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Abstract: An in situ Mg-Al hydrotalcite (LDH) film was prepared using a one-step hydrothermal
method on the surface of a medical magnesium alloy. The importance and influence of the reaction
parameters on the corrosion resistance of the LDH coatings were optimized and investigated through
an orthogonal array and range analysis. The reaction parameters included the temperature, reaction
time, pH, and concentration of the aluminum source. The relationship between the parameters and
corrosion resistance performance of each coating was compared with the chemical composition,
electrochemical corrosion current, and hydrogen evolution rate. Suitable reaction parameters were
obtained. The morphology, element distribution, adhesion strength, and electrochemical properties
of the preferred coatings were further analyzed and evaluated to optimize the treatment process. The
results showed that temperature had the most significant impact on the quality of the LDH coating; a
suitably high temperature, a longer reaction time, a higher aluminum source concentration, and a
high pH were conducive to forming high-quality LDH coatings. There was an inverse relationship
between the corrosion resistance and the LDH-to-Mg(OH), content ratio of the coatings. The optimal
reaction parameters for this Mg-Al LDH coating on the substrate were 130 °C for 8 h at a pH of 13
using a 10 mM AI3* solution.

Keywords: biomedical magnesium alloy; hydroxides coating; corrosion resistance; reacting parameters

1. Introduction

Magnesium alloys have attracted significant attention for bone repair due to their
good biocompatibility, biodegradability, and mechanical properties, which are similar to
those of bones [1]. Mg?* from magnesium alloy degradation has been shown to promote
the adsorption and growth of bone cells [2]. Biodegradable magnesium alloy implants
have been beneficial in enabling patients with a bone injury to avoid a second operation
after orthopedic implantation. Magnesium alloys are considered potential materials for
biomedical development [3]. Due to their rapid degradation in the human body and
inevitable corrosion, the wide application of magnesium alloys in the clinical orthopedic
field has been limited [4,5].

Recently, various treatment methods, including alloying and processing deformation,
have been widely applied to improve the corrosion resistance of magnesium alloy [6].
Many researchers have reported that the use of a suitable surface treatment can effectively
enhance the corrosion resistance and reduce the corrosion rate of magnesium alloys; this
is another common approach for modifying the corrosion resistance of alloys [5]. Many

Coatings 2022, 12, 1388. https:/ /doi.org/10.3390/ coatings12101388

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings12101388
https://doi.org/10.3390/coatings12101388
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-7932-9786
https://doi.org/10.3390/coatings12101388
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings12101388?type=check_update&version=2

Coatings 2022, 12,1388

20f13

surface-modification methods have been used to improve the corrosion resistance of mag-
nesium alloys; these include electrochemical deposition [7], chemical conversion coating [8],
biodegradable polymer coating [9], and micro-arc oxidation (MAO) [10]. In addition to
the corrosion resistance requirements, implants of magnesium alloys in living bodies are
often required to provide a certain level of functionality after the clinical implantation to
promote the healing process of the damaged physiological tissues of the body [11]. Studies
have focused on coatings as carriers for biomedical agents to satisfy specific clinical needs;
this has been a leading research direction for magnesium alloy surface treatments.

A layered double hydroxide is a compound composed of positively charged metal
hydroxide layers filled with negatively charged anions. Due to its good stability and
positive charge characteristics, LDH is a suitable carrier for use in the medical field [12,13].
Hydrotalcite, as a type of surface-coating material, provides good corrosion resistance for
magnesium alloys; this has excellent potential, especially for substrate protection [14,15].
Some methods for the preparation of Mg-Al hydrotalcite (Mg-Al LDH) have been devel-
oped on magnesium alloy surfaces. The in situ growth approach has been used and does
not destroy the alloy substrate [16,17]. By using a metal matrix to supply Mg?* as the
reactant magnesium source, the interfacial bonding force between the matrix and coating
layer can be effectively enhanced.

The preparation of Mg-Al hydrotalcite on medical magnesium alloys by the hydrother-
mal method for in situ growth coating is often complicated and requires a longer reaction
time [10,16,18]. The parameters of the reactions, such as the reaction time, pH of the reaction
solution, and reaction temperature, have a significant direct impact on the properties; these
include the morphology, composition, and corrosion resistance of the obtained coating. Pan
et al. [19] investigated the effect of the reaction temperatures on an Mg-Al LDH film on the
surface of an AZ31 magnesium alloy that was pretreated with micro-arc oxidation. They
found that the reaction temperature influenced the corrosion resistance of the coating by
affecting the crystallinity and densification of the LDH. They also showed that the variation
in the pH of the reacting solution influenced the crystallinity and the density of the lamellar
structure in the LDH layer [20]. The corrosion resistance of the coating was changed by
varying the pH.

Song et al. [18] developed an Mg-Al hydrotalcite film on the surface of an AZ31
magnesium alloy using a two-step method. Their results showed that the temperature
increase reduced the coating thickness and the occurrence of a crack layer in the precursor
film during pretreatment. The transformation of the hydrotalcite film in the second step
was mainly controlled by the pH; the optimum preparation conditions for this LDH
coating were determined. Changing the preparation parameters caused evident variations
in the morphology and composition of the coating layers; this led to differences in the
corrosion resistance and degradation rate of the matrix-related properties. The importance
of these reaction parameters on coating performance is crucial and needs to be investigated.
Previous studies tended to focus on the influence of a single reaction parameter on the
coating properties; this approach is insufficient for the full optimization of the corrosion
resistance of a coating.

Each type of double hydroxide has its own process to obtain the optimum prop-
erty [21,22]. For this study, the Mg-Al LDH coatings were prepared on an aluminum-free
medical magnesium alloy using an in situ growth approach. The impact and importance
of the reaction parameters on the morphology, composition, and corrosion resistance of
the final LDH films were systematically investigated; the reaction parameters included
the Al source concentration, pH, temperature, and reaction time. The selection of the
process parameter order for studying the in situ hydrothermal synthetic LDH coatings was
accomplished by comparing the impact significance; this allowed the determination of the
optimal preparation process for the LDH film on the Mg-Zn-Zr-5Sr alloy.
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2. Experimental Materials and Methods
2.1. Preparation of the Substrate Material

The Mg-Zn-Zx-Sr alloy substrates were prepared according to our previous study [23].
Samples with a size of ®8 mm x 2 mm were polished with 320#, 800#, and 1500# SiC
sandpapers; the sample was washed with distilled water and acetone to degrease the
surface and then stored in dry conditions.

2.2. Preparation of the LDH Coating

The factor levels of the orthogonal experiments are listed in detail in Table 1. To
prepare the LDH coating, a 2 M NaOH solution was added to an Al(NOs3)3 solution
(100 mL) to adjust the pH. The samples were placed into a hydrothermal reaction kettle
and immersed in the mixture solution. After treatment under the preset conditions, as
presented in Table 2, the samples were cooled, washed with deionized water, and then
dried. The entire experimental process is shown in Figure 1.

Table 1. Factor level in orthogonal experiments.

Design Factors Unit Level1l Level2 Level3 Level4 Level5
A: Temperature °C 95 110 120 130 150
B: pH Value - 9 10 11 12 13
C: Time Hour 8 10 12 14 16
D: Concentration of AI(NO3)3 mM 0.01 0.1 1 10 100

Hydrothermal
reaction .

» Temperature
» Time
- » pH

> AI(NO;),

Figure 1. Schematic illustration of the experiment.

2.3. Microstructure Characterization

The chemical composition and crystal phase of the LDH coating were characterized by
X-ray diffraction (XRD, RigakuD/max/2500PCRigaku, Tokyo, Japan) using Cu K« radiation
(40 kV, 40 mA) with a glancing angle at a scanning rate of 3°/min and a scanning angle from
5° to 80°. The surface microstructure and the elemental distribution of the coatings were
characterized using a field-emission scanning electron microscope (FESEM, Quanta FEG
250, FEI, Ann Arbor, MI, USA) and energy-dispersive X-ray spectroscopy (EDS).

2.4. Corrosion Behavior

Electrochemical polarization and impedance experiments were carried out with a
Zennium electrochemical workstation (Zahner, Frankfurt, Germany ) in simulated body
fluid (SBF) solution at 37 °C using a three-electrode test. The sample was utilized as a
reaction electrode; a saturated calomel electrode and a graphite electrode were used as
reference electrodes and auxiliary electrodes, respectively. Before testing, each exposed
surface (testing area 8 mm) was immersed in SBF solution for 30 min to stabilize the
specimen’s open-circuit potential (OCP) in a relatively stable range. The electrochemical
impedance spectroscopy (EIS) test was performed with frequencies between 0.01 Hz and
100 kHz. A potentiodynamic polarization curve test was performed at a scanning rate
of 1 mV/s in the frequency range of 1072-10° Hz. The cathode Tafel slope (B), anode
Tafel slope (B;), and corrosion current density (I.,r+) were calculated using the results of the
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potentiodynamic polarization experiment. The polarization resistance (Rp) was calculated
using Equation (1) [24,25].

_ BaPe
Ry = 2.303 x (Ba + Bc) X Leorr @

The hydrogen evolution rate (HER) test was conducted as described in our previous
study [26]. Briefly, the sample was immersed in the SBF at 37 °C, with an immersion ratio
of 35.5 mL/cm?; the hydrogen produced during the soaking process was then collected by
the drainage method. The volume of hydrogen produced was recorded and three parallel
samples were used for each sample. The hydrogen evolution rate, VH (mL-cm~2), was
calculated according to the volume of hydrogen that evolved.

Table 2. Design and results of the orthogonal array with, factor 5 and level 4 in Table 1.

Control Factors Results
Run . D: Concentration Relative B H, Volume after
As Ter(:zpce)rature B: pH Value G (Thl)m € of A1I(NO3);3 Content of I“EZ/X 12) 7 51 h Immersion
(mM) LDH (%) on (mL/cm?)
1 95 9 8 0.01 1.875 2.635 0.104
2 95 10 10 0.1 1.725 2.839 0.111
3 95 11 12 1 0.423 1.185 0.0757
4 95 12 14 10 2.932 1.725 0.106
5 95 13 16 100 0.154 30.391 1.843
6 110 9 10 1 1.549 3.253 0.154
7 110 10 12 10 2.667 1.873 0.0934
8 110 11 14 100 0.705 7.033 0.285
9 110 12 16 0.01 0.732 6.843 0.275
10 110 13 8 0.1 3.512 1.424 0.102
11 120 9 12 100 2.067 2.419 0.109
12 120 10 14 0.01 3.800 13.836 0.244
13 120 11 16 0.1 0.449 11.462 1.024
14 120 12 8 1 0.406 12.302 1.006
15 120 13 10 10 0.254 21.638 1.255
16 130 9 14 0.1 0.368 18.546 1.438
17 130 10 16 1 1.959 2.552 0.113
18 130 11 8 10 2971 1.635 0.107
19 130 12 10 100 1.471 9.987 1.118
20 130 13 12 0.01 3.818 1.302 0.104
21 150 9 16 10 0.700 7.218 0.947
22 150 10 8 100 0.923 5.521 0.247
23 150 11 10 0.01 0.058 86.565 6.546
24 150 12 12 0.1 0.229 22.357 1.105
25 150 13 14 1 0.196 23.659 1.113
Blank - - - - 256.770 2.871

2.5. Bonding Strength Test

The bonding strengths between the coatings and the metal substrate were tested using
an automatic scratch instrument. An indenter with a 0.2 mm tip radius was used to perform
the test under an applied load of 30 N with a scratch length of 3 mm. The critical load was
the force corresponding to the first signal peak (N). Each sample was tested three times to
obtain an average.

3. Results
3.1. Analysis of the Range of the Orthogonal Test Results

The XRD patterns of the orthogonal experimental samples are shown in Figure 2. The
diffraction peaks, located at 11.4° and 18.7°, corresponded to Mg-Al LDH and Mg(OH),,
respectively, in the coating. This confirmed that the obtained coatings were a mixture of in
situ hydrotalcite and magnesium hydroxide [16]. It has been reported that the proportion
of hydrotalcite in the coating is significantly related to its reaction conditions [27,28]. The
crystal plane diffraction peak (003) that was assigned to LDH at approximately 26 = 11.5°
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was observed in Figure 2 [29]. The ratio of the crystal plane strength between LDH (003)
and Mg(OH); (001) in the XRD pattern [28], namely, I} py (003) / Img(0H)2 (001), Was estimated
for all specimens. The Iy py (003)/ Img(OH)2 (001), the hydrogen evolution rate (HER), and
electrochemical self-etching current density (Ico) are listed in Table 2. The variations of
this data are shown in Figure 3. The increase in the LDH content in the coating resulted in
the decline of the corresponding I+ and HER. Both have similar curves, due to the ion
exchange from LDH,; this decelerated the corrosion rate of the substrate [8,18]. Using the
XRD results, Mg-Al LDH was fabricated under the preset conditions in the orthogonal
tests. The preparation conditions for the hydrothermal reactions were optimized to obtain
high-quality LDH coatings that provided more effective protection for the alloy matrix.

LDH Mg(OH)z Mg

(003) (001) (100)
L) J\ .
e .
A ' =
— e ]
3 A .
© Y/ N
~ N —
2 S =
— =
9 S
E ==
R —
I —

1 ; 1 A 1
10 20 30

2theta (degree)

Figure 2. The XRD patterns of the orthogonal array samples.

Figure 3. Variations of all samples in relation to the Ij py (003)/ Img(oH)2 (001) (Intensity), HER (H,
volume), and Ieorr (Icorr)-

Range analysis was utilized to calculate the range of testing values of the design
factors at each level in an orthogonal array; this was beneficial for the acquisition of the
sequence to determine the important target-designed factors and the optimization of the
preparation conditions. For orthogonal tests with multiple factors, a range analysis was first
performed for each factor to optimize the treatment process. Then, the optimal conditions
were obtained through other characterizations or property performances. In Table 3, the
symbols Hi (i=1,2,3,4,5)and hi (i =1, 2, 3, 4, 5), and the R values correspond to the
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summations, average values, and difference between the maximum and minimum average
values of the experimental results at different levels of the same factor, respectively. A
higher value of R indicates a more significant effect of the factor on alloy properties [30].
Since the variation of Ic,rr and the HER of the samples were similar, It pr(o03) / Img(on)2(001)
and I were used to evaluate the corrosion rate of the coating in series alloys under
different treatment conditions. The results are listed in Tables 2 and 3.

Table 3. Analysis of a range of orthogonal experiments.

Prosperity
ILpH©03)/ IMgOm)2(001) (%) Icorr x 1076 (A/cm?)
A B C D A B C D

H1 7.109 6.191 9.686 10.283 0.702 0.817 0.526 0.486
H2 9.165 7.934 5.057 5914 0.545 0.635 0.972 0.845
H3 6.975 4.606 9.202 4.533 0.724 1.075 0.583 1.103
H4 10.220 5.769 7.633 4.528 0.425 0.893 0.655 1.104
H5 2.104 11.073 3.993 5.320 2.375 0.452 1.256 0.939
hl 1.422 1.548 1.937 2.057 0.140 0.163 0.105 0.097
h2 1.833 1.587 1.011 1.479 0.109 0.127 0.194 0.169
h3 1.395 0.921 1.841 0.937 0.145 0.215 0.117 0.221
h4 2.555 1.154 1.908 0.942 0.085 0.179 0.131 0.221
h5 0.421 2.215 0.799 1.064 0.475 0.090 0.251 0.188
R 2.134 1.294 1.139 1.114 0.390 0.125 0.146 0.124

Sequence

by order of A>B>C>D A>C>B>D

importance

Optimum A4B5C1D4 (condition 1:130 °C, - . o _

composition pH = 13,8 h, 10 mM) A4C4B5D4 (condition 2: 130 °C, 14 h, pH = 13, 10 mM)

Among all the tested factors, A (temperature) had the most prominent impact on the
ILbH(003) / IMg(OH)2(001) With the highest R-value, while D (concentration of AI(NOs3)3) had
the weakest impact on the I} ppy(003)/ Imgom)2(001) With the lowest R-value. The influence of
the preparation factors in Table 1 on the comparative content of LDH in the coatings was
in the following decreasing order: A > B > C > D; this showed that the optimal condition
for the LDH content was A4B5C1D4. The same analysis process was used for the Icorr
values. The effects of the corresponding factors in decreasing order were A > C > B > D;
this differed from that of Iy p(o03)/ImgOH)2(001)- The optimal combination of treatment
conditions was determined to be A4C4B5D4. The influence of pH and treatment time on
Iy pH(003)/ IMg(Om)2(001) and Leorr were different; the optimal levels of treatment time in these
two combinations were also different. Further analyses, including surface morphology,
in vitro degradation behavior, and coating binding strength under both conditions (condi-
tion 1 = A4B5C1D4 and condition 2 = A4C4B5D4) were conducted to determine the optimal
reaction parameters showing prominent corrosion resistance.

3.2. Characteristics of the Optimizing Coatings

The surface morphologies obtained by SEM are shown in Figure 4, their electrochemi-
cal parameters of the coatings are shown in the Table 4. As observed, there were prominent
differences between conditions 1 and 2. Specifically, the condition-1 coating was denser and
uniform, with no apparent microcracks on its surface. Under a high resolution (Figure 4b),
the flaky hexagonal structures of LDH with a 20-80 nm thickness intersected one another;
the integrated and compact surface indicated the better crystalline integrity of the LDH
sheets [19]. Holes can sometimes appear as hydrogen-releasing channels; no apparent holes
were observed on the chemical conversion coatings of the magnesium alloy. In Figure 4c,
some microcracks appeared on the condition-2 coating, and some flocculent particles were
also observed. In the high-resolution microstructure, changes in the flaky structure were
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observed. Their thicknesses decreased compared to the samples in Figure 4b; this indi-
cated that the integrity of the LDH was changed or destroyed. EDS analysis showed that
the weight element content of Al in condition 1 was lower than that in condition 2. This
was probably due to the increase in the reaction time, which was favorable for increasing
the platelet size [18]. The LDH growth was combined with the continuous formation
of Mg(OH), during this process; the Mg(OH), formation often occurred before that of
LDH [10]. Although the surface of condition 2 had a higher Al content, the surface mor-
phology of condition 1 was more integrated and compact; this indicated the potential for
the better corrosion resistance performance of this coating.

a A3 Element
- \ % > 4

o Al
o

Figure 4. Surface morphologies and EDS spectra of the coatings in (a,b) condition 1 and (c,d) condition 2.

Table 4. Electrochemical parameters of the coatings in conditions 1 and 2.

Sample —Ecorr (V) Ieorr (WA-cm—2) Ba (mV-dec1) Bc (mV-dec—1) Ry, (kQr-cm?)
Condition 1 —1.47 1.18 157 —107 11.76
Condition 2 —1.42 1.21 59.8 —-114 7.07

Electrochemical analysis of the optimized samples was performed in the SBF solution
in Figure 5. The potential of the LDH-coated alloy substrate in condition 1 and condition 2
was approximately —1.47 and —1.42 V, respectively. The corresponding I of the sam-
ples were 1.18 and 1.21 pA/cm?, respectively; this indicated an improved anticorrosive
performance of the condition-1 coating. The higher value of R, further confirmed the
improved corrosive protection of the condition-1 sample. The impedance spectra of the
coated samples are shown in Figure 6. The capacitive loop was related to the charge
transfer process, due to the presence of coatings. The Nyquist plots clearly showed a larger
diameter of the impedance arc of the condition-1 coating; this indicated that it was more re-
sistant to corrosion [31,32]. The | Z| value of the condition-2 coating was 3.78 x 10% Q-cm?
(Figure 6b); this was lower than that of the condition-1 coating (1.07 x 10* Q-cm?). This
further confirmed the better corrosion resistance of the condition-1 coating. Figure 6¢ shows
the Bode plots of the phase angle versus the frequency of the samples. The phase angle
of the condition-1 coating in the intermediate frequency range was relatively flatter and
indicated that the coating was denser and more uniform [32]. The equivalent fitted circuits
of the coatings are shown in Figure 6d, and the corresponding fitting data are listed in
Table 5. Rj, Rs, Ret, and Ry, are the resistance of the coating, the solution resistance, the
charge transfer resistance, and the resistance at a low frequency with an inductance (L),
respectively. CPE; and CPE2 represent the constant phase elements. CPE; and R; are
related to the coating resistance. The values of R; and R for the condition-1 coating were
higher than those for the condition-2 coating. This indicated a better corrosion resistance of
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the condition-1 coating. Ry and L were related to the peeling away of the coating and the
formation of corrosion products.

2.50 -
g~
2254 Bare all s
. —mu— Bare allo;
-3 / Condition 2 2.004 —O—Conditiozl
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~ E 1.50
E S
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B = 0754
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Figure 5. Polarization curves (a) and the hydrogen evolution rate (HER) (b) for the coatings in
conditions 1 and 2. The HER curve shows the bare alloy for comparison.
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Figure 6. Impedance spectra of the coatings in conditions 1 and 2: (a) Nyquist images. (b) Bode plots
of 1Z1 vs. frequency. (c) Bode plots of phase angle vs. frequency. (d) Fitting circuit image.

Table 5. Electrochemical data for the coatings in conditions 1 and 2, obtained via equivalent circuit

fitting of EIS curves.
Rs CPE; R; CPE, Rt Ry L )
Samples  (h m?) (@ Tstem2) M (@Qem?) @ lshem2) 7 @Q-cm?)  (OQ-em?)  (H-om2) x
Condition1  20.35 2.215 x 10~ 0.3230  903.3 4403 x 107° 0.6699 1229 x 10*  1.616 x 10° 4134 8.737 x 1073
Condition2  22.18 7.702 x 1075 04326  185.7 7.501 x 1077 0.918 3207 1162 858.6  4.824 x 1073

The hydrogen evolution rate (HER) test in Figure 5 shows that the bare alloy corroded
more rapidly, and the HER was significantly increased. For the entire testing process,
the final HER of the bare alloy, the condition-1 alloy, and the condition-2 alloy were 2.4,
0.13, and 0.15 mL/cm?, respectively. This implied that the corrosion of the metal matrix
was effectively restrained. There was no noticeable increase in the HER of the coated
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specimens in the immersion experiment; this indicated significant corrosion resistance
and the protection of the LDH coatings. The difference in the HER results between the
condition-1 and -2 coatings was not significant.

The bonding strengths of the coatings before and after the HER test were analyzed
using a scratch tester. The critical loadings, L1, of the condition-1 and 2 coatings before
the HER test corresponded to the location of the peak of the acoustic emission signals and
were 23.6 £ 0.46 N and 19.6 + 0.72 N in Table 6, respectively. Two other signals were
observed (Figure 7). The signal loading, Ly, corresponded to a further extension of the
scratch on the coating; the final loading signal, L¢3, was attributed to the destruction of the
LDH coating on the metal substrate. These results implied that the condition-1 coating had
a better bonding force. After the HER test, the binding strength of the LDH coating and
alloy substrate decreased significantly; the condition-1 coating still had a comparatively
higher loading after 51 h of soaking. The coating in the solution was gradually destroyed
by its interaction with the environment, microcracks, or defects; hydrotalcite dissolution
inevitably occurred during this process [15]. Galvanic corrosion between the substrate and
coating occurred; this led to the accumulation of Mg(OH), with relatively looser corrosion
products on the surface. The binding strength of the coating with the inferior quality
was significantly decreased and easily cracked after soaking. A denser and integrated
coating surface was required to effectively protect the substrate from corrosion; this further
demonstrated the better performance of the condition-1 coating.

Table 6. Loads at critical failure for the coatings in conditions 1 and 2, before and after an HER test
for 51 h.

LC1 LC2 LC3
Load (N) Load (N) Load (N)
Condition 1 23.6 + 0.46 26.2 +£0.12 272 +£0.11
Condition 1 (*) 15.0 +0.81 17.2 +£0.23 19.6 = 0.17
Condition 2 19.6 = 0.72 244 +0.44 26.4 +0.32
Condition 2 (*) 142 +0.77 16.7 +0.26 17.2 +0.25

* Specimen after HER test for 51 h. L¢; represents the critical loadings. L, corresponded to a further extension of
the scratch on the coating. L¢3 represents the final loading.

o Les
Condition 2 Lo
La
Lm Lc2
J ol
I L
0 5 10 15 20 25 30
. L
Condition 1 3
Loy Le
L.. L
i EAm‘
0 5 10 15 20 25 30
Load (N)

Figure 7. Acoustic emission signal curves of the coatings in conditions 1 and 2 before (black line) and

after (red line) the HER test for 51 h.
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4. Discussions

The quality of the LDH coating that was obtained via the in situ hydrothermal ap-
proach directly affected the corrosion resistance of the Mg alloys. The formation process
of the Mg-Al LDH film without the addition of a magnesium source in a hydrothermal
solution was very complicated [16,19]; the chemical composition and surface morphology
of the coated film exhibited a series of component conversions by varying the process
parameters. The growth mechanism of the Mg-Al LDH coatings in conditions 1 and 2 are
shown in Figure 8. Since the magnesium source was provided by the substrate, the in situ
coating thus formed was mainly composed of Mg(OH), and LDH [28,29]; the replacement
phenomenon occurred during the formation procedure. After immersion in the solution,
the substrate gradually dissolved, released Mg?*, and formed Mg(OH),. In an alkaline
environment, the A13* from AI(NOj3)3; combined with OH™ enriched in the solution to form
a complex ion of [Al;3(OH)3,(H,0)]7*; this was followed by adsorption onto Mg(OH),.
Some of the Mg?* in Mg (OH), were replaced by AI>* and then combined with NO;" in the
solution; the original LDH granules were gradually formed [19,33]. The cations in the LDH
structure formed octahedral coordination with hydroxyl groups by ordinary bridge groups;
these were closely arranged together [17,34]. Therefore, the structure of LDH was more
stable in the coating, compared to Mg(OH),.

Temperature > pH > Time> Concentration of AI(NO;);

Condition 1
Mg?' | A \:. -

Mg(OH), < [Al(OH)3,(H,0)]""

OH

Condition 2 ~

Figure 8. Growth mechanism of the Mg-Al LDH coatings in conditions 1 and 2.

The reaction temperature for the hydrothermal process influenced the growth ori-
entation and density of the double-layered hydroxide layer in the coating, due to the
relationship between the temperature and the formation and growth of the LDH crystal
nucleus [35,36]. Increasing the temperature promoted the dissociation of Mg(OH); in the
coating to provide more Mg?* for replacement [19]. It was advantageous to promote the
diffusion and exchange of each ion in the reacting solution. As the temperature increased,
the Mg(OH); layer formed a deposition membrane that gradually thickened and hindered
the electron and ion transfer for chemical reactions on the surface and the substrate. The
concentrations of Mg?* and OH ™ in the surface layer were reduced and the dissolution
of the alloy substrate reached equilibrium. The overall chemical reaction of the coating
slowed down. Regarding the condition-1 and -2 treatment results, the SEM morphology
and relative LDH content in the coating suggested that a suitably high temperature (130 °C
in this study) favored a high-quality LDH coating and improved the corrosion resistance.
The nucleation speed of LDH was positively correlated with the reaction temperature [36],
and a higher temperature was associated with a faster nucleation velocity [37,38]. When the
temperature was too high, large numbers of crystal nuclei formed rapidly; this increased
the defects in the densification process of the LDH layer. The corrosion resistance of the
film deteriorated with increasing temperature.

The pH affected the chemical composition of the reaction solution, and an appropriate
pH was crucial to maintain the Mg?* and OH~ concentrations and control the LDH
formation. The composition of LDH was significantly related to the OH™ concentration [39].
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An unsuitable pH level led to the inhibition of the conversion of Mg substrate to Mg?* ions
or the decline in Mg?* concentration through OH~; this limited the composition uniformity
and compactness of the LDH coatings [39]. This was possibly why the pH preceded the
reaction time, as shown in Table 3.

The variation of the reaction time affected the corrosion resistance of the LDH coat-
ing [18]. Specifically, the formed LDH crystal nucleus gradually grew after a suitable time;
the nanosheet size, component transition, and densification of LDH were improved during
this process. Extending the reaction time produced more Mg(OH); on the surface of the
matrix and reduced the relative content of LDH in the coating [33]. This led to a worsened
corrosion resistance of the condition-2 coating than that of the condition-1 coating. The ion
concentration in the solution and the crystal nucleus provided the capability for growth
of the sheet size, component transition, or densification of LDH. This caused the greater
significance of temperature and pH in enhancing the corrosion resistance of coatings.

5. Conclusions

The effect of the preparation parameters on the corrosion resistance of in situ Mg-
Al hydrotalcite coatings on biomedical magnesium alloys was investigated using the
orthogonal test method. The optimized preparation conditions for the LDH coating were
obtained. The results are summarized as follows:

(1) The optimized preparation conditions for the LDH coating with integrated prop-
erties of surface morphology, composition, corrosion resistance, and bonding strength
were a temperature of 130 °C, a reaction time of 8 h, a pH of 13, and an aluminum nitrate
concentration of 10 mM.

(2) The temperature had the most significant impact on the quality of the LDH coating;
a suitably high temperature, longer reaction time, higher aluminum source concentration,
and high pH were conducive to the formation of a high-quality in situ LDH coating.

(3) The corrosion resistance of the coating was related to the LDH content in the final
coating. An increase in the hydrotalcite content was correlated to a lower corrosion current
density of the coating.
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