two
methods are generally used: (i) alloying, and (ii) surface
modification [13,14]. Surface modification process is widely
studied to increase the corrosion resistance of magnesium
and its alloys [15]. The surface modification techniques in-
clude micro-arc oxidation [16—18], chemical conversion coat-
ing [19-21], layer-by-layer assembly [22-24] and electroless
plating [25-27].

Recently, layered double hydroxide (LDH) coating has
been developed as a new smart coating, which can be used
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as a nanocontainer by adjusting the types of anions between
the layers [28-37]. LDH is present in natural minerals, but
can also be synthesized [38-40]. The chemical formula of
LDH is [M?*_ M3t (OH),],(A™)y,emH,0. The layers of
LDH are composed of divalent and trivalent metal ions and
hydroxides arranged in octahedrons, and the main layers are
all composed of anions [39,41]. The properties of LDH are
mainly influenced by the types of metallic ions and interlayer
anions, ion radius and charge number, which can affect the
composition of the main LDH laminate, the number and types
of interlayer anions. The size of LDH can be adjusted and it
possesses diversified functions, such as flame retardant per-
formance, ion exchange performance, thermal stability per-
formance, infrared absorption performance, catalytic perfor-
mance and corrosion resistance [31,42,43]. Until now, the
main preparation methods of LDH have been hydrothermal
treatment and co-precipitation method. The disadvantages of
these preparation methods of LDH coating include long re-
action time, use of toxic chemicals, and complex operation.
Hence, it is necessary to develop an environmentally friendly
and relatively simple method. In-situ steam coating method
has attracted wide attention in recent years for its effective
coating ability on materials. It is a chemical-free method
and uses ultrapure water as the steam source for the coating
[44-46]. It is an excellent method for protection of Mg and
its alloys due to its non-toxic and environmentally friendly
characteristics [28,44].

The aluminium (Al) content on the surface of the Mg al-
loy is critical to the preparation of the LDH coating by the
in-situ steam method. While the Al content of the untreated
magnesium alloy matrix is far from reaching the requirement.
Acid pretreatment is an effective method to activate the sec-
ond phase, which contains the Al species. In the acid pre-
treatment process, the «-Mg phase as the anode corrodes,
and the second phase as the cathode is basically unaffected,
therefore increases the exposure of the second phase particles
(Al-containing species) on the alloy surface, leading to an in-
creasement of the Al content on the surface of the Mg alloy
[7,47,48]. The larger amount of Al provided by the above
acid pretreatment is beneficial to the subsequent growth of
the coating.

Corrosion pits are easy to appear on the surface of the Mg
alloy when pretreated with strong acid. Strong acid treatment
will cause excessive corrosion, leaving behind many corro-
sion pits due to the falling of the second phase particles. The
localized pitting corrosion is harmful to the substrate [49,50].
Citric acid (CA) taken from fruits and vegetables as an or-
ganic acid, is an edible acid, which is widely distributed in
nature [51]. Therefore, it is a good choice to choose CA for
pretreating the substrate. It is expected that acid pretreatment
is a simple and effective method to expose the second phase
on the surface of the Mg alloy, which may promote the growth
of the subsequent LDH coatings.

This study aims to investigate the effect of CA pretreat-
ment time on the revealing of surface intermetallic compounds
(Mg7Al; and AlgMns), and the formation and corrosion re-
sistance of Mg-Al-LDH coating on AZ80 Mg alloy. Firstly,
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the alloy was pretreated with CA with different times, and
then the steam coating was prepared on the alloy by the in-
situ steam method. When the Mg-Al-LDH coating is prepared
by the steam method, the source of both Mg2+ and AI** ions,
required in the growth process of the LDH coating, comes
from the Mg-Al alloy substrate. The substrate can provide
sufficient Mg2+ ions for the reaction. However, the amount
of AIP* ions that can participate in the reaction on the sur-
face of the substrate are by far insufficient, which limits the
growth of subsequent LDH coatings. Therefore, it is neces-
sary to perform acid pretreatment to increase the exposure of
the second phase particles (which contain Al) on the alloy
surface.

2. Experimental
2.1. Materials and chemicals

As-extruded AZ80 magnesium alloy (supplied by Dong-
guan Kangji Magnesium Industry Co., Ltd.) with dimensions
of 20 x 20 x 5 mm was used as the substrate in this study.
Prior to the experiment, the samples were polished to 2500#
with SiC sandpaper, and then rinsed with deionized water and
dried in air.

2.2. Preparation of the coatings

Fig. 1 shows the experimental preparation process of the
LDH coating prepared by the steam method. The AZ80 mag-
nesium alloy was immersed in 20 g/LL CA solution for 10 s,
20 s, 30 s and 45 s, and then washed with deionized water
and absolute ethanol. 20 mL of pure water was added into a
100 mL Teflon-lined autoclave, in which the polished AZ80
magnesium alloy sample was suspended with a cotton thread
such that the alloy was 2-3 cm above the liquid surface. The
autoclave was then transferred to an oven and heated to 433 K
for 6 h to obtain the LDH coatings. Based on the pretreat-
ment time, the samples were designated as CA/AZ80-10s,
CA/AZ80-20s, CA/AZ80-30s and CA/AZ80-45s, and after
the in-situ steam reaction, the coated samples were designated
as CA/LDH-10s, CA/LDH-20s, CA/LDH-30s and CA/LDH-
45s.

2.3. Characterization of the coatings

2.3.1. Surface morphology and composition analysis

The surface morphologies of the coatings were observed
using field-emission scanning electron microscopy (SEM,
Nova Nano SEM 450, USA). The surface roughness was mea-
sured using a Zeta-20 3D-morphologies optical profilometer.
An average roughness Ra was obtained based on over 5 values
measured at different positions. The elemental compositions
of the coatings were analyzed using X-ray energy spectrome-
ter (EDS). The phase composition of the samples was detected
by X-ray diffractometer (XRD, Rigaku Utima IV, Japan) with
the scanning angle of 5-80° and scanning speed of 8 °min~"'.
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Fig. 1. Schematic diagram of preparation process of LDH coatings after acid pretreatment of AZ80 Mg alloy.

The functional groups and the chemical bonds in the coat-
ing were detected by a Fourier Infrared Spectrometer (FT-
IR, Thermo Fisher Scientific, Nicolet 380, USA) and X-ray
photoelectron spectroscopy (XPS, ESCALAB XI+, Thermo
Fisher Scientific, USA) with an energy resolution of 100 eV
wide spectrum and 20 eV narrow spectrum.

2.3.2. Corrosion resistance measurements

The microstructure of the alloy was examined using an op-
tical microscope (OM, Olympus-GX41, Japan). The corrosion
properties were evaluated using an electrochemical Princeton
potentiostat (PARSTAT2273, Princeton Instruments Corpora-
tion, USA) apparatus and a classical three-electrode cell, con-
sisting of the specimen with an exposed area of 1 cm? as the
working electrode, saturated calomel as the reference elec-
trode and a platinum mesh as the counter electrode. All the
experiments were conducted in 3.5 wt.% NaCl solution at
room temperature. Electrochemical impedance spectroscopy
(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.
Equivalent circuit model was used to fit the EIS curves with
the help of ZSimpWin software. Potentiodynamic polariza-
tion (PDP) test was performed by scanning the potential of
the sample from —2.0 to —0.3 V at a scan rate of 2.0 mV
s~

In addition, hydrogen evolution tests were carried out to
characterize the corrosion behavior of the coated samples. The
hydrogen evolution was tested by placing the samples with
the full surface area exposed to 3.5 wt.% NaCl solution at
25.0 & 0.1 °C under an inverted funnel connected to a grad-
uated burette and measuring the change in the solution level
in the burette intermittently for 228 h [19,52-54].

3. Result and discussion
3.1. Surface characterizations

Fig. 2 shows the optical microstructure of the polished
alloy and CA pretreated alloy as well as the surface area
fraction of the second phase particles. As observed in Fig. 2a,
there are a small amount of second phase particles (Mg;7Al;»
and AlgMns) on the surface of the polished alloy Fig. 2b—
d shows that with the increase of CA treatment time, the
number of second phase particles on the surface of the alloy
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Fig. 2. Optical microstructure of (a) polished AZ80, (b) CA/AZ80-10s, (c)
CA/AZ80—20s, (d) CA/AZ80-30s and (e¢) CA/AZ80-45s and (f) the second
phase surface area fraction of polished AZ80 CA/AZ80-10s, CA/AZ80-20s
and CA/AZ80-30s.
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Fig. 3. (a) XRD patterns and (b) FT-IR spectra of (I) Mg alloy AZS80, (II)
LDH, (IIT) CA/LDH-10s, (IV) CA/LDH-20s (V) CA/LDH-30s.

increases significantly. Interestingly, the surface color of the
CA/AZB0-45s sample changed greatly (Fig. 2e), which may
be due to high corrosion, and leaving behind many corrosion
pits due to the falling of the second phase particles. Hence,
corrosion damages are apparent on the surface of the sample.

As seen in Fig. 2f, the surface area fraction of the second
phase particles increases as follows: 1.5 times after the pre-
treatment for 10 s; 2 times after the pretreatment for 20 s;
3 times after the pretreatment for 30 s. This change indi-
cates that acid pretreatment duration influences the exposure
of second phase particles on the alloy surface.

Fig. 3a shows the XRD pattern of the alloy and differ-
ent LDH coatings. It can be seen from Fig. 3a that all the
LDH coatings have two peaks at approximately 11.3° and
22.6°, corresponding to the (003) and (006) diffraction peaks,
respectively, of the LDH. This indicates that the LDH coat-
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(a))

Fig. 4. SEM images of (a) polished AZ80, (b) CA/AZ80—10s, (c) CA/AZ80-
20s (d) CA/AZB0—30s and (e) CA/AZ80-45s.

ing was successfully formed on the alloy. At the same time,
Fig. 3 also shows the characteristic peaks of Mg(OH), at
18.4°, 37.9° and 58.6°. Hence, it is confirmed that the coat-
ing is mainly composed of Mg(OH), and Mg-Al-LDH. It is
noted that the intensities of (003) and (006) planes of LDH
coatings change with different pretreatment time. As com-
pared with the other samples, the CA/LDH-30s samples have
the strongest LDH phase diffraction peak, indicating that the
LDH content is relatively high.

Fig. 3b shows the FT-IR spectra of the different LDH coat-
ings. The peak at 3695 cm~!' corresponds to the Mg-OH
stretching vibration, and the absorption peak at 3468 cm™!
corresponds to the O-H stretching vibration, which is due
to the presence of surface absorption water and interlayer
water molecules. In addition, the absorption peak recorded
at 1632 cm™! is attributed to the stretching vibration of the
hydroxyl group -OH in the water molecule. The absorption
peak at 1394 cm~! is caused by the stretching vibration of
CO3%~, whereas the absorption peak at 459 cm™! corresponds
to the stretching vibration of the Mg-O bond. The existence
of these absorption peaks confirms the formation of Mg-Al-
CO;2~-LDH. Therefore, it can be concluded that the LDH
coating can be successfully formed on AZ80 Mg alloy by
acid pretreatment and then by in-situ steam method.
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Journal of Magnesium and Alloys xxx (xxxx) xxx
Table 1

Elemental compositions of selected spectrum on AZ80 as shown in Fig. 4
(at.%).

Point Mg Al Mn Mg/Al Al/Mn Total
#1 97.79 2.06 0.15 - - 100
#2 21.97 52.11 25.92 - - 100
#3 50.89 36.86 - 17/12 - 100
#4 7.29 60.35 32.65 - 9/5 100
#5 51.48 48.52 - 18/12 - 100
#6 6.78 60.21 39.96 - 7.515 100
#7 61.49 38.51 - 19/12 - 100
#8 6.05 57.65 36.30 - 8/5 100
#9 57.14 42.86 - 16/12 - 100
#10 10.13 52.42 37.45 - 715 100

Fig. 4 shows the SEM micrographs of the polished and
coated alloy samples. There is no obvious second phase
particles on the surface of the polished alloy (Fig. 4a), which
is due to the coverage of the oxide and hydroxide layer
on the surface of the alloy Fig. 4b—d suggests that through
CA pretreatment, the «-Mg phase dissolves and the second
phase particles appear. As compared with the polished alloy,
after the CA pretreatment, the second phase particles on the
surface of the alloy are clearly evident, and with the increase
in the treatment time, the exposure of the second phase
particles on the surface of the CA/AZ80-30s sample is the
largest. Beside, the number of the second phase particles was
reduced, and corrosion pits appeared on the surface of the
CA/AZ80-45s sample. The second phase particles containing
Al provide a large number of nucleation sites for the growth
of the LDH coating and also play an active role in the growth
of the coating. Table 1 shows the elemental composition on
the surface of the alloy after acid pretreatment (Fig. 4). From
the elemental composition (in points 3—10), it can be seen
that the second phase particles present on the surface of the
alloy include AlgMns and Mg;7Al;; (known as S phase),
which is in agreement with the literatures [55,56].

Fig. 5 shows the three-dimensional topography of the sam-
ples as well as the corresponding surface roughness data.
The surface roughness values can be arranged in ascend-
ing order as follows: polished AZ80 (10.21 £ 1.19 nm)
< CA/AZ80-10s (17.26 £+ 1.47 nm) < CA/AZ80-20s
(2596 £ 3.21 nm) < CA/AZ80-45s (26.52 £ 2.34 nm)
< CA/AZ80-30s (33.54 + 4.45 nm). The surface roughness
value of CA/AZ80-30s is the largest, which is mainly due to
the increase in the number and size of the second phase par-
ticles on the surface of the alloy after acid pretreatment. The
surface roughness value of CA/AZ80-45s decreased, which
was in accordance with the optical microstructures shown in
Fig. 2 and SEM images of second phase particles shown in
Fig. 4.

Fig. 6 is SEM micrographs and EDS results of the dif-
ferent LDH coatings. It can be seen from Fig. 6a that the
surface of the LDH coating formed without acid pretreatment
is relatively loose, and the size of the nanosheets as well as
the pores between the nanosheets are relatively large. From
Fig. 6b—d, it can be observed that the surface of the LDH
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Fig. 5. Surface 3D-morphologies of (a) polished AZ80, (b) CA/AZ80-10s, (c) CA/AZ80-20s and (d) CA/AZ80-30s (¢) CA/AZ80-45s and the corresponding

roughness.

Fig. 6. SEM images and EDS results of (a) LDH, (b) CA/LDH-10s, (¢) CA/LDH-20s and (d) CA/LDH-30s.

coating prepared after acid pretreatment is denser than that
of the LDH coating without acid pretreatment, and also as
the pretreatment time increases, the density of the LDH coat-
ing increases significantly. Among all the coatings, the surface
morphology of the CA/LDH-30s coating is the densest, and
the size of the nanoplates as well as the gap between the
nanoplates are the smallest. Therefore, it can be concluded
that with the increase of the acid pretreatment time, the LDH
coatings become denser, which demonstrates that the exposure
of the second phase particles promote the growth of the sub-
sequent LDH coating. The corresponding EDS results show
that the LDH coating is mainly composed of O, Mg, Al and
C, and the content of Mg and O is relatively high, which sug-
gest that the coating contains Mg-Al-LDH and Mg(OH),. As
the pretreatment time of CA increases, the Al content on the
surface of the subsequently prepared LDH coating increases.
The content of Mg, Al and C in the CA/LDH-30s coating is
higher than that of other LDH coatings, which reveals that
the content of LDH in the CA/LDH-30s coating is highest.
From these observations, it can be said that the CA pretreat-
ment of 30 s has the highest influence on the growth of the
subsequent LDH coatings.

Fig. 7 shows the cross-sectional morphologies and the
corresponding elemental composition images of the dif-
ferent LDH coatings. It is apparent that the LDH coat-
ing is bonded tightly to the substrate. In addition, as the
pretreatment time increases, the coating becomes denser,
and the CA/LDH-30s coating is the densest without ob-

vious cracks. The thickness of the coating is in the fol-
lowing order: LDH (30.82 £ 0.27 um) < CA/LDH-10s
(33.88 & 0.42 um) < CA/LDH-20s (37.42 + 0.69 pum) <
CA/LDH-30s (40.04 &+ 0.30 pm).

3.2. Corrosion resistance

Fig. 8a shows polarization curves of AZ80, LDH,
CA/LDH-10s, CA/LDH-20s and CA/LDH-30s coating. The
cathodic polarization region was only used for the calcula-
tion of corrosion current density (icory). The anodic region
was not considered due to the abnormal behavior (negative
difference effect) exhibited by magnesium alloys during an-
odic dissolution [57]. To estimate icoy, a slope was drawn
in the cathodic branch at 4100 mV from the meeting point
of anodic and cathodic curves (E..;) of the Tafel plot (Ref
Fig. 8b). The corrosion current of the point at which the slope
line intersects with the horizontal line drawn from the E.y
was considered as igor.

Table 2 shows the corresponding electrochemical parame-
ters (Ecorr, icorr @and B¢) of the polarization curves of the sam-
ples. The i of the uncoated alloy is 1.25 x 1075 Aecm™2,
however, with an increase of the CA treatment time, the icoy
constantly decreased. The i o of the CA/LDH-30s coating is
about three orders of magnitude lower than that of the un-
coated alloy, and one order of magnitude lower as compared
with the LDH coating without acid pretreatment. Among all
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Fig. 8. (a) Polarization curves of the (I) AZ80, (II) LDH, (III) CA/LDH-10s, (IV) CA/LDH-20s and (V) CA/LDH-30s coating and (b) Illustration of determining

icorr from Tafel plot.

Table 2
Electrochemical parameters of the polarization curves of the samples.

Samples E.o:(V/SCE) icorr(Ascm™2) -B¢ (mV/decade)
AZ380 —1.43 1.25 x 1073 117.70
LDH —1.41 5.69 x 1077 179.42
CA/LDH-10 s —1.40 532 x 1077 162.02
CA/LDH-20 s —1.27 1.20 x 1077 148.03
CA/LDH-30 s —1.25 3.85 x 1078 143.89

the coated samples, the iy of CA/LDH-30s is the lowest,
indicating the best corrosion resistance.

The existence of the passive current density (point A) indi-
cates that the coating is destroyed under the condition, where
the potential is referred as the breakdown potential. Chloride
ions present on the surface of the LDH coating are responsi-
ble for the breakdown of LDH coating. It is noted that a sharp
increase in current density is observed with further increase

in potential in the anodic direction (region B). While as the
potential increases (region C), the current density has a recip-
rocating fluctuation process, which means the coating under-
goes a repeated process of destruction and repair, suggesting a
strong self-healing property due to the ion-exchangeable and
diffusion behavior of the coating [58,59]. The detailed expla-
nation about the corrosion progress will be discussed in the
subsequent Section 3.4.

Fig. 9a—f shows the EIS curves of the alloy substrate and
with different LDH coatings tested in 3.5 wt.% NaCl solu-
tion. As seen in Fig. 9a, the |Z| modulus of the samples at
the low frequency region can be arranged in an ascending
order as follows: AZ80 substrate < LDH < CA/LDH-10s <
CA/LDH-20s < CA/LDH-30s coating. A higher |Z| modulus
at lower frequencies indicates that the coating has better cor-
rosion resistance. Therefore, it can be said that the CA/LDH-
30s coating has the best corrosion resistance. The Bode phase
angle diagrams of all the LDH coatings shown in Fig. 9b
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Fig. 9. EIS of (I) Mg alloy AZ80, (IT) LDH, (III) CA/LDH-10s, (IV) CA/LDH-20s and (V) CA/LDH-30s: (a) Bode plots of |Z| vs. frequency, (b) Bode plots
of phase angle vs. frequency, (c) Nyquist plots and (d-f) enlarged Nyquist plots; Equivalent circuits of (g) AZ80 substrate and (h) LDH coatings.

exhibit two times constants, corresponding to the loose and
porous outer layer and the dense inner barrier layer of the
LDH coating Fig. 9c—f reveals two capacitive loops, which
could be due to the two structural layers of the LDH coating.
The radius of curvature of the CA/LDH-30s coating sample

is much larger than that of the other samples, indicating that
the CA/LDH-30s coating has the best corrosion resistance.
Fig. 9g-h show the equivalent circuit (EC) diagrams used
in this study for fitting the EIS results, and the fitted data are
listed in Table 3. The EC for the uncoated alloy is shown
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Table 3
Electrochemical data obtained via equivalent circuit fitting of EIS curves.
Samples Substrate LDH CA/LDH-10 s CA/LDH-20 s CA/LDH-30 s
R, (S2ecm?) 23.28 127.10 130.90 81.49 147.10
C (Feem™2) 5.84 x 1076 1.09 x 107? 7.43 x 107 1.15 x 107 3.70 x 107
Ry (Qecm?) 2.27 x 10! - - - -
Ri (Qecm?) - 6.75 x 10% 1.97 x 10* 6.22 x 10* 3.73 x 10?
CPE; (2 'es"ecm™2) - 327 x 1076 127 x 1073 1.22 x 107 3.89 x 1076
ny - 0.41 0.58 0.55 0.59
Ry (Q2ecm?) - 1.13 x 10* 2.53 x 10% 2.70 x 103 6.78 x 10°
CPE; (2~ lesmecm™2) 6.78 x 107° 227 x 1073 9.78 x 107 1.95 x 107 1.06 x 1073
ny 0.93 0.74 0.86 0.73 0.84
Ryt (S2ecm?) 1.85 x 10% 2.06 x 100 3.35 x 100 437 x 10° 6.17 x 10°
RL (Qecm?) 1.37 x 102 - - - -
L (Heem™2) 1.14 x 10? - - - -

T ——AZ80 Mg alloy]

(a) :;0'25 i ::1—v—]6[/1]/-lLDH-105 (b) ——;

b V- CA/LDH-20s
V —A— CA/LDH-30s

o
)
S

o
[

Hydrogen evolution rate (mLecm’
= e
a >

L L L . 1
0 100 200 . .300 400 500
Immersion time (h)

e
°
=3

Enlarger
—

a3

o
°
S
S

=
1=
S

Hydrogen evolution rate (mLecm
g
8
8

L L L . .
0 100 200 300 400 500
Immersion time (h)

Fig. 10. (a, b) Hydrogen evolution rate (HER) plot (I) AZ80 substrate, (II) LDH, (III) CA/LDH-10s, (IV) CA/LDH-20s and (V) CA/LDH-30s in 3.5 wt.%

NaCl solution for 480 h.

in Fig. 9g, where the high frequency region is composed of
charge transfer resistance (R) and interface diffusion con-
stant phase component (CPE»), indicating that a loose porous
corrosion product film is formed on the magnesium substrate.
This is mainly because the electrolyte penetrates through the
corrosion product layer on the surface of the substrate. Ry is
the film resistance, and C is the corresponding film capaci-
tor. The low frequency region is composed of inductance (L)
and resistance (Ry), which indicates that pitting corrosion has
occurred in the alloy. The LDH coatings prepared by acid pre-
treatment and without acid pretreatment show similar Nyquist
diagrams, which can be represented by the same equivalent
circuit in Fig. 9h. The circuit elements include R, R, Ry, Ry,
CPE,, as well as a porous outer capacitor (C) and a dense
inner capacitor (CPE}). R; and R,, respectively represent the
outer layer resistance and the inner layer resistance of the
LDH coating. It is well known that the higher R value indi-
cates improved corrosion resistance. In Table 3, the R value
of the CA/LDH-30s coating is the highest among all the sam-
ples, indicating that it has the best corrosion resistance and
can provide the best protection for the substrate.

Fig. 10 shows that the HER of the uncoated alloy is much
higher than that of the LDH coated samples. When the im-
mersion time reaches about 3 h, the HER of the alloy drops
sharply, which is related to the dissolution of the substrate
and the formation of Mg(OH), precipitation. As the immer-
sion time increases, the corrosion product deposited on the

substrate which protected the substrate to a certain extent.
Therefore, the HER curve of the alloy becomes relatively flat.
It is worth noting that the overall HER curve of the LDH,
CA/LDH-10s, CA/LDH-20s and CA/LDH-30s coatings show
downward trend. The LDH coating stabilized after an immer-
sion of 350 h, while the coating with CA pretreated tends to
be stable after 190 h, which is mainly due to the protective
effect of the corrosion product film formed on the surface of
the coating. The HER of the CA/LDH-30s coating was the
lowest throughout the test period among all coatings, which
means that the coating provide the best and long-term pro-
tection.

Fig. 11 shows the SEM images of the uncoated alloy and
different LDH coated alloy immersed in 3.5 wt.% NaCl for
480 h. It can be seen from Fig. 11a that the surface of alloy
was severely damaged after immersion. As compared with
the LDH coating before corrosion (Fig. 5a) the surface mor-
phology of the LDH (Fig. 11b) has completely disappeared
and also a few cracks appeared. For the CA/LDH-10s coating
(Fig. 11c), the LDH morphology has completely changed as
compared with the original sample (Fig. 5b). However, there
are no obvious corrosion pits and cracks on the surface. For
the CA/LDH-20 s coating, the morphology of the LDH basi-
cally remained unchanged, but corrosion pits appeared on the
surface. The CA/LDH-30s coating had no corrosion cracks
and corrosion pits, indicating that it has the best long-term
protection for the substrate Fig. 11f shows that the ratio of
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Fig. 11. SEM images of (a) AZ80 Mg alloy, (b) LDH, (c) CA/LDH-10s, (d)
CA/LDH-20s and (e) CA/LDH-30s after immersion in the 3.5 wt.% NaCl
solution for 480h and (f) corresponding element composition.
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Fig. 12. XRD patterns of (a) AZ80 substrate, (b) LDH, (c) CA/LDH-10s, (d)
CA/LDH-20s and (e) CA/LDH-30s after immersion in the 3.5 wt.% NaCl
solution for 480h.

element O and Mg in all samples is very high, which indicates
the formation of corrosion product Mg(OH),. The C and Al
content of original LDH coating and CA/LDH-10s LDH coat-
ings is the lowest, while the Mg content is the highest, which
implies that severe corrosion has occurred. In addition, for
the CA/LDH-20s and CA/LDH-30s coatings, the content of
C and Al is higher, indicating that the corrosion is relatively
low.

In order to further determine the corrosion products, XRD
analysis was carried out on the coatings Fig. 12 shows the

[m5+4;March 12, 2022;21:50]
Journal of Magnesium and Alloys xxx (xxxx) xxx
Table 4

Elemental compositions of selected spectrum on LDH coatings as shown in
Fig. 13 (at.%).

Point Mg (6] Al C Mn
#1 12.44 10.48 41.96 12.64 22.47
#2 32.40 26.46 15.81 25.33 -

#3 79.58 3.17 0.48 16.68 0.09
#4 33.15 16.31 25.96 7.37 17.20
#5 12.26 11.83 25.05 36.15 14.72
#6 67.08 21.82 0.62 10.42 0.06
#7 22.52 65.32 2.22 9.94 -

#8 26.04 62.81 1.96 9.19 -

#9 28.79 59.16 1.38 10.67 -

XRD patterns of the alloy and different LDH coated alloy im-
mersed in 3.5 wt.% NaCl solution for 480 h. All samples ex-
hibited diffraction peaks, i.e., at 18.3°, 37.6°, 58.2° and 62.8°,
indicating that the corrosion product is mainly Mg(OH),. In
Fig. 12b—e, there are diffraction peaks of LDH at 11.3° and
22.6°. In Fig. 12b, the diffraction peak of LDH is the small-
est, which suggests that the corrosion of LDH is more serious
corresponding to the morphology in Fig. 11b, CA/LDH-30s
has a strong diffraction peak, indicating that the structure of
CA/LDH is stable and can provide long-term effective pro-
tection.

3.3. Formation mechanism of LDH coatings

Fig. 13 shows the SEM images of CA/LDH-0.5h,
CA/LDH-1.5h and CA/LDH-3h, and the corresponding ele-
ment composition is listed in Table 4. In the first stage (re-
action for 0.5 h), the «-Mg phase around AlgMns as well as
Mg;7Al}; in the alloy substrate begins to dissolve, forming a
network of Mg(OH), Table 4 spectra 1 and 2). The higher
content of Al and Mn at the nucleation of Mg(OH), implys
that the nucleation is located near the second phase in the
alloy. This is due to the higher potential of the second phase
particles which act as the cathode, while the «-Mg with lower
potential acts as the anode for galvanic corrosion. The specific
chemical reactions are as follows ((1)—(3).

Mg — Mg*" + 2e” 6))
2H,0 + 2~ — H; 1 + 20H" 2)
Mg + 2H,0 — Mg(OH), | +Hz 1 (3)

In the second stage (reaction for 1.5 h), with the growth
of Mg(OH),, the AI** ions in the vicinity are gradually ad-
sorb on Mg(OH),. Part of Mg?* ions of Mg(OH), is replaced
by AT ions.The LDH like a seed germinates and grow
outward around the AlgMns phase and Mg;7Al;; phase in
Table 4 (spectra 4 and 5) as the center (Formula (4)—(7))
[58].

Finally, in the third stage (reaction for 3 h), the nanosheet
structures of LDH coating continue to grow, accompanied
by substantial AI** ions deposition. As a result, thicker and
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Fig. 14. XRD patterns of (a) AZ80 Mg alloy, (b) CA/LDH-0.5h, (c)
CA/LDH-1.5h and (d) CA/LDH-3h.

denser LDH coating completely cover the surface of the alloy
(Table 4 spectra 7-9).

CO; + H,0 — CO3™ + 2H* )
2Mg(OH),+A1°* 4+ 30H™ — Mg,A1(OH), 5)
— MgeAl2(OH) 5 - 4.5H,0 + A1(OH); (6)
MgeAl,(OH) g - 4.5H,0 + CO3~
— MggAlL,CO3(OH)4 - 4H,0 + 20H™ + 0.5H,0 (7)

Fig. 14 shows the XRD patterns of the (a) AZ80 Mg alloy,
(b) CA/LDH-0.5h, (c) CA/LDH-1.5h and (d) CA/LDH-3h.
As for the CA/LDH-0.5h sample, the peaks at about 18.4°,
37.9° and 58.6° are attributed to Mg(OH),, which suggested
that sole Mg(OH), was produced. With the increasement of
reaction time (1.5 h, 3 h), the two peaks at approximately
11.3° and 22.6° appeared which are assigned to the (003)
and (006) diffraction peaks of the LDH. In summary, the
obtained coatings are mainly composed of Mg(OH), and LDH
Egs. (2)—(11).

Fig. 15a—d is a schematic diagram of the growth mecha-
nism of LDH coating on acid pretreated alloy. In summary,
the formation of LDH can be divided into four stages: (a)
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Fig. 15. Schematic diagram of formation mechanism of LDH coating on the
AZ80 substrate with a prior acid pretreatment.

the dissolution of the oxide layer on the surface of the alloy;
(b) the dissolution of w-Mg matrix near the Mgi;Al;, and
AlgMns phases; (c) the steam react with the Mngr from the
alloy and the AI** from the second phase to form Mg(OH),
and LDH. COs? ions are provided by CO, in the air. Some
Mg?* ions in Mg(OH), are replaced by AI** ions to form Mg-
Al-CO3%>~-LDH; (d) the LDH structure continuously grows
and covers the surface of substrate.

Fig. 16 shows the relationship between the thickness of
coating and corrosion current density as a function of second
phase particles surface area fraction. The higher surface area
fraction of second phase particles relates to higher thickness
of the coating and lower corrosion current density. Therefore,
the second phase particles have an important part in increas-
ing the coating thickness and enhancing the anti-corrosion
performance of the coating.

Fig. 17 shows the XPS full spectrums of the (a) CA/LDH-
0.5h (b) CA/LDH-3h and the peak of C 1s for (c) CA/LDH-
0.5h (d) CA/LDH-1.5h and (e) CA/LDH-3h. Characteristic
lines of elemental magnesium, oxygen, carbon, aluminum and
zinc are clearly presented. As can be seen from Fig. 17c—e,
the C 1s spectra can be resolved into three peaks: main peak
at 284.7 eV attributed to C-C, and two peaks at 286.1 eV and
288.5 eV that may be related to C-O and C=0O group. The
group of C=0 and C-O reveal the presence of CA. CA has a
certain complexing ability with metal ions, which can promote
the reaction of Mg?* and AI** during the formation of Mg-
Al-LDH coating. To further explore the role of CA, C element
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was detected for three different reaction periods shown in
Fig. 17.

As can be observed in Fig. 17c—e, the fitted peaks at ap-
proximately 288.5 was attributed to the carboxyl [60], and at
the three stages, the presence of C=0 group can be detected
on the surface of the sample, which may be due to a thin
film produced by the reaction of CA with the AZ80 substrate
in the acid process. Therefore, it can prove that CA plays a
role in the formation of the coating.

3.4. Corrosion mechanism of LDH coatings

Fig. 18 shows the corrosion mechanism diagram of the
LDH coating formed after the alloy pretreated with CA.The
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Fig. 18. Schematic diagram of corrosion mechanism of the LDH coating on
the AZ80 substrate with a prior CA pretreatment.

corrosion mechanism of the coating on the alloy can be di-
vided into three steps: (a) the LDH coating attracts corrosive
CI™ through ion exchange reaction Fig. 18b); (b) the coating
is destroyed in the vicinity of Mg;7Al;; and AlgMns phase
and form corrosion products, and the accumulated corrosion
products form a secondary protection (Fig. 18¢); (c) the corro-
sive media reacts with the substrate to produce a large amount
of corrosion products and hydrogen gas, causing the coating
to rupture (Fig. 18d). The specific reactions follow as ((8)—
(12)

LDH — CO2™ 4+ CI” — LDH—CI~ + CO3~ ®)
Mg*t + CO;~ — MgCO;s | 9)
MgCO;+20H™ — Mg(OH), | +CO;3~ (10)
Mg(OH), + 2ClI~ — MgCl, + 20H"~ an
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Fig. 17. XPS full spectrums of the (a) CA/LDH-0.5h (b) CA/LDH-3h and the peak of C Is for (c) CA/LDH-0.5h (d) CA/LDH-1.5h and (e) CA/LDH-3h.
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Mg + 2H,0 — Mg(OH), | +H, 1 (12)

4. Conclusions

Based on the experimental results and analysis, the follow-
ing conclusion are made:

(1) A signficant amount of Mg;7Al;; and AlgMns particles
are exposed on the surface of AZ80 magnesium alloy
after the CA pretreatment. As the pretreatment time in-
creased, the surface area fraction of the second phase
particles on the surface of the alloy also increased. As
compared with the polished alloy, the surface area frac-
tion of the second phase particles on CA/AZ80-30s,
CA/AZ80-20s and CA/AZ80-10s increased by 3 times,
2 times and 1.5 times, respectively. As a result, the sur-
face roughness of the alloy increased about 3 times.

(2) The ico of the LDH coating after CA pretreatment is
lower than that of the coating without acid pretreatment
(icorr 18 5.69 x 1077 Aecm™2). The decrease in the iy Of
the CA/LDH-10 s coated alloy is only marginal as com-
pared to the other coatings. The i.o of the CA/LDH-
20 s coated alloy is 4 times lower than that of the LDH
coated alloy without acid pretreatment, and the iy of
the CA/LDH-30 s coated alloy (i¢or is 3.85 X 1078
Ascm™2) is one order of magnitude lower than that of
the LDH coated alloy without acid pretreatment. The re-
sults indicates that CA pretreatment can effectively im-
prove the corrosion protection performance of the LDH
coating.

(3) CA pretreatment increases the exposoure of Mg7Alj,
and AlgMns particles on the AZ80 Mg alloy. While
the «-Mg phase (anode) corrodes, the Mg;7Al;; and
AlgMns particles, being cathode, are unaffected and
thereby increases the Al content on the surface of the
alloy. The exposure of Mg;7Al;; and AlgMn;s particles
plays important role in the growth of LDH coatings and
thereby increases the corrosion protection performance
of the coatings.
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