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Abstract: Zinc-aluminum layered double hydroxides (ZnAl-LDHs) film is a typical effective corrosion
resistant film currently being explored. In this study, ZnAl-LDHs film was prepared on magnesium
alloys with different surface roughness by means of metallographic preparation combined with the
hydrothermal method. When the surface roughness S, was at a minimum of 0.094 um, the ZnAl-LDH
films grew the most intensely, reaching 3.8 um in thickness with a static contact angle of 84.34°
and a minimum corrosion current density (icorr) of 1.12 x 10~* A/cm?. After the neutral salt spray
test, the sample mass was only increased by 0.0424 g. The results show that the size of ZnAl-LDHs
nanosheets can be tailored by roughness of Mg alloy surface. The low roughness of magnesium
substrate can accelerate the growth rate of ZnAl-LDH films, increase the thickness of films, and
improve their corrosion resistance, but it is disadvantageous to the excellent hydrophobic properties
of the surface. Finally, the possible growth and corrosion prevention mechanisms of LDHs films were
proposed. This also provides a theoretical basis for the optimal processing parameters of magnesium
alloy surface.

Keywords: surface roughness; ZnAl-LDHs; corrosion resistance; magnesium alloys

1. Introduction

An important means to reduce energy consumption and pollutant emissions is to
make products “lightweight” [1,2]. Magnesium alloys, among various light alloys, have
excellent strength-to-weight ratios, high shock absorption, and high recyclability and have
become a research hotspot in the last 10 years [3-5]. However, due to the low standard
electrode potential (—2.37 V) of magnesium, the oxide film formed by oxidation under
natural conditions cannot effectively protect the matrix [6,7]. In particular, when in contact
with other metals, magnesium alloys are always severely corroded as the anode of the
corrosion couple, greatly restricting the widespread application of magnesium alloys in the
industry [8,9]. Thus, developing high corrosion-resistant surface treatment technology has
historically been an important way to improve the service life of magnesium alloys [10].

Layered double hydroxides (LDHs), as a member of the two-dimensional material
family, incorporate many advantages, especially with their flexible composition and in-
herent anion exchange performance, which gives them intrinsic protective benefits in the
high chlorine marine environment [11,12]. Therefore, many researchers have made great
efforts to prepare LDH films on the surface of magnesium alloys to enhance their corrosion
resistance [13-16]. The most commonly used preparation method is in situ growth, which is
due to the strong bond between the films and the substrate obtained by this method [17,18].
However, it was found that the growth of LDH films was closely related to the surface
roughness of the substrate [19,20]. Li [21] et al. found that the morphology and structure of
Mg(OH), /MgAl-LDH composite films can be controlled to achieve corrosion resistance
and biocompatibility of AZ91D magnesium alloys by designing the surface roughness of
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different magnesium substrates. Panrecious et al. [22] found that the combination of the
rough surface of LDHs films with low surface energy can effectively achieve this charac-
teristic of superhydrophobic substrate and greatly improve the corrosion resistance of the
material. Therefore, in order to effectively control the good performance of LDH films, it
is necessary to understand the influence of substrate surface state on the growth of LDH
films, especially surface roughness. The pretreatment of substrates is not the same in many
studies. Zhou [23] and Li [24] et al. pretreated the substrate surface of magnesium alloys
with different degrees of step polishing prior to preparation of superhydrophobic antiseptic
membranes. Although the pretreatment of the substrate increased the corrosion resistance
of magnesium alloys, there was no specific and detailed report on how substrate roughness
affected the growth of LDH films.

In order to enable researchers to scientifically and effectively control the growth state
of LDH films and construct high/low roughness surfaces during the research process, four
magnesium alloy substrates with different surface roughness were designed using metallo-
graphic methods. ZnAl-LDH films were prepared on the substrate using hydrothermal
methods. The effects of substrate surface roughness on the growth morphology, growth
rate, and corrosion resistance of LDH films were discussed. This also provides a theoretical
basis for the substrate pretreatment process parameters for preparing ZnAl-LDH films.

2. Materials and Methods
2.1. Materials and Preparations of ZnAl-LDHs Film

AZ91D magnesium alloy plates (wt%: Al 8.9; Zn 0.62; Mn 0.32; Si 0.05; Fe 0.004; Ni
0.001; with balance being Mg) with dimensions of 10 mm x 10 mm x 4 mm were used as
substrate material [25]. To clear away the superficial oxide/hydroxides and other possible
impurities, and to ensure different surface roughness, the alloy samples were polished
with 600#, 1200#, 2000#, and 5000# sandpapers and labeled “600”, “1200”, “2000”, and
“5000”, respectively, and then put into absolute ethanol for ultrasonic cleaning for 15 min
and dried with cold wind. All reagents used in the preparation of the film, i.e., aluminum
nitrate, zinc nitrate, and sodium hydroxide, were of analytical grade. The preparation
of the film-forming solution was as follows: Zn(NOj3),-6H,0 (1 M) and AI(NOs3)3-9H,O
(0.5 M) were dissolved in 1 L of degassed distilled water under magnetic stirring vigorously
to form a homogeneous solution and then transferred into a Teflon-lined stainless-steel
autoclave. The pH value was adjusted to 10~11 by the addition of 2 mol/L NaOH solution.
The cleaned Mg sheets were vertically placed in the solution for hydrothermal reaction at
85 °C for 12 h. After the reaction, the Mg sheets were washed with deionized water and
dried in air.

2.2. Surface Morphology, Roughness, and Crystallographic Structure Characterizations

A field emission scanning electron microscope (FE-SEM, Zeiss GeminiSEM300, Oberkochen,
Germany) was used to investigate the surface morphology of each ZnAl-LDHs film. The
energy dispersive X-ray spectrometer (EDS) attached to the SEM was utilized to analyze
the content and element distribution qualitatively. The films were coated with gold using
a thermal evaporator before imaging to minimize charging problems. The materials’
crystallographic structures were studied using an X-ray diffractometer (XRD, Rigaku
D/max-rB, Tokyo, Japan) with a Cu target (A = 0.154 nm, 40 kV, 150 mA) at a scanning
rate of 1° min~!, and the data were analyzed using MDI Jade (v6.0, 2019, Materials Data,
Livermore, CA, USA) software. The surface roughness was measured with a 3D laser
scanning microscope (VK-X, Keyence, Jinan, China), a height resolution of about 10 nm,
and a measurement speed (velocity) between 0.1 mm s~! and 0.5 mm s~!. The measured
area was 10 mm by 10 mm (stylus method with 2000 x 2000 points). Selected parameters
(from ISO 25,178) were taken into account: arithmetic mean height S,.

Contact angle measurements were performed using the Shanghai Zhongchen (Shang-
hai, China) JC2000D1 test rig. In order to test the static contact angle, 2 uL of distilled
water was collected in droplet form, 3~5 different locations were measured for each of the
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samples, and the average was taken as the magnitude of the contact angle. A tape-peel test
was performed as per ASTM D3359-17 to evaluate the adhesion strength between the pre-
pared films and substrates. Two vertical scratches made with a special knife (QFHHG600,
Guangdong, China) were used to identify the grating patterns. After being pressed onto
the cut surface for 120 s, the scotch tape was peeled off.

2.3. Electrochemical and Neutral Salt Spray Tests

The potentiodynamic polarization and electrochemical impedance spectroscopy (EIS)
tests on the electrochemistry workstation (PGSTAT302N, Metrohm, Herisau, Switzerland)
were proceed at room temperature in 0.1 M NaCl aqueous solution. The classical three-
electrode system was adopted. The sample was used as the working electrode (area,
1 cm?), the Ag/AgCl electrode (saturated with KCI) as the reference electrode, and the
platinum sheet as the opposite electrode. The potentiodynamic polarization curves were,
subsequently, performed at a potential scanning rate of 1 mV-s~! from —0.5 V to 0.5 V
versus open circuit potential. The corrosion potential and corrosion current density were
analyzed by Tafel extrapolation theory. EIS tests were performed in the frequency range
from 10 mHz to 100 kHz applying 10 mV amplitude perturbation. The experimental EIS
plot was fitted to equivalent circuits using the Zview software, maintaining errors of <10%
and chi-squared values of <0.01 for individual parameters.

According to GB/T10125-2012, the neutral salt spray test was carried out in a salt
spray test chamber (GT-7400-L, China) at 35 °C, a saturated barrel temperature of 47 °C, a
spray pressure of 1.0 kg/cm?, a test solution of (50 4 5) g/L NaCl aqueous solution, a pH
value of 6.5~7.2, and a spray volume of (1.0~2.0) mL/(80 cm?-h). After the test, the samples
at 15°~25° to the vertical direction were rinsed with anhydrous alcohol and dried on filter
paper. Three identical samples at the same conditions were used to confirm reproducibility.

3. Results and Discussion
3.1. Surface Roughness Analysis

In order to evaluate the change in surface topography, surface roughness, which was
an essential optimizing target, was measured. The three-dimensional morphologies of
AZ91D magnesium alloys treated with different processing techniques before and after
being coated with ZnAl-LDH films are shown in Figure 1. The surface roughness S, is a
roughness assessment parameter based on the domain topography.

Figure 1a,c,e,g illustrated that the surface of the magnesium alloys after grinding
with 600, 1200, 2000, and 5000 sandpapers all showed evident scratches, and then the
average surface roughness of each sample was determined from it. The measured values S,
were 0.244, 0.194, 0.152, and 0.094 pm, respectively, i.e., the surface of the sample becomes
smoother as the grade of silicon carbide sandpaper increases. Furthermore, after in situ
growth of ZnAl-LDH films on the surface of the corresponding ground magnesium alloy
substrate, the surface flatness was enhanced, and the roughness values S; were decreased
to 0.228, 0.185, 0.136, and 0.082 pum in turn, as shown in Figure 1b,d,f,h. This indicated that
the growth of ZnAl-LDH films on the substrate can reduce the roughness of the original
substrate surface, and the surface roughness value 5, was inversely proportional to the
degree of grinding.
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600 With LDH
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§,=0.244pm
1200 without LDH
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2000 without LDH
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Figure 1. Surface roughness images of magnesium alloy substrates without and with ZnAl-LDH
films: (a,b) 600; (c,d) 1200; (e,f) 2000; and (g,h) 5000.
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3.2. Microstructure Analysis

The SEM morphologies and related EDS spectra of ZnAl-LDH films grown on sub-
strates with different roughness are plotted in Figure 2. The different surface roughness of
the substrates has a great influence on the growth morphology of the films. Figure 2a—d
shows the typical flake-like nanosheets of LDH films. It is worth noting that the surface
with high roughness has some protrusions in the whole film layer, and the grown LDH
nanosheets are more sparsely distributed and smaller in size. As the surface roughness
value S, decreases, the size of LDH nanosheets gradually increases, and the films become
denser. This may be because the magnesium matrix with high surface roughness has a
large surface area and more grain boundaries, and the grain boundaries and grain positions
formed by protrusions are different, which provide more nucleation sites for the growth
of ZnAl-LDHs, resulting in different Mg dissolution rates and ZnAl-LDH film nanosheet
growth rates, and thus different film thicknesses at corresponding locations [26]. In order
to better compare the content of each element in the films, the carbon measurement peaks
are hidden from the EDS analysis. The position of the point scan is marked in red. The
results show that the elements composing ZnAl-LDH films are mainly Mg, O, Zn, and Al,
indicating the presence of ions suitable for the preparation of LDHs films. The content of
Mg?* decreases as the surface roughness S, decreases because the smoother the surface the
smaller the interface for the magnesium matrix to participate in the reaction. However, the
ratios of Zn/Mg and Al/Mg are too low, indicating that the in situ growth of the film is
thinner, and Mg?* is mainly derived from the Mg matrix.
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Figure 2. SEM surface micrographs and EDS analysis of ZnAl-LDH films grown on AZ91D Mg alloy
with different surface roughness: (a,e) 600; (b,f) 1200; (c,g) 2000; and (d,h) 5000.

3.3. Crystal Structure Analysis

To further determine the crystalline structure of the ZnAl-LDH films, the XRD patterns
results are presented in Figure 3. All XRD spectra has similar evident LDH characteristic
diffraction peaks at 11.6° and 23.3°, corresponding to the (003) and (006) planes, respectively,
indicating that all samples have a complete layered structure and a good crystal structure.
This indicates that matrix roughness does not alter the growth structure of LDH films.
According to the Bragg equation, the available surface spacing for d003 is about 0.785 nm.
It can be seen from the figure that the LDHs peak intensity of the surface with the smallest
roughness value is the largest, which means that the LDHs film grows on this surface with
good density. In addition, three relatively strong magnesium alloy diffraction peaks are
found in the spectrum, located at 32.4°, 34.7°, and 36.8°, corresponding to the (100), (002),
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and (101) planes, respectively. The peaks of the magnesium alloy substrate are all marked
with circles. This also indicates that the in situ growth of LDHs films is thinner.

*LDH e Mg a —— 600
g —1200
%: ——2000
g —— 5000
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Figure 3. XRD patterns of ZnAl-LDH films grown on AZ91D Mg alloy with different surface
roughness: (a) 600; (b) 1200; (c) 2000; (d) 5000.

3.4. Cross-Sectional Analysis

The cross-section morphology of ZnAl-LDH films grown on substrates with different
roughness was analyzed by SEM, as shown in Figure 4. It can be clearly seen that all
the films have strong adhesion to the substrate and grow densely on the surface of the
Mg alloy. The film thickness values of the four samples polished by 600, 1200, 2000, and
5000 sandpaper were 2.2,2.7, 3.1, and 3.8 um, respectively. Evidently, the flatter the sample
surface, the more uniform the film growth and the greater the thickness value, i.e., the
thickness value of the film is negatively correlated with the surface roughness value.

T T T 4 S

Figure 4. Cross-sectional SEM micrographs of (a) 600; (b) 1200; (c) 2000; (d) 5000.

3.5. Wettability Evaluation
Figure 5 shows the water contact angle for bare and ZnAl-LDHs coated samples. The
water contact angles of the five samples were 35.92°, 90.85°, 87.23°, 85.06°, and 84.34°,
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2000 without LDHs

respectively. The surface hydrophilicity of magnesium alloys was found to be higher than
that of LDH films, which was mainly due to the coarseness of the micronanostructures.
Surface roughness also affects the hydrophobicity of LDH films. The greater the surface
roughness, the greater the water contact angle and the better the hydrophobicity.

CA=35.92° CA=87.23°

@

CA=85.06° CA=84.34°

Figure 5. Water contact angle for bare and coated ZnAl-LDHs film samples: (a) 2000 (without LDHs);
(b) 600; (c) 1200; (d) 2000; (e) 5000.

3.6. Binding Force Analysis

To evaluate the adhesion between the ZnAl-LDH films and the magnesium alloy
substrates prepared with different roughness, the ZnAl-LDH films were cut and then
stripped using a ribbon, as shown in Figure 6. The tapes did not exfoliate the film, indicating
excellent adhesion between the film and the substrate.

Figure 6. SEM images of ZnAl-LDH films on AZ91D after the tape was peeled off. (a-d).

3.7. Corrosion Resistance Analysis
3.7.1. Electrochemical Tests Analysis

Figure 7 presents the representative polarization curves of different specimens in 0.1 M
NaCl aqueous solution. Using the Tafel extrapolation method, the corrosion current density
(icorr) and corrosion potential (Ecorr) are fitted and summarized in Table 1. Generally, lower
Ecor and higher i values are favorable for thermodynamic and kinetic corrosion. It
can be seen that the ZnAl-LDHs film prepared on the magnesium alloy substrate surface
polished by the 5000 sandpaper has the highest corrosion potential (Ecorr). The corrosion
current density of the four samples polished by 600, 1200, 2000, and 5000 decreases from
124 x 1073 t04.13 x 107%,3.19 x 10~%,and 1.12 x 10~* A/cm?. This means that the flatter
the surface of the substrate and the lower the roughness the better the corrosion resistance of
the LDH films grown on the surface of the sample. For comparison, the corrosion potential



Coatings 2023, 13, 724

8 of 14

(—1.51 V) and corrosion current (8.81 x 1073 A /cm?) of the magnesium alloy substrate with
filmless and polished by 2000 sandpaper were also measured and fitted in electrochemical
experiments, indicating that the combination of improved surface roughness and the
ZnAl-LDH film enhanced the corrosion resistance of the magnesium alloy.

-2

Logi/A-cm

—— Filmless substrate
—— 600
——1200

8k ——2000
5000

9 1 . 1 . 1 . 1 . 1 . 1

-2.0 -1.8 -1.6 -14 -1.2 -1.0 -0.8
Potential/V vs.SCE

Figure 7. Tafel polarization curves in 0.1 M NaCl solution of ZnAl-LDH films grown on AZ91D Mg
alloy with different surface roughness.

Table 1. Corrosion potential (Ecorr) and corrosion current density (icorr) of different specimens derived
from the Tafel extrapolation method.

Specimens Ecorr (Vscp) icorr (Alcm?)
Filmless substrate —1.51 8.81 x 1073
600 -1.32 1.24 x 1073

1200 —1.27 413 x 1074

2000 —1.25 3.19 x 1074

5000 —1.23 112 x 1074

To characterize the protective effect of the thin films on the magnesium AZ91D alloy,
the EIS method was employed. It can be seen from Nyquist diagram that the impedance
spectrum of ZnAl-LDH film consists of a high-frequency capacitive impedance arc and a
low-frequency capacitive impedance arc. The capacitive impedance arc at high frequency
is related to the capacitance and resistance of the film layer, whereas the low frequency
capacitive impedance arc is related to the capacitance and charge transfer resistance of
the electrical double layer. The sample treated with the 5000 sandpaper has the largest
impedance radius arc, indicating that it has the best corrosion resistance. The EIS spectra
may show one, two, or more time constants depending on the single or multi-layer structure
of the films, whether the films are porous or compact, whether the space-charge zone limits
the charge transfer forms of the potential used, or the charge transfer process is affected
by diffusion. Two well-defined time constants can be seen from Figure 8. The relaxation
process at high frequencies is attributed to the porous layer and another low frequency
attributes to the internal dense layer. Of these, R; represents the membrane resistance, R
represents the solution resistance, R represents the membrane-substrate interface, CPE4;
describes the double layer capacitance at charge transfer resistance, and CPE¢ represents
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the capacitance of the bilayer at the interface between the electrode and the electrolyte
solution. Electrochemical parameters for the equivalent circuit diagram fitting are shown
in Table 2. The thin films of ZnAl-LDHs (600, 1200, 2000, 5000) have transfer resistance
fractions of 331.4, 390.3, 424.7, and 512.5 Q-cm?, respectively. Thus, the flatter the initial
surface is the smaller the roughness is, and the ZnAl-LDH film grown on the surface has
a higher charge transfer resistance, i.e., the resistance of the charge flowing through the
film to the substrate increases, and the double-layer capacitance of the ZnAl-LDHs film
(5000) is the smallest, only 1.78 x 10~® F/cm?. Therefore, the ZnAl-LDHs film grown on
the surface of the magnesium alloy processed by 5000 sandpaper has the best corrosion
resistance on the magnesium alloy.

80
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2000
5000
—Fit
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2000

70 F

© e e 0
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w
3

log f/Hz
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0 1 2 3 4 5
log 1/ Hz
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Figure 8. Nyquist diagram (a), bode magnitude plots (b), bode phase plots (c) and equivalent
electrical circuit (d) of the studied system for ZnAl-LDH films grown on AZ91D magnesium alloy
with different surface roughness.

Table 2. Fitting results of the EIS spectrum depicted in Figure 6.

. Reol Rt CPEy4 R¢ CPE;
Specimens (Q-cm?) (Q-cm?) (uF cm—2) (Q-cm?) (uF-cm—2)
600 23.45 3314 1.15 x 1075 153.2 1.78 x 1075
1200 21.87 390.3 3.34 x 107° 347.8 271 x 107°
2000 22.49 4247 2.05 x 107° 525.6 1.94 x 1075
5000 21.03 512.5 1.78 x 1076 932.9 4.62 x 1075

3.7.2. Neutral Salt Spray Tests Analysis

The surface corrosion state of the neutral salt spray test of the ZnAl-LDH films grown
on AZ91D magnesium alloy with different surface roughness at 0, 6, 24, 48 h is shown in
Figure 9. As the neutral salt spray time was extended, white corrosion products appeared on
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the surface of each of the samples, and the amount of corrosion products was continuously
increased. When the neutral salt spray time reached 48 h, the increased mass of the samples
following corrosion gradually decreased as the surface roughness decreased, as can be
seen in Figure 10. The sample mass processed by 5000 sandpaper was only increased by
0.0424 g. These results indicated that the surface roughness had a large influence on the
corrosion resistance of neutral salt spray. In general, the smaller the surface roughness of
the specimens the better the corrosion resistance of the ZnAl-LDHs film that is grown on the
surface, and the greater the surface roughness of the specimen the more severe the corrosion
resistance. Because of the larger the roughness of the sample surface, condensation is more
easily formed on the surface in the salt spray test process, leading to corrosion of the surface.
Additionally, the greater the surface roughness the greater the real surface area of the part’s
surface and the more salt spray contact, thus making it easier to corrode. Simultaneously,
in the salt spray test, the smaller the surface roughness of the workpieces the fewer chloride
ion residues on the surface and the better the corrosion resistance.

Salt Spray Corrosion
Time/Samples

600 1200 2000 5000

Oh

6h

24h

48 h

Figure 9. The surface state of the neutral salt spray test of the samples at 0, 6, 24, 48 h.
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Figure 10. Mass change in samples with different roughness after neutral salt spray corrosion.

4. Discussion
4.1. Mechanism of Thin Film Growth Influenced by Roughness

Although a great deal of work has been performed on the preparation of 2D nano-
LDH films, the mechanism of their formation remains controversial. The two accepted
growth mechanisms of LDH films are ion substitution theory and dissociation-sediment-
diffusion theory. Figure 11 depicts the mechanism of in situ growth of ZnAl-LDH thin film
on magnesium alloy surface. Its growth may be consistent with dissociation—sediment—
diffusion theory mechanisms [6]. First of all, AI** and Zn?* react with sodium hydroxide
in solution and nucleate uniformly in solution to form metastable intermediate products
layered basic aluminum nitrate and basic zinc nitrate crystal nuclei. Then, at a suitable
pH, the basic aluminum nitrate and basic zinc nitrate crystal nuclei are adsorbed on the
substrate. With the prolongation of crystallization time, ZnAl-LDH grains continue to
grow and finally form a staggered nest-like LDH film [27]. The distribution of the LDH
nano-sheet formed on the surface of magnesium matrix with high roughness is sparse, and
the film thickness is small. On the other hand, the LDH nanoflakes grown on the surface
with low surface roughness are uniform in size and compact and thick in thickness. This
should be related to the surface bulge of magnesium matrix with high surface roughness.
The bulge increases the reaction surface area, and the formed grain boundaries and grain
positions are different, which provides more nucleation sites for the growth of LDHs,
resulting in differences in the growth speed and direction of the LDH thin film nanoflakes,
and thus the film thickness is different everywhere [28,29]. It should be noted that the
current formation mechanisms are simplistic. The actual process in an aqueous solution is
much more complex and is influenced by the concentration, temperature, pH, and alkalinity
of the solution. Therefore, further study of the formation mechanism of LDHs will be an
important research topic.
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Figure 11. The mechanism of in situ growth of ZnAl-LDHs thin film on magnesium alloy surface.

4.2. Anti-Corrosion Mechanism of ZnAl-LDHs Thin Films

The possible corrosion resistance mechanism for the ZnAl-LDHs film has been pro-
posed: The secretively stacked ZnAl-LDH nano-sheets provide an excellent physical barrier
to the corrosive media. In addition, the maze effect [30] of the ZnAl-LDHs film prolongs
the corrosion time of the chloride ion to the substrate. The interlaminar anions (NO3 ™) of
the prepared ZnAl-LDH nano-sheets acted as chlorine nano-traps. The anion exchange
process indicated that LDH could trap corrosive media (C1~) and prevent it from contacting
the surface of the Mg alloy substrate. Thus, the synergistic effect of the blocking effect,
the nano trap effect of chlorine ions, and the labyrinth effect are also responsible for the
enhancement of the corrosion resistance of the composite coating [31]. The specific reaction
may be expressed as:

AP + 4NaOH— Al(OH)4 ™~ (1)
Zn** + 4OH™ —Zn(OH),>~ )
Zn(OH)4>~ + AI(OH);~ + NO;~ + H,O—ZnAl-LDHs (3)
ZnAl-LDHs-NO;3; ™~ + Cl1~ —ZnAIl-LDHs-Cl~ + NO3 ™~ (4)

5. Conclusions

In this paper, ZnAl-LDH thin films were prepared in situ on magnesium alloys with
different surface roughness by hydrothermal method. The following conclusions can
be drawn.

(1) The dense ZnAl-LDH films can be prepared on AZ91D magnesium alloys with differ-
ent roughness by metallographic preparation and subsequent hydrothermal reaction,
and the structure of ZnAl-LDH films is tailored by roughness of magnesium alloys.

(2) The smaller the surface roughness, the denser and thicker the ZnAl-LDH films and
the better the corrosion resistance and the less the increase in mass after neutralization
of salt fog corrosion.

(38) The reason why surface roughness affects the growth rate and direction of LDHs thin
film nanosheets may be related to nucleation sites. This also provides a theoretical
basis for the optimal processing parameters of magnesium alloy surface.
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