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ABSTRACT: Layered double hydroxide (LDH) films have received
extensive attention for their unique physical barrier function and ion
exchange properties, which make them promising candidates for corrosion o —
protection of magnesium alloys. In this paper, we used the multiple
polynomial regression fitting method to establish a regression equation for
the electrochemical corrosion resistance with the reaction temperature (T),
pH, and reaction time (t) of the Mg—Al LDH film on the AZ91D
magnesium alloy. The goodness of fit, confidence, and residual analyses
confirmed the high accuracy of the model equation. According to the |w.
calculation using the fmincon function, the best corrosion resistance of the
prepared samples could be achieved when the parameters are T = 135 °C,
pH = 12.0, and t = 15 h. Then, the experimental results showed that the
corrosion current density (I.,,) of the obtained LDH film under the above
conditions could be 1.07 X 1077 A/cm? approximately 3 orders of magnitude lower than the magnesium alloy substrate, after
immersion in a 3.5 wt % NaCl solution for 180 h, the surface structure of the LDH film did not change significantly, and the I, was
still 2 orders of magnitude higher than that of the magnesium alloy substrate. Hence, a synergistic effect equation for the reaction
temperature, pH, and reaction time on the corrosion resistance of the LDH film on a magnesium alloy surface prepared by the
hydrothermal method was obtained. Moreover, using this equation, we obtained an LDH film with good corrosion resistance and
durability, providing theoretical guidance for optimizing the process of preparing the LDH film by the hydrothermal method in
practical applications.
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1. INTRODUCTION M,_.>"M,**(OH),]*"(A""),/,»mH,0. In the formula, M** and
M?*" represent cations occupying octahedral pores in layered

Magnesium (Mg) alloys have attracted extensive attention due N ) ) i
layers, A™ represents the interlayer charge compensation anion,

to their low density and good mechanical properties.'”

However, the poor corrosion resistance of magnesium alloys n is the charge of the intercalated anion, and m is the number of
tremendously hinders their widespread application.4 To water molecules. X is the molar ratio of M**/(M** + M>*), which
improve the corrosion resistance of magnesium alloys, surface generally ranges from 0.20 to 0.33. LDH has a brucite-like
treatment methods are usually used to build protective coatings (Mg(OH),) intercalated structure, and isomorphous replace-
on the surfaces of magnesium alloys, for instance, heat ment of trivalent cations for a fraction of divalent cations leads to
treatment,” chemical conversion coatings,’ anodic oxide coat- the positively charged host layers, in which each metal cation
ings,” elecltgoplating coating,” electroless coating,” vapor M?*" or M* is coordinated by six oxygen atoms, forming the
deposition, = etc. Among these, chemical conversion coating M?*/M*(OH), octahedron. These octahedra constitute the

has attracted worldwide attention due to its simple preparation
process and its ability to handle workpieces with complex
shapes.”'" The layered double hydroxide (LDH) film in
chemical conversion films is favored by researchers due to its
simple preparation process, environmental protection, and good
corrosion resistance.'>"?

LDH is a general term for hydrotalcite and hydrotalcite-like
compounds. LDH consists of a cationic host layer of divalent
and trivalent cations and an anionic layer of organic or inorganic
anions, and it can be represented by the general formula

two-dimensional sheets via edge sharing, which then stack
together by hydrogen bonding between the hydroxyl groups of
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adjacent sheets, balanced by a wide range of interlayer anions
A"". The entire LDH structure is usually electrically neutral.'#"
The anions between LDH laminates can be chemically modified
based on the anion-exchange mechanism. Generally, high-
valence anions are easier to exchange with low-valence anions.'®
Therefore, LDH films can provide excellent physical barrier
protection on the surface of magnesium alloys. At the same time,
the unique interlayer anion exchangeability of LDH allows it to
capture corrosive anions, significantly improving the corrosion
resistance of magnesium alloys."> ™"

LDH films can be prepared on the surface of magnesium
alloys by coprecipitation, electrochemical deposition, and
hydrothermal methods.'*~>' Among them, LDH films prepared
by hydrothermal processes have dense structures, excellent
adhesion to the substrate, and good corrosion resistance.
Kamiyama et al.>’ and Chen et al.*' researched the effect of
different reaction times at specific temperatures and pH on the
corrosion resistance of the prepared LDH film and ultimately
found the optimal reaction time. However, thez?r did not consider
the effects of temperature and pH. Lin et al.>* found through a
series of studies that alkaline environments are more conducive
to the growth of LDH films and also explored the effect of
reaction time at pH = 11.5 on films’ growth and corrosion
resistance; Chen et al.** further investigated the effects of time,
temperature, and pH on the corrosion resistance of LDH films
through a single-factor experimental method. The corrosion
resistance of the LDH films formed at low values of pH or high
temperatures or short treatment time is deteriorative. Previous
studies have shown that the corrosion resistance of LDH films
prepared by the hydrothermal method is greatly affected by the
reaction temperature, pH, and reaction time. However, most
previous studies explored the impact of various preparation
parameters focusing on single-factor experimental methods,
without considering the interaction and synergistic effects
among multiple factors.”’~*> Although the orthogonal experi-
ment can establish an analytical model for the impact of multiple
independent variables on dependent variables, exploring the
impact of the relationship between independent variables on the
dependent variable is challenging and is further limited by its
ability to depict only linear relationships between the factors and
corresponding variables. Therefore, it is necessary to establish
more complex nonlinear models to clarify the internal
synergistic effects between the influencing factors to obtain
better corrosion-resistant LDH films.

The field of metal corrosion relies on fundamental data, but
dealing with the extensive and intricate data related to the
corrosion resistance of materials can be challenging due to its
high volume and complexity.”® In order to explore the
connection between variables (such as dependent and
independent variables) in the context of corrosion, it is essential
to carefully analyze and uncover the underlying mechanism
within the collected corrosion data. The goal is to create a
specific or conceptual mathematical model that can be used for
predicting future outcomes related to corrosion. Multiple linear
regression refers to the establishment of a mathematical model
and making predictions through correlation analysis of two or
more independent variables and one dependent variable. This
method can eliminate the correlation between variables and
reduce the screening process conditions. It can also provide a
deeper understanding of the interaction between different
dependent variables and deduce the optimal combination of
dependent variables in the case of limited data, thus significantly
saving time and cost of research.”” In 1971, Haynie et al.**

proposed an atmospheric corrosion model for carbon steel
based on multivariate linear equations for corrosion rate vs SO,
concentration, exposure time, and total oxide thickness. Zor et
al.”” investigated the optimal process conditions for galvanizing
stainless steel surfaces by varying three independent variables:
stirring speed, bath temperature, and plating time to obtain
different zinc layers. They then tested the corresponding
samples’ potential dynamic polarization curves to get the
corrosion current density as the dependent variable. Wang et al.
successfully established the relationship between the three
independent and dependent variables and deduced the
quadratic re(gression equation to predict the optimal process
conditions.”” They examined how different electrolyte param-
eters affected corrosion resistance by employing statistical
techniques. They established the variance and Pareto of the
regression equation of corrosion current density. The analysis
was conducted using a combination design of orthogonal
rotation based on a ternary quadratic regression.

Therefore, utilizing a multiple linear regression equation is a
promising approach for assessing the impact of process
conditions on the corrosion resistance of the samples.
Additionally, optimization of the process parameters can be
achieved through the application of this regression equation.

In this paper, Mg—Al LDH films were in situ prepared on an
AZ91D magnesium alloy by the hydrothermal method. The
magnesium alloy was immersed in an alkaline aluminum nitrate
solution with varying pH values, reacted at various temperatures,
and lasted for different times; finally, LDH films successfully
formed on the magnesium alloy samples. Then, a high-precision
mathematical model was deduced and fitted to explore the
synergistic effect of reaction temperature, pH, and reaction time
on the corrosion resistance of the LDH film prepared on the
magnesium alloy surface by the hydrothermal method. The
accuracy of the equation is also verified based on the confidence
interval and goodness of fit. Meanwhile, the high-precision
mathematical model was also used to predict the best process
conditions for the elaboration of corrosion-resistant film based
on experimental data. Eventually, the LDH films obtained under
the predicted best process conditions were systematically
studied using scanning electron microscopy (SEM), X-ray
diffraction (XRD), Fourier transform infrared spectroscopy
(FT-IR), electrochemical testing, as well as long-term
immersion experiments.

2. EXPERIMENT AND CHARACTERIZATION

2.1. Experimental Materials. Mg—Al LDH films were
prepared in situ on an AZ91D magnesium alloy substrate. The
composition of the AZ91D magnesium alloy substrate is Al of
8.5-9.5 wt %, Zn of 0.45—0.9 wt %, Mn of 0.17—0.4 wt %, Si <
0.08 wt %, Fe < 0.004 wt %, and Ni < 0.001 wt %, with balance
being Mg. AZ91D magnesium alloy was cut into 30 mm X 30
mm X 0.5 mm as a working sample for subsequent processing.
The analytically pure grade aluminum nitrate (Al(NO;);-9H,0,
99%), sodium chloride (NaCl, 99%), and sodium hydroxide
(NaOH, 99%) were all purchased from Beijing Inno Chem
Science & Technology Co. The solvent used for all solutions in
this article was deionized water (18.2 MQ cm™").

2.2. Preparation of Mg—Al LDH Films. The AZ91D
magnesium alloy was grounded successively with 200, 400, 800,
1200, and 2000-grit SiC sandpaper and then ultrasonically
cleaned in absolute ethanol for 10 min. Subsequently, the
magnesium alloy was immersed in a 2 M NaOH solution to
remove surface oxides through ultrasonic cleaning for 1 min and
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then ultrasonically cleaned in ethanol for 10 min. Finally, the
magnesium alloy was taken out and dried in cold air for further
use.

0.05 M Al(NO;);-9H,0 (0.05 M) was dissolved in deionized
water, and 4 M NaOH was added to adjust the solution pH.
Subsequently, the obtained solution and the pretreated
magnesium alloy sample were transferred to a hydrothermal
reactor and reacted at a particular temperature for different
times. Then, the samples were removed and washed with
deionized water. Finally, the sample was dried with cold air.

2.3. Characterization. Scanning electron microscopy
(SEM) was used to characterize the surface and cross-sectional
morphology of the samples. SEM test was conducted on S-4800
produced by HITACHI. All samples for SEM characterization
were sprayed with gold for 60 s for good conductivity before
testing. The IncaEnergyX-Max20 energy-dispersive spectrom-
eter (EDS) produced by Oxford was used to determine the
elemental composition of the film. The structure of the film was
characterized by X-ray diffraction (XRD). The XRD test was
carried out on the Smart lab produced by Rigaku. The target
material was Cu; the scanning range was 5—80° and the
scanning speed was 5°/min. The XRD pattern was analyzed by
MDI Jade 6 software. Fourier transform infrared spectroscopy
(FT-IR) was used to characterize the distinct functional groups
of the film. The FT-IR test was conducted on a Nicolet iS50
produced by Thermo Scientific with the ATR method and air as
the background. The scanning range was 400—4000 cm ™.

The corrosion resistance of the samples was evaluated by the
potentiodynamic polarization curve and electrochemical
impedance spectroscopy (EIS). The potentiostat was
CS2350H manufactured by Wuhan Corrtest. A typical three-
electrode system was used, in which magnesium alloy was the
working electrode (test area 1 cm®) and platinum sheet (2 cm X
2 cm) and saturated calomel electrode (SCE, E= +0.24 V vs
SHE) as the counter electrode and the reference electrode,
respectively. All electrochemical tests were conducted in the
Faraday cage. Before the test, the working electrode was
immersed in 3.5 wt % NaCl solution for 1 h until the open circuit
potential (OCP) becomes stable. The potentiodynamic polar-
ization test started from —0.5 V ~ E,, + 1V, and the scanning
rate was S mV/s. All samples were tested at room temperature
(25 £ 2 °C). The EIS is also tested when the open circuit
potential is stable. The test frequency range was 100 kHz to 100
mHz, and the disturbance potential (AC) was 10 mV. The EIS is
analyzed and fitted using Z-View software to obtain the
corresponding electrochemical parameters. All experiments
were repeated three times for reproducibility.

The immersion experiment was conducted at 25 °C.

2.4. Fitting Procedure. As the self-corrosion current
density reflects the corrosion rate of the entire system after
the coupling of the LDH film and substrate, while reaction
resistance in EIS only reflects the corrosion rate of the
magnesium alloy substrate, the corrosion condition of the
LDH film needs to be considered in the actual service
environment. Therefore, the self-corrosion current density in
the polarization curve is used to characterize the corrosion
resistance of the LDH film in this modeling. The data were fitted
using the regress function of MATLAB. Subsequently, the
confidence intervals for the fitted coefficients and residuals were
output using the regress function and built-in functions. The
fitted results were used to find the most value in the interval
using the fmincon function. Finally, the residuals were calculated
by the rcoplot function.

3. REGRESSION ANALYSIS

Linear regression is a commonly used data model.
Let an n-dimensional independent variable be

X = (), %y, oy %,)" (1)
The one-dimensional dependent variable is
¥y =0 2y 2)" 2)

If a piece of data has # attributes, the matrix form of multiple
linear regression is

fX)=w'X+0b (3)
Among them,

w = (wy, wy, ., wn)T (4)

b= (b, by, .., b)) (s)

Traditional linear regression is used to study the relationship
between a dependent variable and an independent variable.
When dealing with the relationship between a dependent
variable and multiple independent variables, we typically employ
polynomial regression. According to the Taylor formula, if the
function f(x) is differentiable at x, the constant in the
neighborhood U(x,) remains constant:

m (e ) (x = xg)F
foy = 3 L EEm g

k=n (6)
Among them,
I ARRICO P
R = E e ) o

Here, € is the value between x and . In this formula,

n k k
mﬁzzﬂkmg—w
rt k! (8)
This formula represents the nth-order Taylor polynomial of
function f(x), where R, (x) is the error between P,(x) and f(x),
also referred to as the n-order Taylor remainder.

If the derivative of order (n + 1) of function f(x) has an upper
bound M in the neighborhood U(x,)

R
lim ﬁ)n < lim le — x5l =0
s=ay | (8 = %0)" | T x=x (2 + 1)! (9)
Therefore, this is
R,(x) = o((x — x)") (10)

The geometric interpretation of the Taylor formula involves
approximating the original function using a polynomial function.
Because the polynomial function can be differentiated at any
point, it is easy to calculate and convenient for finding extreme
values and determining the nature of functions. Consequently,
the Taylor formula can be used as a reliable tool for obtaining
information about functions and approximating their properties.

The preceding section is an introduction to the Taylor
formula for univariate functions. This formula can also be
extended to multivariate functions. In this article, only the
second-order multivariate Taylor formula is used. Therefore,
only the matrix form of the second-order Taylor formula for
multivariate functions is presented here:”'

https://doi.org/10.1021/acsomega.3c10297
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1
fX) = f(Xp) + (X = X)" V(X)) + ;(X - X))
H(X)(X - X,) +o(X - X' (X - X)) (1)
wherein the independent variable is
X = (%), %y, ooy x,,)T (12)
X, = («®, x®, ., £ (13)

VA(X,) is the function f(X) at point X, gradient on the point
where

Vi - (40, 400 o0

X Ox, ox, (14)

H for the Hessian matrix:

f(X) If(X)  If(X)

ox;  Ox,0x, 0x,0x,,
TX) X X
H = | 0x,0x, dxzz 0x,0x,

If(X)
Ox,, 0%, T ox? (15)

n

If(X) (%)
0x,,0%,

Due to the availability of the second-order multivariate Taylor
formula, employing the least-squares method for quadratic
regression in multivariate functions is viable. That is when the
argument is

X = (%), %y, oo xn)T (16)
There are

X* _ ( 2 2 2
= Xy Xy ey Xy XXy, X1 X3, ey xixj, vy Xy 1%y X1y Xy

T
PARAA ) xn) 1)
(17)
Here assignment:
T
X* =17 = (z, 2y - 2,) (18)

where m = n* + n + 1. Then, the original problem of fitting X is
transformed into the issue of fitting Z.

Based on the previous discussion, 43 experiments were
designed to prepare Mg—Al LDH films under different reaction
conditions. As shown in Table 1, the corresponding polarization
curves were tested (detailed information is shown in Figure S1
and Table S1), and utilizing these data, a regression model of
corrosion current density (W) in relation to the concentration of
reaction temperature T (x), pH (y), and reaction time t (z) was
established. Set up:

x=T
y=pH
z=t

The data are processed logarithmically and then fitted linearly
using the least-squares method in the following form:

In Icorr = ﬂo + ﬁlxz + ﬁ2y2 + ﬂ3zz + ﬁ4xy + ﬁsxz + ﬁéyz
+ b+ By + bz

Get the results:

4]
B | [7:385714 ]
A, 0.00069
0.173217
A 0.014209
| |-o01154
B| |-0.00326
P 0.017771
0.000669
b, —3.07236
Byl |-029223]
,ﬂg_
R* = 0.848
p < 0.05

where R? represents the goodness of fit, a higher R? value, closer
to 1, indicates a better fit of the regression equation to the test
values. The P value represents the significance test of the
equation.”” With a goodness of fit reaching 0.848 and a P value
less than 0.05, indicating a confidence level of 95%, these
conditions suggest that the regression equation for each index
fits well with the experimental results at the test points studied in
this paper. It demonstrates a high degree of fit with the
experimental results throughout the entire research scope.
Residual analysis was performed to further analyze the relevant
results. The residual data are shown in Table S2, and Figure 1 is
plotted based on it.

Assuming the confidence level of the residual value is within
the 95% confidence interval. In this case, the difference between
the fitting and experimental results is insignificant, and the
confidence level of the fitting result can reach 95%. In Figure 1,
output by the rcoplot function built in MATLAB, each data
point’s residual is depicted with a circle. The straight line in the
middle is 0, and the residual above the 0 lines is positive, whereas
the residual below the O lines is negative. Each dot is in a
confidence interval, which is shown as a line segment with this
data point as the midpoint, that is, vertical lines in the figure. If
line O crosses the line segment where the data point is located, it
implies that 0 is within the confidence interval and the difference
between the experimental data and itself is 0. Hence, the
experimental data are within the confidence interval, and the
fitting result is relatively close to the practical result. The
confidence value represents the experimental value of the
residual error within the confidence interval, while the
nonconformity value represents the experimental value of the
residual error outside the confidence interval. Following the
residual analysis of 43 groups, it can be concluded that only two
line segments and Line 0 do not share a common point. It means
that among all the data, 43 data points have residuals that satisfy
a 95% confidence level, achieving an accuracy rate of 95.35%.
However, due to potential errors in data analysis, verification
through experiments is still necessary.

The fmincon function built in MATLAB determined that the
optimal corrosion-resistant film will be achieved when the
parameters are set to T = 135 °C, pH 12.0, and ¢ = 15 h. Then,
the sample was prepared according to these experimental

https://doi.org/10.1021/acsomega.3c10297
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Table 1. Design of Experiment and Experimental Results

sample numbers temperature (T, °C) pH time (t h) I, (A/cm?)

1 60 9 3 2.54 x107%
2 60 12 9 1.30 X 107%
3 60 13 9 1.51 X 107%
4 60 12 15 9.46 X 107
S 90 12 9 6.34 x 107%
6 120 8 9 1.44 x 107%
7 120 9 9 8.19 x 107%
8 120 10 9 9.85x 107"
9 120 11 9 8.77 x 1077
10 120 12 9 3.57x 1077
11 120 13 9 5.54 x 1077
12 120 12 3 7.22 % 107%
13 120 12 6 1.06 X 107%
14 50 12 10 1.32 X 107%
15 110 12 6 1.25 X 107%
16 110 9 10 7.01 X 107%
17 120 12 2 1.66 X 107%
18 130 12 10 491 x 1077
19 120 12 5 247 x 107%
20 145 12 13 9.41 x 10777
21 120 12 12 239 x 1077
22 120 12 15 1.34 x 107
23 120 13 15 8.70 X 1077
24 150 13 3 9.87 x 107%
25 150 12 9 8.56 X 1077
26 150 9 15 4.07 X 107%
27 110 13 10 449 x 1077
28 110 11 10 526 x 1077
29 110 12 10 347 x 1077
30 70 12 10 7.28 X 107%
31 110 12 4 6.88 x 10777
32 130 13 4 1.69 X 107%
33 50 12 8 1.40 X 107%
34 130 9 8 632X 107%
35 50 9 4 1.57 x 107%
36 120 12 4 3.67 X 107%
37 70 12 12 125 x 107%
38 120 12 8 6.77 x 10777
39 145 12 15 5.04 x 1077
40 120 12 18 2.06 x 10777
41 120 12 21 242 %1077
42 130 13 18 3.15 % 10777
43 140 10 18 8.12 x 1077

conditions, and the corrosion resistance was tested. The
experimental results showed that corrosion current density
Loy = 1.07 X 1077 A/cm? Tt is found that the overall variance
follows a normal distribution with an expectation of 1 X 107"
and a conflict of 0.6021, resulting in an absolute residual value of
0.8806. If R ~ N (0, 0.8806), then P (R < 0.8806) = 0.9282.
Therefore, the experimental value is within a 95% confidence
interval of the predicted value, where N is the normal
distribution, R is the probability, and P is the residual. The
above result indicates that the experimental results agree with
the model, so the model can effectively predict the optimal
process parameters.

4. CHARACTERIZATION OF MG—AL LDH FILMS

4.1. Morphology, Structure, and Composition of Mg—
Al LDH Films. The Mg—Al LDH films were hydrothermally

Confidence value
3 o Unconfidence value
—— Zero line
2k
2 1r
<
=
3
.g 0
o~
1k
2k
_3 L 1 1 1 1 L 1 1
0 5 10 15 20 25 30 35 40

Case Number

Figure 1. Residual figure of experimental values.

synthesized on the surface of magnesium alloy at T'= 135 °C, pH
=12.0, and t = 15 h according to the results derived in this paper.
SEM and EDS spectra of the obtained Mg—Al LDH films and
their immersion in 3.5 wt % NaCl solution for 180 h are shown
in Figure 2. From Figure 2al, it can be found that the outer layer
of the Mg—Al LDH film prepared under this condition presents
a typical interlaced nanosheet structure of LDH, and the surface
layer of the nanosheet has a uniform distribution.”> The
thickness of the LDH film is about 5.3 ym based on its cross
section (Figure 2a2). In addition, the inner layer of the LDH film
is relatively dense and uniformly attached to the surface of the
magnesium allogf, it is consistent with the cross-sectional results
of Kosari et al.”” They used TEM analysis on the LDH film and
found the presence of a dense inner layer in the LDH film, which
could effectively prevent chloride ion penetration and
subsequent attack of the magnesium alloy substrate. The EDS
spectra (Figure 2a3) showed that the film mainly comprises C,
N, O, Mg, and Al elements after the Mg—Al LDH film
immersion in 3.5 wt % NaCl solution for 180 h, many
precipitates covered on the LDH film (Figure 2bl), which
indicates that the outer layer of LDH film corroded locally, and
clusters are formed to cover the film’s surface. These clusters can
physically block oxygen diftusion, thus inhibiting the reduction
reaction in the corrosion process and leading to a delay in the
further corrosion of these initial corroded areas. The inner layer
is rough and porous, caused by the film’s slow dissolution due to
CI” corrosion. Nevertheless, the film is still completely covered
on the magnesium alloy surface, which can prevent the
penetration of CI” to the matrix. From the EDS results, it can
be found that the content of Mg and Al elements in the sample
after immersion has decreased compared with that before
immersion, which indicates the dissolution of the film. At the
same time, Cl™ is detected in the film after immersion due to the
LDH corrosion resistance mechanism. The corrosion protection
mechanism of LDH is not a simple physical barrier effect in
addition to its ion exchangeability to adsorb the anions in the
corrosive medium while in between the layers, thus achieving a
double protection effect on the substrate.”

The XRD patterns of the AZ91D magnesium alloy and Mg—
Al LDH film are shown in Figure 3a. It can be seen that the
diffraction peak intensity of the magnesium alloy substrate is
very high for the Mg—Al LDH sample. In contrast, the peak

https://doi.org/10.1021/acsomega.3c10297
ACS Omega 2024, 9, 19158—-19168


https://pubs.acs.org/doi/10.1021/acsomega.3c10297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10297?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Element

weight’%

7.32
1.12
40.18
39.26
11.54
0.58

Figure 2. Surface (al, b1), cross section (a2, b2) micrograph, and energy spectrum (a3, b3) of Mg—Al LDH (a) and Mg—Al LDH immersed in 3.5 wt

% NaCl solution for 180 h (b).
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Figure 3. (a) XRD patterns of the AZ91D magnesium alloy and Mg—Al LDH film and (b) FT-IR spectra of the Mg—Al LDH film before and after

immersion.

intensity of the Mg—Al LDH is weaker because the penetration
depth of the X-rays is much greater than that of the LDH film
layer. At the same time, the characteristic diffraction peaks with
20 values positioned at 11.66° and 20.56° correspond to (003)
and (006) reflections of LDH (JCPDS # 41-1482).>* This result
is similar to the results in the literature.'®** In the synthetic
process, LDH films undergo hydrothermal reactions, and the
detailed chemical reactions on the surface of Mg are as follows:
First, AI’* reacts with OH™ in an alkaline solution:

AP* 4+ 30H™ — Al(OH), (19)

Al(OH), + OH™ — Al(OH), (20)

Magnesium alloy conducts slight anodic dissolution and
generates Mg(OH), in alkaline environments:

19163

Mg + 2H,0 — Mg(OH), + H,1 (21)

Therefore, the formation mechanism of LDH results from
partial Mg®* ions in Mg(OH), replaced by AI** ions in the
presence of high-temperature and high-pressure environments.
The chemical reactions are as follows:*

2Mg(OH), + AP* + 30H™ — Mg Al(OH), (22)
3Mg Al(OH), + OH™ + 4.5H,0
— MgAl,(OH),4-4.5H,0 + Al(OH), (23)

Mg Al,(OH),4-4.5H,0 + NO;3

— MgAl,(NO,), (OH),5-4H,0 + OH™ + 0.5H,0
(24)
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Note that the characteristic diffraction peaks of LDH
corresponding to (003) and (006) reflections were still observed
after the samples were immersed in 3.5 wt % NaCl solution for
180 h, except that the (006) characteristic diffraction peaks’
relative intensity decreased and showed broadening phenom-
ena. To further explore the grain size change of LDH, the
Scherrer Equation™ is used to calculate the grain size of each
sample:

Ky
D=
Bcos 8 (25)

where D is the average thickness of the grain perpendicular to
the crystal plane, K is the Scherrer constant being 0.89, B is the
half peak width of the measured sample diffraction peak, @ is the
corner of Prague, and y is the X-ray wavelength with 0.154056
nm. It is calculated that the grain size of the LDH film before
immersion is 19.97 nm, while it drops to 5.08 nm after
immersion. The decrease in grain size may be due to the grain
refinement phenomenon caused by corrosion and ion exchange
between the LDH film and external anions.””*> According to
relevant literature, grain refinement can increase the free energy
of the film, thereby decreasing the potential of the battery
electrode and making the film more susceptible to corrosion
from a thermodynamic perspective. However, the film becomes
denser after grain refinement, which protects the matrix from
further deterioration from local disintegration.”*™>° The
characteristic peaks of the Mg—Al LDH film on the substrate
surface remained after the 180 h of immersion test. Therefore,
the SEM and XRD tests proved that the Mg—Al LDH film layer
prepared on the Mg alloy surface under the optimal conditions
of the hydrothermal method using the mathematical model was
deduced to have better protection corrosion-inhibiting stability.

Figure 3b shows the FT-IR spectra of the Mg—Al LDH film
before and after immersion, and it can be found that the
characteristic peaks of the two are similar. The absorption peak
at 3410 cm™' is the H-O—H stretching vibration peak. The
typical peak at 1373 cm™ may be ascribed to the stretching
vibration of NO;™ in LDH layer spacing and the asymmetric
stretching vibration of CO;*~.*"** The NO;~ in the film mainly
comes from Al (NOj);. The anions intercalated in the LDH film
prepared in this scheme are mostly NO;~, while CO;*~ comes
from trace CO, in an aqueous solution. In addition, several
absorption peaks at 600—900 cm™' may be lattice vibration
peaks from M—OH and M—O (M = Mg, Al).”” The only
difference is the occurrence of an absorption peak at 3687 cm ™
for the Mg—Al LDH film after 180 h immersion, which is
attributed to the formation of Mg (OH), precipitation after
corrosion.”’

4.2. Corrosion Resistance of Mg—Al LDH Films. Figure 4
depicts the test results of the potential dynamic polarization
curves of blank magnesium alloy, and it is covered with the Mg—
Al LDH film before and after 180 h immersion in 3.5 wt % NaCl
solution. It is evident that after the LDH film is prepared on the
magnesium alloy surface by the hydrothermal method, the
current density of its anode and cathode branches decreases,
which indicates that the coating inhibits the dissolution reaction
of anode magnesium (Mg — 2e”~ — Mg*") and cathodic oxygen
reduction (O, + 2H,0 + 4e” — 40OH"). Corrosion potential
(Ecor), corrosion current density (I,,,), and anodic and cathodic
slope (b, and b_) are listed in Table 2. From Table 2, it can be
seen that the E_,, values before and after 180 h immersion in 3.5
wt % NaCl solution of magnesium alloy covered with the Mg—Al
LDH film and blank magnesium alloy were —1.354 to —1.441

0
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Figure 4. Polarization curves of AZ91D covered with Mg—Al LDH
films before and after immersion in 3.5 wt % NaCl solution for 180 h
and bare AZ91D.

and —1.516 V vs SCE, respectively. Also, the corrosion current
density of the sample after 180 h immersion (1.61 X 107°A/
cm?) was higher than that for 1 h immersion (1.07 X 107" A/
cm?). Although the corrosion current decreased significantly, it
remained 2 orders of magnitude higher than the untreated blank
magnesium alloy, indicating that the Mg—Al LDH film
possessed good protective durability. To further investigate
the internal changes of the film layer, the porosity of the film
layer can be estimated using the following relational

L 40,41
equation:

b, X b,

R =
P 2303 I, X (b+h) (26)

R
P = P o 10 11AEw/b)]
Ry (27)

In the equation, b, and b, denote the anodic and cathodic
Tafel slopes, respectively. I, is the corrosion current density
(A/cm?). P represents the total porosity of the film, and AE,,
represents the difference between the open circuit potential of
the magnesium alloy substrate and the LDH film. R, represents
the polarization resistance, R, represents the matrix polarization
resistance, and R, represents the polarization resistance of the
LDH film. The calculation shows that the porosity of Mg—Al
LDH film increased from 0.036 to 0.538% after immersion in 3.5
wt % NaCl, which is an order of magnitude increase, but still
maintains a low porosity, so the overall protection durability of
the film is good.

EIS is another powerful technique to evaluate corrosion
protection performance. The protective durability of the film
was analyzed by comparing the electrochemical parameters of
the Mg alloy covered with Mg—Al LDH film before and after
180 h immersion in 3.5 wt % NaCl solution (Figure S). The
Nyquist plots of EIS in Figure Sa,b are imperfect semicircles,
meaning the test system is not an ideal capacitor. It can be found
from Figure Sa that for the sample after immersion in 3.5 wt %
NaCl solution for 180 h, the radius of the capacitive reactance
arc decreases significantly. The appearance of an inductive
reactance arc in the low-frequency region is mainly caused by the
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Table 2. Tafel Parameters of AZ91D and AZ91D Covered with Mg—Al LDH Films Before and After Immersion in 3.5 wt % NaCl

Solution for 180 h

sample E.. (Vvs SCE) Lo (A/cm?) b. (mV-dec™") b, (mV-dec™") R, (Q-cm?) porosity (%)
AZ91D Mg alloy —1.516 1.940 x 107* 149.70 58.83 94.53
Mg—Al LDH (immersed 1 h) —1.354 1.070 x 1077 99.68 188.04 264 368.99 0.036
Mg—Al LDH (immersed 180 h) —1.441 1.611 X 107° 122.55 138.97 17 563.44 0.538
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Figure S. Nyquist plots (a, b), Bode plots (c, d), and the equivalent circuit diagrams (e—g) of AZ91D covered with Mg—Al LDH films before and after

immersion in 3.5 wt % NaCl solution for 180 h and AZ91D.

anions’ characteristic adsorption of the film.** The adsorption is
attributed to the anion-exchange capacity of the Mg—Al LDH
films, releasing NO;™ between layers, and then CI™ in the
solution is exchanged to the LDH layer. However, the capacitive
arc radius of the sample immersed for 180 h is much larger than
the blank magnesium alloy. The larger capacitive arc radius
indicates that the magnesium alloy’s overall corrosion resistance
covered with Mg—Al LDH film is still better than the blank
magnesium alloy even after 180 h immersion. This result further
indicates that the Mg—Al LDH film obtained under this
condition has good corrosion durability. The capacitance circuit
in the high-frequency and intermediate-frequency regions of
Bode plots (Figure Sc,d) mainly characterizes the electro-
chemical process of the outer layer. The electrochemical
behavior in the low-frequency region is primarily associated
with the interface between the film and the substrate. Based on
the analysis of the characteristics of Nyquist plots (Figure Sa,b)
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and Bode plots (Figure Sc,d) obtained from the electrochemical
test, the electrochemical equivalent circuit in Figure Se—g can be
used to fit the EIS plots (Figure Sb—d) of the AZ91D substrate
and magnesium alloy covered with the Mg—Al LDH film before
and after immersion. The relevant results are given in Table 3.

The EIS diagrams of AZ91D substrates and magnesium alloys
covered with Mg—Al LDH film layers before and after
immersion were fitted by the time constant method proposed
by Wit,” using the equivalent circuit plots of Figure Se—g. Two
equivalent circuit diagrams (Figure Se,f) are used to simulate the
EIS results and quantitatively compare the corrosion resistances
of different films. The corresponding electrochemical parame-
ters obtained by Z-view fitting are given in Table 3. R; is the
solution resistance, R; is the film resistance, R, is the
electrochemical reaction resistance, and R,, is the total corrosion
resistance of LDH. Generally speaking, the greater the R value,
the better the corrosion resistance of the reaction film. Notably,
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Table 3. EIS Fitting Results of AZ91D and AZ91D Covered
with Mg—Al LDH Films Before and After Immersion in 3.5
wt % NaCl Solution for 180 h

blank Mg Mg—Al LDH Mg—Al LDH
sample alloy (immersed for 1 h)  (immersed for 180 h)
R, (Q-cm?)  7.957 9.510 10.08
CPE,, 9.45x 1077 1.34 x 107°
(F/cm?)
471 x 10° 273 x 10°
(Q-cm?)
n 0.58 0.66
CPEy 1.95 x 107° 1.08 X 107° 503 x 107°
(F/cm?)
Ry 1.29 X 10* 1.58 X 10° 5.81 x 10°
(Q-cm?)
n, 091 0.80 0.79
Ry (Qcm?) 776 3.14 x 10°
L, 96.6 623 X 10°
(H/cm?)
Riowl 2.06 X 10* 1.62 x 10° 1.68 x 10*
(Q-cm?)

the capacitance loops in the Nyquist diagram are not perfect
semicircles, and their center is lower than the X-axis. A constant
phase element (CPE) is used to replace the ideal capacitance Q,
and n (0 < n < 1) is introduced to calibrate the actual
capacitance. The factor n represents the coeflicient of deviation
between the capacitance obtained from the system and the ideal
capacitance C. The factor n also represents the frequency power
of CPE; n = 1 means CPE is a perfect capacitor (C). Nonideal
capacitive loops can result from surface roughness and
nonuniformity.”* The impedance of CPE can be calculated
using the following equation.”

Zeps = [Qjw)"T™! (28)

Q is the modulus, @ is the angular frequency, and # is the phase
shift reflecting the surface inhomogeneity.

CPE, is the film capacitance, CPEy is the double-layer
capacitance, and L is an inductive element.

Rior is defined as the sum of the coating resistance, charge
transfer resistance, and inductance resistance and provides an
evaluation of protection efficiency (PE). In %eneral, the larger
the R,y the higher the PE of the LDH film. ©

Rtotal = Rm + Rct + RL (29)

It can be seen from Table 3 that the magnesium alloy covered
with Mg—Al LDH film after immersion for 180 h, the R
decreased from 1.58 X 10° ©/cm? to 5.81 X 10> Q/cm?, reduced
by about 2 orders of magnitude. In contrast, the total corrosion
resistance R, decreased by 1 order of magnitude from 1.62 X
10° Q/cm? drops to 1.68 X 10* Q/cm?® However, the R, of the
sample is still 2 orders of magnitude higher than that of the blank
magnesium alloy. After 180 h immersion, the total capacitance
(CPE,, + CPE) of LDH increased slightly (from about 1.117 X
10™° F/cm? increased to 6.37 X 10~ F/cm?). Combined with
the changes in the film surface structure, film thickness, and
element types in SEM (Figure 2al,b1), it can be deduced that
the increase in capacitance may be mainly ascribed to the
presence of CI”. The CI™ deterioration changes the film’s
interlayer spacing. Increasing the interlamellar spacing will
ultimately lead to a change in the total area of the LDH film.*’
The difference in the total capacitance of the film before and
after immersion is slight, indicating that the film’s overall
structure changes little. In summary, the corrosion resistance of
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the Mg—Al LDH film decreased after 180 h immersion;
nevertheless, the Mg—Al LDH film still gave good protection
to the Mg alloy.

5. CONCLUSIONS

Based on the multivariate polynomial regression fitting method,
this study derived a synergistic equation of reaction temperature,
pH, and reaction time for the corrosion resistance of Mg—Al
LDH films on magnesium alloy surfaces prepared by the
hydrothermal method. The equation was based on the reaction
temperature, pH, and reaction duration time. Then, the optimal
preparation conditions for the corrosion resistance of the thin
film were determined based on the derived equation. Finally, the
structure, composition, corrosion resistance, and durability of
the LDH film prepared under optimal preparation conditions
were studied. The main conclusions are summarized as follows:

(1) A synergistic relationship equation was fitted for the
effects of reaction temperature, pH, and the reaction
duration time on the corrosion resistance of LDH films.
The confidence of multivariate polynomial regression
equations can reach 95%, and the regression equation has
high accuracy in predicting the corrosion current density
of samples prepared by the hydrothermal method. The
fitting results showed that the Mg—Al LDH film had the
best corrosion resistance when prepared at T = 135 °C,
pH =12.0,and t =15 h.

The microscopic images showed that the Mg—Al LDH
film prepared under the above conditions remained intact
on the surface of the magnesium alloy after 180 h
immersion in 3.5 wt % NaCl aqueous solution. XRD
showed that the characteristic peaks of LDH were still
present with a finer grain. The electrochemical test found
that the corrosion current density of the sample increased
from 1.07 X 1077 to 1.61 X 107% A/cm?, and the total
corrosion resistance decreased from 1.62 X 10° to 1.68 X
10* Q- cm? after immersion in 3.5 wt % NaCl solution for
180 h. However, the corrosion resistance remained more
than 2 orders of magnitude higher than that of the blank
Mg alloy in 3.5 wt % NaCl solution after 180 h immersion
indicates that the Mg—Al LDH film, prepared under the
optimal conditions derived from the multivariate linear
equation, has good protective durability for magnesium
alloys.
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