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Abstract: The effect of temperature on the corrosion resistance of layered double hydroxide (LDH)
conversion coatings on AZ91D magnesium alloy, based on a closed-cycle system, was investigated.
Scanning electron microscopy (SEM), photoelectron spectroscopy (XPS), and X-ray diffractometry
(GAXRD) were used to study the surface morphology, chemical composition, and phase composition
of the conversion coating. The corrosion resistance of the LDH conversion coating was determined
through electropotentiometric polarisation curve and hydrogen evolution and immersion tests. The
results showed that the conversion coating has the highest density and a more uniform, complete,
and effective corrosion resistance at 50 ◦C. The chemical composition of the LDH conversion coating
mainly comprises C, O, Mg, and Al, and the main phase is Mg6Al2(OH)16CO3·4H2O.

Keywords: AZ91D magnesium alloy; LDH conversion coating; closed-cycle system; temperature;
corrosion resistance

1. Introduction

Magnesium alloys have been believed to be “the green engineering material of the 21st
century”, and have met wide application prospects in automotive, aerospace, electronics,
and biomedical fields [1,2]. Especially with the development of magnesium alloy processing
or preparation technology and maturity, including already preparing micro/nanoscale
magnesium alloy materials, this gives the development of magnesium alloys a more
prominent advantage [3–9]. However, the poor corrosion resistance of magnesium alloys is
still an unsolved scientific issue [10,11].

Surface treatment has been, so far, one of the most effective and convenient ways of im-
proving the corrosion resistance of magnesium alloys [12–14]. The porous oxide/hydroxide
coatings formed on the surface of magnesium alloys are not able to protect anti-corrosion.
The galvanic corrosion tends to be formed for the potential difference of the second phase,
impurity phase and base phase [15–17]. In addition, stress corrosion or fatigue, which is
caused by residual internal stress, can accelerate the corrosion of magnesium alloys [18–20].
Protective coatings of magnesium alloys can isolate magnesium alloy from the corrosive
medium, thereby conferring a better protection. Common surface treatments of magne-
sium alloys include micro-arc/anodizing, electroplating/electroless plating, laser surface
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treatment, chemical conversion treatment, organic coating treatment, surface infiltration
treatment, and ion implantation [21–26]. Among all surface treatment methods, chemical
conversion treatment has been widely applied due to its low energy consumption, low
costs, simple equipment, and easy operation [27,28]. For example, chromate conversion
coating, phosphate conversion coating, phosphate–permanganate conversion coating, stan-
nate conversion coating, vanadate conversion coating, cerium conversion coating, and
lanthanide conversion coating [29–31]. With the improvement of environmental conscious-
ness, chromate conversion coating has been banned, and low-cost, green, efficient and
environmentally friendly conversion coating has become the research target [32,33]. In
all the newly developed conversion coating methods, layered double hydroxides have
attracted much attention due to their unique intercalation structure and environmental
protection properties [34–36]. Layered double hydroxides (LDHs) can be represented by
a general formula of [M1-x

2+Mx
3+(OH)2][An−]x/n·mH2O, where M2+ and M3+ represent

divalent (e.g., Mg2+, Ca2+, Cu2+, Mn2+, Ni2+, Zn2+) and trivalent metallic cations (e.g.,
Al3+, Cr3+, Fe3+,Mn3+, Co3+), respectively. X indicates the molar ratio of M3+/(M2+ +
M3+) and its value ranges from 0.20 to 0.33; finally, An− is an n- valent anion, which is an
exchangeable anion. The anions (e.g., Cl−, CO3

2−, NO3
−, and SO4

2−) and the variety of
organic anions can be exchanged between the outside and interlayer spaces occupied by
the water molecules [37,38]. Uan et al. [39,40] carried out some research on the hydrotalcite
coatings prepared on magnesium alloys by the one-step method. The Mg-Al-hydrotalcite
LDH coatings were prepared by the carbonate/bicarbonate solutions stand at 50 ◦C for
24 h, which was recorded as CO2_24h [41,42]. Based on the previous research, Uan et al.
adopted a two-step method by a 2 h CO2 and pH 11.5 treatment to modify the chemical
technique; this was recorded as CO2_2h/pH11.5_2h [43–45]. It was found that the forma-
tion effect was improved by adjusting the pH value. However, the time was found to be
relatively long with a complex treatment. Chen et al. [46,47] studied the preparation of
Mg-Al hydrotalcite coatings on AZ31 Mg alloys by the two-step method. It was found that
the precursor coating with cracks initially formed; then, LDH conversion coatings formed
densely and compactly. Although the processing time was shortened to 2 h, the formation
process was relatively complex [48–50]. Zhang et al. [51,52] put forward the ion exchange
and corrosion resistance properties by preparing MgAl-LDH coatings on Mg and Al alloys.

The preparation of traditional LDH conversion coatings is almost completely concen-
trated on the standard atmospheric pressure of the open system, and the conversion coating
in the closed-cycle system is rarely involved. The traditional methods in the preparation
of LDH conversion coatings have the several shortcomings. On the one hand, they are
time-consuming. A long preparation time is not conducive to the batch processing of
conversion coating; on the other hand, it is complex. The treatment solution needs to be
preprepared for many times and replaced each time, which requires a lot of labour. There-
fore, solving the aforementioned issues is the key to improving the research of hydrotalcite
coating surface treatment. The author’s previous study found that the CO2 pressuriza-
tion method can greatly improve the preparation efficiency of conversion coating. The
treatment solution can be recycled without affecting the formation effect. So, the author
proposed a CO2 pressurization method for the first time, and the effect of CO2 pressure and
treatment time on the corrosion resistance of LDH conversion coating was studied, and the
formation mechanism of the micro-galvanic regions with different β-phase morphology on
the magnesium alloy was proposed [53–55]. The author found that temperature is also an
important factor under the closed-cycle system, and the microstructures of LDH conversion
coatings are quite different at low and high temperatures. Therefore, the main purpose
of this paper is to study the effect of temperature on the microstructure and corrosion
resistance of LDH conversion coating. The research results of temperature are the perfec-
tion of and supplement to CO2 pressurization technology. At the same time, it provides a
reliable theoretical basis for the development of new magnesium alloy conversion coating
treatment technologies.
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2. Materials and Methods
2.1. Sample Preparation

The experimental materials used in this study are commercial as-cast AZ91D mag-
nesium alloys. Its chemical composition is analysed by ICP-OES (inductively coupled
plasma-emission spectrometry). Firstly, we should separately obtain a 0.1 g sample from
different parts of sheet metal and place it in nitric acid solution, stirring until completely
dissolved. Secondly, we should transfer this solution to a 1 L volumetric flask, dilute it with
distilled water to volume, and mix. Finally, we should measure the content by ICP-OES
and calculate the mean value. The chemical compositions of the main elements: 8.8 wt.%
Al, 0.69 wt.% Zn, 0.212 wt.% Mn, 0.02 wt.% Si, 0.002 wt.% Cu, 0.005 wt.% Fe, and 0.001 wt.%
Ni. The ingot was cut into sizes 20 mm × 20 mm × 6 mm by wire cutting, and a round
hole of 2 mm was made at the top for hanging the samples. The samples were polished
using SiC abrasive papers of 1000#–2000# mesh. The samples were washed with distilled
water and then cleaned ultrasonically with anhydrous ethanol for 15 min. The samples
were dried in cold air for reserve use.

2.2. CO2 Pressurisation Method Preparation Process

The CO2 pressurisation method is a closed-cycle preparation method of AZ91D magne-
sium alloy LDH conversion coating. It is based on the formation process of LDH conversion
on magnesium alloys and on the characteristics of CO3

2−/HCO3
− ion formation solu-

tion [39,40]. The aim was to increase the reaction rate and stability of the formation system
by applying CO2 partial pressure to the formation system and prepare an LDH conversion
coating in the shortest possible time frame, incurring the lowest cost. The method followed
was that, at room temperature, industrial CO2 was continuously passed into 1000 mL of
deionised water to prepare the conversion solution, in which CO2 gas was passed at a
rate of 1 dm3·min−1. The time elapsed was 20 min, and the pH of the solution was ~4.3.
The conversion coating solution and the treated samples were then placed into a closed
coating making chamber. The pressure of the coating was controlled at 3 MPa by CO2
pressurisation. The time taken for successful conversion was 30 min, and the successive
temperatures of the coating were set as 30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, and 80 ◦C, shown in
Figure 1.
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2.3. Test Methods

The surface and cross-sectional morphologies of LDH coatings were observed using
a Philips XL30 (PHILIPS Inc., Amsterdam, NL)and a JEOL JSM-6700F SEM(JEOL Inc.,
Akishima-shi, TKY, Japan), respectively. The elemental composition of the conversion
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coating was analysed using a K-Alpha XPS X-ray energy spectrometer. A monochromatic
Al target was used. The Al Kαhυ = 1486.6 eV sample analysis area was 700 µm × 300 µm
(inorganic material), less than 5 nm (organic material), and less than 5 nm (X-ray working
power, generally 150 W). The phase composition of the chemical conversion coating was
analysed through X-ray diffraction (Cu target, λ = 0.154059 nm, 30 mA, 40 kV) with a
scanning range of 5–55◦ and a step length of 0.02◦, scattering angle 0.4◦.

The potentiodynamic polarisation measurements of the samples were taken in an
electrochemical workstation (Zahner Zennium)(ZAHNER lnc., Kronach, Germany), with a
three-electrode cell, using a platinum foil as the counter electrode and a saturated calomel
electrode (SHE) (saturated KCl) as the reference electrode in an aerated 3.5 wt.% NaCl
solution. The corrosion of the magnesium alloy was represented by the hydrogen evolution
of the cathode. To avoid the influence of the cathode process on the whole electrochemical
testing process, the anodic and cathodic polarisation curves of the specimens were mea-
sured from the open circuit potential to the anodic and cathodic sides in the 300 mV range,
with a scan rate of 0.333 mV·s−1, respectively. All the above measurements were repeated
at least five times. The hydrogen evolution data were measured by collecting hydrogen
from the reaction in a hydrogen collector. The samples were placed in a beaker containing
3.5 wt.% NaCl solution and a water bath pot maintained at a constant temperature of
30 ± 1 ◦C. The burette was connected to the funnel and was inverted into the solution
(perpendicular to the sample being tested). The top of the burette was fully immersed in
the solution. The hydrogen bubbles produced as a result of magnesium alloy corrosion
was introduced into the burette through the funnel so that the hydrogen evolution rate
of the magnesium alloy and the coating could be determined by the change in readings
on the burette after the hydrogen was collected. All of the hydrogen measurements were
repeated at least three times. The immersion test was conducted to determine the corrosion
rank of the LDH coating samples. For the immersion test, all measurements were repeated
at least three times at 30 ± 1 ◦C. In the immersion test, digital cameras were used to record
the macroscopic morphology before and during the corrosion process. Observations were
made every 24 h and photos were also captured.

3. Results and Analysis
3.1. Microstructure

The surface and cross-sectional morphologies of the LDH coatings at different for-
mation temperatures are shown in Figures 2 and 3, respectively. It can be seen that the
characteristics of the LDH conversion coatings vary greatly at different temperatures in
Figure 2. When the temperature is low (at 30 ◦C), the conversion coating does not have
any obvious honeycomb structure characteristics (Figure 2a), while as the temperature
increases to 40 ◦C, the conversion coating gradually exhibits honeycomb characteristics
(Figure 2b). It merits our attention that the honeycomb structure is more prominent at
50 ◦C (Figure 2c,f)).

At 60 ◦C, the honeycomb structure of the LDH conversion coating is very similar to
that at 50 ◦C, but cracks have appeared (Figure 2d). When the temperature is too high (at
80 ◦C), the honeycomb structure and the uneven structures with cracks alternate (Figure 2e).
This is consistent with the test results obtained from the cross-sectional morphology of
LDH conversion coating in Figure 3. In Figure 3a, incomplete LDH conversion coating can
be observed. The conversion coating of different nucleation sites does not form complete
binding, and the existence of cracks can be noticed clearly. With the increase in temperature,
the crack in the conversion coating weakens (Figure 3b). At 50 ◦C, the LDH conversion
coating is very uniform and dense (Figure 3c). However, at 60 ◦C, the initiation site of
the cracks is also visible (Figure 3d). At 80 ◦C, the cracks of the LDH conversion coating
become more severe (Figure 3e,f).
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The XPS was employed to investigate the elemental composition and superficial
chemical status of the LDH conversion coating. In the XPS survey spectrum of the LDH
conversion coating at different temperatures and at of CO2 3MPa (Figure 4a), the peaks
assigned to Mg 1s, Al 2p, O 1s and C 1s revealed the successful depositing of coating
(Figure 4b). From Figure 4, it is found that the main components of the LDH conversion
coating on the AZ91D magnesium alloy are O, C, Al, and Mg elements. At 50 ◦C, Al and
Mg begin to participate in the deposition process of conversion coating. This indicates that
increasing the temperature promotes the growth of the LDH conversion coating.
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The GAXRD was employed to investigate the crystal structure of the LDH conversion
coating at different temperatures and at of CO2 3MPa (Figure 5). Figure 5 also reveals
that, with an increase in temperature, the crystal structure of Mg6Al2(OH)16CO3·4H2O
becomes more obvious. The characteristic peaks of the LDH conversion coating can be
clearly observed at angles of 10.9016◦. The 0 0 3 reflection of the LDH phase with a basal
spacing of 0.73 nm agrees well with the published values for Mg-Al hydrotalcite loads with
carbonate anions [42,43]. When the temperature is too low, the conversion coating is just
about to form the crystal structure of LDHs but is not complete yet. Crystallisation again
deteriorates when the temperature is too high.
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3.2. Anti-Corrosion Property

The potentiodynamic polarisation curves (in 3.5 wt.% NaCl solution) of the LDH
coatings were tested using the three-electrode system, as indicated in Figure 6. According
to the Butler–Volmer equation, the corrosion potential Ecorr and the corrosion current icorr
based on the Tafel extrapolation method were determined. The results are shown in Table 1.
The hydrogen evolution data (HER) of the LDH coatings at different formation times in



Metals 2021, 11, 1658 7 of 13

3.5 wt.% NaCl solution are shown in Figure 7. The immersion test results of 120 h were
used to evaluate the corrosion resistance of the LDH coatings (indicated in Figure 8).

Metals 2021, 11, x FOR PEER REVIEW 7 of 13 
 

 

1. The hydrogen evolution data (HER) of the LDH coatings at different formation times in 
3.5 wt.% NaCl solution are shown in Figure 7. The immersion test results of 120 h were 
used to evaluate the corrosion resistance of the LDH coatings (indicated in Figure 8). 

 
Figure 6. Polarisation curves of the specimens cast, AZ91D magnesium and the LDH conversion 
coating, with various processes on AZ91D alloy in 3.5 wt.% NaCl solution. 

Table 1. Electrochemical test results of the specimens cast, AZ91D magnesium and the layered dou-
ble hydroxide (LDH) conversion coating, with various processes. 

Specimens Process Parameters Ecorr (V vs. SHE) icorr (μA·cm−2) Efficiency% 
1 AZ91D −1.41(±0.059) 83.62(±1.67) —— 
2 CO2_3MPa_30min_30 °C −1.40(±0.054) 80.22(±1.63) 4.07% 
3 CO2_3MPa_30min_40 °C −1.38(±0.029) 40.64(±1.63) 51.40% 
4 CO2_3MPa_30min_50 °C −1.36(±0.034) 8.92(±1.63) 89.33% 
5 CO2_3MPa_30min_60 °C −1.37(±0.053) 20.76(±1.63) 75.17% 
6 CO2_3MPa_30min_80 °C −1.39(±0.057) 48.53(±1.63) 41.96% 

From the sample electrochemical test results, the Ecorr (1.36V ± 0.034) of the LDH con-
version coating at 50 °C was higher than that of the AZ91D magnesium alloy (−1.41V ± 
0.059) and tends to be more positive at 50 °C. The icorr (8.92 ± 1.37 μA·cm−2) of the LDHs 
conversion coating prepared at 50 °C was nearly one order of magnitude lower than that 
of the AZ91D magnesium alloy (83.62 ± 1.63 μA·cm−2). The Ecorr and icorr of samples with 
LDH conversion coating have a certain error but agree well with the published values [53–
55]. The results indicate that the LDH conversion coating prepared at 50 °C can effectively 
enhance the corrosion resistance of the AZ91D magnesium alloy matrix. In addition, the 
percentage of efficiency calculated by icorr also shows that the LDH conversion coating 
prepared at 50 °C has the highest corrosion efficiency. 

From the hydrogen evolution test results in 3.5 wt.% NaCl solution (Figure 7), it can 
be observed that, at the initial stage of the test, the hydrogen evolution rate of the LDH 
conversion coating prepared at different temperatures was similar. However, with the 
extension of soaking time, the hydrogen evolution rate of the LDH conversion coating 
showed a great difference. The HER value of CO2_3MPa_30min_50 °C sample (0.624 ± 
0.028 mL·h−1·cm−2) was nearly three times lower than that of the AZ91D magnesium alloy 
(1.920 ± 0.114 mL·h−1·cm−2), which suggests that the corrosion resistance of the AZ91D al-
loy can be effectively improved by the conversion coating prepared at 50 °C. 

Figure 6. Polarisation curves of the specimens cast, AZ91D magnesium and the LDH conversion
coating, with various processes on AZ91D alloy in 3.5 wt.% NaCl solution.

Table 1. Electrochemical test results of the specimens cast, AZ91D magnesium and the layered double
hydroxide (LDH) conversion coating, with various processes.

Specimens Process Parameters Ecorr (V vs. SHE) icorr (µA·cm−2) Efficiency %

1 AZ91D −1.41 (±0.059) 83.62 (±1.67) -
2 CO2_3MPa_30min_30 ◦C −1.40 (±0.054) 80.22 (±1.63) 4.07%
3 CO2_3MPa_30min_40 ◦C −1.38 (±0.029) 40.64 (±1.63) 51.40%
4 CO2_3MPa_30min_50 ◦C −1.36 (±0.034) 8.92 (±1.63) 89.33%
5 CO2_3MPa_30min_60 ◦C −1.37 (±0.053) 20.76 (±1.63) 75.17%
6 CO2_3MPa_30min_80 ◦C −1.39 (±0.057) 48.53 (±1.63) 41.96%
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Figure 8. Optical corrosion morphologies of the LDH coatings at different formation times after
120 h of immersion in a 3.5 wt.% NaCl solution. In the above Figure, (a1) corresponds to the sample
at 30 ◦C immersed for 0 h, (a2) 30 ◦C sample immersed for 24 h, (a3) 30 ◦C sample immersed for
48 h (a4) 30 ◦C sample immersed for 72 h, (b1) 40 ◦C sample immersed for 0 h, (b2) 40 ◦C sample
immersed for 24 h, (b3) 40 ◦C sample immersed for 48 h, (b4) 40 ◦C sample immersed for 72 h,
(c1) 50 ◦C sample immersed for 0 h, (c2) 50 ◦C sample immersed for 24 h, (c3) 50 ◦C sample immersed
for 48 h, (c4) 50 ◦C sample immersed for 72 h, (d1) 60 ◦C sample immersed for 0 h, (d2) 60 ◦C sample
immersed for 24 h, (d3) 60 ◦C sample immersed for 48 h, (d4) 60 ◦C sample immersed for 72 h,
(e1) 80 ◦C sample immersed for 0 h, (e2) 80 ◦C sample immersed for 24 h, (e3) 80 ◦C sample immersed
for 48 h, and (e4) 80 ◦C sample immersed for 72 h.

From the sample electrochemical test results, the Ecorr (1.36V± 0.034) of the LDH conver-
sion coating at 50 ◦C was higher than that of the AZ91D magnesium alloy (−1.41V ± 0.059)
and tends to be more positive at 50 ◦C. The icorr (8.92 ± 1.37 µA·cm−2) of the LDHs conver-
sion coating prepared at 50 ◦C was nearly one order of magnitude lower than that of the
AZ91D magnesium alloy (83.62 ± 1.63 µA·cm−2). The Ecorr and icorr of samples with LDH
conversion coating have a certain error but agree well with the published values [53–55].
The results indicate that the LDH conversion coating prepared at 50 ◦C can effectively
enhance the corrosion resistance of the AZ91D magnesium alloy matrix. In addition, the
percentage of efficiency calculated by icorr also shows that the LDH conversion coating
prepared at 50 ◦C has the highest corrosion efficiency.

From the hydrogen evolution test results in 3.5 wt.% NaCl solution (Figure 7), it
can be observed that, at the initial stage of the test, the hydrogen evolution rate of
the LDH conversion coating prepared at different temperatures was similar. However,
with the extension of soaking time, the hydrogen evolution rate of the LDH conversion
coating showed a great difference. The HER value of CO2_3MPa_30min_50 ◦C sample
(0.624 ± 0.028 mL·h−1·cm−2) was nearly three times lower than that of the AZ91D magne-
sium alloy (1.920 ± 0.114 mL·h−1·cm−2), which suggests that the corrosion resistance of
the AZ91D alloy can be effectively improved by the conversion coating prepared at 50 ◦C.

Based on the macro corrosion morphology (Figure 8), it can be observed that, after con-
tinuous immersion in 3.5 wt.% NaCl solution for 72 h, the corrosion resistance of the LDH
conversion coating prepared at different temperatures was effective in the short immersion
test. However, with an increase in immersion test time, the pitting corrosion damage of the
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LDH conversion coating began to appear in the NaCl solution. The corrosion behaviour
exhibited by the LDH conversion coating, prepared at different temperatures, varied.

The patterns of LDH conversion coatings indicate that serious pitting corrosion occurs
at lower temperatures of 30 ◦C and 40 ◦C and higher temperatures of 80 ◦C when immersed
in 3.5 wt.% NaCl solution for 48h; however, the LDH conversion coatings at 50 ◦C remained
intact, and only slight corrosion points were noticed at 60 ◦C. According to the ASTM
(American Society of Testing Materials) D610-08, after soaking for 72 h, the LDH conversion
coating samples’ corrosion grades were 3G, 3G, and 3G for the samples at 30 ◦C, 40 ◦C,
80 ◦C, respectively. The corrosion grade at 50 ◦C was 7G and at 60 ◦C was 6G. From the
immersion test results, it can be ascertained that LDH conversion coating can effectively
improve the corrosion resistance of the magnesium alloy, wherein LDH conversion coating
carried out at 50 ◦C renders a better protective effect on the surface of the magnesium alloy.

The corrosion resistance is closely related to the microstructure of the LDH conversion
coating. At 50 ◦C, the LDH conversion coating shows the highest density, as well as more
uniform and complete morphology in Figures 2c and 3c. Therefore, the LDH conversion
coating exhibits the best corrosion resistance at 50 ◦C. In contrast, as the temperatures
become higher or lower, the conversion coating is either incompletely formed or cracked
during deposition. The LDH conversion coating with incomplete growth, cracks and insuf-
ficient density cannot provide effective protection for the magnesium alloy. By a long-term
immersion process, the corrosion solution easily corrodes the surface of the magnesium
alloy; therefore, the corrosion resistance of the conversion coating is deteriorated.

Based on the analysis of the above experimental results, it can be seen that the soaking
test results are in good agreement with the polarisation and hydrogen evolution curves.
From the soaking test, polarisation curve test, and the hydrogen evolution test results,
the corrosion resistance of conversion coatings prepared at different temperatures can be
arranged in the following increasing order: AZ91D < CO2_3 MPa_30 min_30 ◦C < CO2_3
MPa_80 min_30 ◦C < CO2_3 MPa_30 min_40 ◦C < CO2_3 MPa_30 min_60 ◦C < CO2_3
MPa_30 min_50 ◦C.

3.3. Reaction Rate

The formation process of magnesium alloy LDH conversion occurs through a se-
ries of physical and chemical processes: an electrochemical reaction, ionisation reaction,
and coating formation reaction. Several reactions take place at the same time during the
initial coating formation. The anodic dissolution reaction occurs, and bubbles appear
on the surface of the magnesium alloy, which is caused by the reduction reaction in the
micro-cathode area on the surface of the matrix. The initial formation of the LDH con-
version coating mainly comprises the precipitation coating of Mg and Al hydroxide, and,
at the same time, in the acidic system of CO2-H2O (pH = 2.4~3.2), carbonation occurs
in the ionisation reaction. Carbonation ionises HCO3

- and CO3
2−. With the continuous

precipitation of hydrogen from the cathode, the pH value of the substrate surface grad-
ually increases, and insoluble Mg6Al2(OH)16CO3·H2O is formed. The specific chemical
reaction formed by the AZ91D magnesium alloy LDH conversion coating is shown in
Equations (4–8)–(4–13) [56–58].

Mg− 2e− → Mg2+ (1)

Al− 3e− → Al3+ (2)

H2CO3 → HCO3
− + H+ (3)

H2CO3 → CO3
2− + 2H+ (4)

2H+ + 2e− → H2(g)/H2O + 2e− → H2(g) + 2OH− (5)

6Mg2+ + 2Al3+ + CO3
2− + 16OH− + 4H2O→ Mg6Al2(OH)16CO3 · 4H2O (6)
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According to the XRD analysis, Mg6Al2(OH)16CO3·4H2O, the product of Equation (6),
is the main component of the coating layer. In Equation (6), the equilibrium constant K of
hydrotalcite coating is represented as follows:

K =
1

[Mg2+]
6
[Al3+]

2
[CO32−][OH−]16

(7)

Based on the Arrhenius equation, the reaction rate constant k is a function of tempera-
ture T. The reaction in Equation (6) can be considered as a reversible reaction. Therefore,

d ln k1

dT
=

Ea

RT2 (8)

d ln k−1

dT
=

Ea−1

RT2 (9)

In the above formula, k1 and k−1 are the reaction rate constants of the forward and
backward reactions in Equation (6). R is the molar gas constant (KJ·mol−1), T is the absolute
temperature, and Ea1 and Ea−1 are the activation energies of the forward and backward
reactions, which can be obtained from Equations (8) and (9):

d ln k1
k−1

dT
=

Ea1 − Ea−1

RT2 (10)

Meanwhile, the equilibrium constant K can be expressed as follows:

K =
k1

k−1
(11)

From Equations (10) and (11), it can be deduced that:

d ln K
dT

=
Ea1 − Ea−1

RT
(12)

The antiderivative of Equation (10) can be obtained from the corresponding relation-
ship between the equilibrium constant and temperature:

ln K = ln A− Ea

RT
(13)

where A is the pre-denoted factor, and Ea is the activation energy.
According to Equation (13), K varies with temperature. The formation process of

the LDH conversion coating is an endothermic process, and an increase in temperature
increases the value of K, which is conducive to the formation of the LDH conversion
coating [59–61]. An increase in temperature can promote the ionisation reaction of carbonic
acid, thus increasing the concentration of CO3

2− ions in the solution, promoting the anodic
dissolution process on the substrate surface, and speeding up the formation process. In
addition, increasing the temperature is also conducive to the thermal movement of the
reaction molecules in the forming solution, thus greatly speeding up the formation. How-
ever, for the CO2-H2O formation system, the formation temperature should be controlled
within a certain range. Too low or too high a temperature can affect the quality of the LDH
conversion coating.

Under a closed-cycle system, the temperature has an important effect on the deposi-
tion process of the LDH conversion coating on the AZ91D magnesium alloy. Firstly, the
temperature has an important effect on the microstructure of the conversion coating. When
the temperature is below 50 ◦C, the LDH conversion coating on the AZ91D magnesium
alloy has not grown completely. There are obvious cracks in the joints of the nuclei growth
of the conversion coating. When the temperature is above 50 ◦C, visible cracks are caused



Metals 2021, 11, 1658 11 of 13

due to internal stress as the coating thickens. Moreover, the crystallization state of LDH
conversion coating is the best at 50 ◦C, and the deconvolution peaks of Mg, Al and O can be
obviously seen. Secondly, temperature has an important effect on the corrosion resistance
of a conversion coating. Compared to the conversion coating at 50 ◦C, the electropositive
for the potential of the conversion coating at 30 ◦C, 40 ◦C, 60 ◦C and 80 ◦C is lower, and the
corrosion current is larger. In particular, at 30 ◦C, the self-corrosion potential is 1.40 mV,
the corrosion current is 80.22 µA·cm−2, the hydrogen evolution rate is relatively high, and
the corrosion grade is 3G. According to the data in this experiment, from the perspective of
micro-structure and corrosion resistance, the formation temperature of the LDH conversion
coating should be controlled at 50 ◦C.

4. Conclusions

(1) Under a closed-cycle system, the LDH conversion coating on AZ91D magne-
sium alloy is the densest and most complete when the system temperature is 50 ◦C.
The conversion coating mainly comprises C, O, Mg, and Al, and the main phase is
Mg6Al2(OH)16CO3·4H2O, revealing a uniform honeycomb morphology.

(2) Under a closed-cycle system, the corrosion potential is -1.36 V vs. SHE, the
corrosion current of the LDH conversion coating is 8.92 µA·cm−2, the hydrogen evolution
rate is 0.155 mL·h−1·cm−2, and the corrosion grade of the immersion test is 7G for the LDH
conversion coating at the system temperature of 50 ◦C.

(3) The equilibrium constant K increases with an increase in temperature, and this
increase in temperature is conducive to promoting the formation reaction of the AZ91D
magnesium alloy LDH conversion coating upwards. However, there is an optimal tem-
perature value for the forming reaction. Considering the overall quality and the corrosion
resistance of the conversion coating, the temperature of the LDH conversion coating should
be controlled at around 50 ◦C.
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