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ABSTRACT: Mg-Al LDH film was fabricated on anodized magnesium alloy AZ31 by in-situ growth method. The characteris-
tics of the film were investigated by X-ray diffraction (XRD), Fourier transform infrared (FT-IR), scanning electron microscopy 
(SEM) observation and electrochemical tests. The results showed that the crystallinity of LDH film was increased with reaction 
time. When the reaction time was more than 12 h, the LDH film had complete crystal layered structure. The anodic oxide film 
was sealed basically by the growth of LDH nanosheets after 6 h reaction. The corrosion resistance of the films became better 
with the increasing of reaction time. However, after 12 h reaction, the corrosion resistance of the film decreased. The formation 
behavior of the Mg-Al LDH film was proposed. That the competitive growth of LDH grains, which contains dissolution and re-
crystallization, was proposed to explain the change of the growth and corrosion resistance of the Mg-Al LDH film. 
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Introduction 
Magnesium and its alloy have attracted interest for 

a broad area of industrial applications, such as automo-
tive, aerospace and portable electronic devices[1-3], be-
cause of their superior strength/weight ratio, dimen-
sional stability and light weight[4]. But their application 
scope is limited by their poor corrosion resistance. 
Therefore, an improvement in corrosion resistance is of 
critical importance for magnesium alloys. Up to now, 
various approaches, including anodizing, chemical sur-
face conversion[5], organic polymer coating[6], vapor 
deposition[7], had been proposed to improve the corro-
sion resistance of magnesium-based alloys. Anodizing 
is used as an industrial technology for surface protection 
of light metals to improve corrosion resistance by forming 
an anodic oxide layer, which has been successfully  
used over many decades[8-9]. However, for industrial 

applications, the corrosion resistance of anodic oxide 
films is not sufficient, because the films are normally 
porous and contain many cracks and defects[10]. In this 
study, we adopted a novel method by forming layered 
double hydroxides (LDHs) on anodic oxide layer, in-
stead of the conventional boiling water sealing of pores. 
This method combines anodic oxide films and chemical 
conversion films, providing longer protection for mag-
nesium alloys substrate. 

Layered double hydroxides (LDHs) is a kind of 
typical two-dimensional layered nanomaterial. The 
general formula is [M2+

1−xM3+
x(OH)2]x+(An−)x/n·mH2O, 

where M2+ and M3+ are metal cations such as Mg2+ and 
Al3+, that occupy octahedral sites in the hydroxide lay-
ers, An− is an exchangeable anion, and x is the molar 
ratio of M3+/(M2++M3+)[11-13]. In the case of Mg-Al LDHs, 
the atomic structure consists of brucite-like octahedral 
layers and these layers are charged positively by the 



·20· 表  面  技  术 2019 年 3 月 

 

replacement of some Mg2+ with Al3+ ions. The ion ex-
change capacity of LDH improve its corrosion resis-
tance[4,14]. In general, the reported preparation methods 
of LDH structured thin film were solvent evaporation 
method[15], electrophoresis deposition (EPD)[16], copre-
cipitation[11,17], spin-coating[18-19], layer-by-layer as-
sembly (LBL)[19-20], in-situ growth[21] and so on. Com-
pared with other method, the chemical bonding gener-
ated by in-situ method gives rise to a strong adhesion 
force between the films and the substrate. These have a 
great meaning on maintaining film properties and 
popularizing practical application[21]. 

In previous studies[17,22-23], LDHs was fabricated 
by adding the mixture solutions of divalent and trivalent 
metal salts at the selected ratio into a reactor containing 
the desired interlayer anion. There were also research-
ers who only added a metal salt to the synthesis of 
LDHs[24-25]. For instance, Ishizaki et al. used a divalent 
metal salt aqueous solution as a steam source to prepare 
LDHs on the surface of aluminium alloy. Also, some 
researchers[26-27] firstly anodized aluinium alloy sub-
strate and sealed pores of anodic oxide films on the 
substrate by the fabrication of LDHs, using the single 
component of alumina as internal source of trivalent 
cations. In order to synthesize LDHs, a kind of divalent 
metal salt was introduced. In a word, the majority of 
researchers at least introduced a kind of metal salt to 
fabricate LDHs, and few researchers just used anodic 
films as internal source of cations to synthesize LDHs. 

Different from others, only one kind of trivalent 
cation Al3+ was used.  Besides, the LDHs was fabri-
cated on the surface of the anodic oxide film and the 
Mg2+ was got from the anodic oxide film. In this study, 
a novel approach was explored using anodic oxide layer 
as internal source of cations to fabricate LDHs on 
common commercial magnesium alloy AZ31. 

The density of LDH film has a great impact on its 
corrosion resistance, and according to crystal growth 
kinetics, reaction time impacts the crystallinity and the 
grain size, then impacts the density. Kamiyama et al. 
demonstrated that the film coated for 7 h exhibited the 
lowest corrosion current density[4]. Zhang compared the 
corrosion resistance of the Mg-Al LDH film coated for 
24 h and 48 h, finding the latter was better[28]. In this 
study, the Mg-Al LDH films were prepared on AZ31 
Mg-Al alloy by using in-situ growth method. The ef-
fects of reaction time on morphological, structural and 
chemical properties of the LDH films were studied by 
SEM, XRD and FT-IR, respectively. The corrosion re-
sistance of the Mg-Al LDH films was investigated by 
polarization curve and EIS. Finally, the relationships 
between the growth of Mg-Al-LDH film and reaction 
time were concluded. The formation behavior of the 
LDH film was proposed and the main content was the 
competitive growth of LDH grains. 

1  Experimental procedures 
1.1  Anodizing process 

The substrate was common commercial cast magnesium 

alloy AZ31 (the nominal compositions: Al 2.5wt.%~ 
3.5wt.%, Zn 0.6wt.%~1.3 wt.%, Mn 0.2wt.%~1wt.%, 
Ca 0.04wt.%, Si 0.1wt.%, Cu 0.05wt.%, and balanced 
Mg). Firstly, the alloy sheets were ground to 2000 grit 
SiC paper, then anodized in mixture solutions of 7.14 g/L 
NaOH and 4 g/L NaAlO2 for 30 min with applied volt-
age of 20 V. Finally, ultrasonically cleaned in ethyl al-
cohol for 5 min and dried under a steam of air. 

1.2  Fabrication of Mg-Al LDH film 
Firstly, the mixed solution of 0.05 mol/L Al(NO3)3· 

nH2O and 0.3 mol/L NH4NO3 was prepared. Then the 
pH of the mixed solution was adjusted to 10.7. Next, 
anodized samples were soaked in mixed solution. After 
this, they were putted in autoclave, reacting closing in 
constant temperature in drying oven for 1 h, 3 h, 6 h, 12 
h, 24 h. Finally, the as-prepared samples were washed 
with deionized water and dried under a steam of air.  

1.3  Characterization 
The morphologies of the surface of the LDH films 

were observed with a field-emission scanning electronic 
microscope (FE-SEM, JSM-7800F, JEOL, Japan) and 
the chemical composition was investigated using energy 
dispersive spectrum (EDS, INCA, Energy 350 Oxford, 
UK).The structures of the LDH films were determined 
using an X-ray diffractometer (XRD, D/Max 2500X 
Rigaku, Japan) at a glancing angle of 1.5 using Cu 
target (λ=0.154 nm) with 40 kV and 150 mA radiation. 
Flourier transform infrared (FT-IR, Nicolet IS5 Thermo 
Scientific, USA) spectra were obtained in the range of 
4000~400 cm1.  

Potentiodynamic polarization curves and electro-
chemical impedance spectra (EIS) were obtained in a 
cell with 3.5wt.% NaCl solution using CHI660 CH and 
CIMPS-2 Zahner, respectively. A classical three-electrode 
system was used with the sample as the working elec-
trode (1 cm2), a saturated calomel electrode (SCE) as 
the reference electrode, and a platinum plate as the 
counter electrode. The Potentiodynamic polarization 
curves were recorded with a sweep rate of 2 mV/s. EIS 
measurements were performed from 10 mHz to 100 kHz. 

2  Results and discussion 

2.1  Characterisation of Mg-Al LDH films 
formed at different reaction time 

Fig.1 presents typical SEM micrographs of sam-
ples formed at different reaction time. As showed in 
Fig.1a, the reaction time greatly impacts grain size and 
density of Mg-Al LDH films. For the films reacted for 
1 h, only under the higher magnification (Fig.1b), some 
tiny grains arranging on the surface of the substrate 
randomly were found. When the reaction time was 3 h 
(Fig.1d), there were fine grains around the hole. When 
the reaction time was 6 h (Fig.1e,f), the grain size 
changed obviously. These suggested that in this stage, 
the grain grew along three axis at the same time. It was 
seen that the diameter of holes in anodic oxide film 
decreased. After 6 h’ reaction, the hole of anodic oxide 
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film was closed basically. When the reaction time was 
less than 12 h, the thickness and density of the films 
increased with the reaction time extending. After 12 h’s 
reaction, the density of the LDH film decreased a little.  

The pores of the anodic oxide film had been completely 
sealed by Mg-Al LDH films after 12 h’ reaction. And 
this could be attributed to the size of the LDH grains 
increased with reaction time. 

 

 
 

Fig.1 SEM surface morphologies of the LDH films in different reaction time 
 

XRD patterns of the LDH films formed in different 
reaction time are shown in Fig.2. Two weak peaks were 
observed at approximately 11 and 22 (denoted as open 
triangle), which were associated with the (003) and 
(006) planes of hydrotalcite-like layered structure of 
Mg-Al LDH[29]. When the reaction time was 1h, there 
was no obvious characteristic peak at 10 and only 
weak characteristic peak existed next to 20. But for the 
samples reacted for 3 h, the characteristic peak in 10° 

could be found obviously. The (003) and (006) charac-
teristic peaks corresponding to the samples reacted for 
6 h were obvious. The LDH film whose reaction time  
was 12 hours had good crystallinity, and this was mean 
to be that the product had complete layered structure 
and good crystal structure. Lengthening the reaction 
time made the LDH film had a better crystallinity. The 
LDH film crystallizing completely needing approxi-
mately 12 h. 
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Fig.2 XRD patterns of the LDH films  
gained by different reaction time 

 
Fig.3 displays the FT-IR spectrum of LDH in  

different reaction time. As observed in FT-IR spectra, 
the sharp peak at 3695 cm−1 could be attributed to the  
H—O—H stretching vibration. The absorption peaks at 
3450 cm−1 and 1640 cm−1 corresponded to the O—H 
symmetric contraction and bending vibration of water 
molecules, respectively. This could attribute to the 
presence of the surface absorption water and interlayer 
water[30]. The obvious broad band absorption bands at 
3405 cm−1 were derived from the hydrogen bond be-
tween Hydroxyl metal functional groups and water 
molecule. The bands in the range of 444~770 cm−1 are 
attributed to metal-oxygen-mental stretching[31]. The 
asymmetric expansion peak of intercalated NO3 was 
about at 1350 cm−1, which indicated that there were a 
few intercalated NO3 anions in the LDH samples. The 
increase in the absorption peak intensity indicated the 
increase in the existence amounts of the Mg-Al LDH, 
the interlayered anions, and the interlayered water in the 
film at longer time. The results was in good agreement 
with the analysis in XRD patterns. Lots of nucleation 
generated on the surface grew into LDH nanosheets 
with complete crystal structure gradually, and the crys-
tallinity of LDH film increased. Finally, the anodic ox-
ide film was sealed by the LDH nanosheets. 

 

 
 

Fig.3 FT-IR spectrum of LDH in different reaction time 
 

2.2  Corrosion resistance of LDH films 
formed at different reaction time 

In order to evaluate the corrosion resistance of the 

film, Tafel polarization measurements on specimens of 
the LDH film prepared at different reaction time after 
0.5 hour immersion under 3.5wt.% NaCl solution are 
depicted in Fig.4. Table 1 lists the corrosion potentials 
(Ecorr) and corrosion current density (Jcorr) of Mg-Al- 
LDH samples prepared in different reaction time.  

 

 
 

Fig.4 Tafel polarization curves in 3.5wt.% NaCl  
solution of the LDH films on magnesium alloy  

with different reaction time 
 

Tab.1 Corrosion potential (Ecorr) and corrosion  
current density (Jcorr ) of the samples 

Reaction 
time/h Test solution Ecorr 

(vs. SCE)/V Jcorr/(μA·cm2)

1 3.5wt.%NaCl 1.370 0.8824 
3 3.5wt.%NaCl 1.345 0.6438 
6 3.5wt.%NaCl 1.341 0.1807 

12 3.5wt.%NaCl 0.6432 0.022 36 
24 3.5wt.%NaCl 0.7127 0.1077 

 
Ecorr of the LDH film in 1 h, 3 h, 6 h, 12 h and 24 h 

were 1.370 V(vs. SCE), 1.345 V(vs. SCE), 1.341 V 
(vs. SCE), 0.6432 V(vs. SCE) and 0.7127 V (vs. 
SCE), respectively. From 1 h to 12 h, that the corrosion 
potential increases in turn showed that as the reaction 
time extending, the corrosion resistance of the films 
increased, and the degree of closure of anodic oxidation 
cavity improved, which blocked the matrix and the 
corrosive medium effectively. Besides, compared with 
the sample reacted for 12 h, the corrosion potential and 
corrosion current density of the LDH film gained by 
24 h’ reaction rose and fell respectively. The reasonable 
explanations for the above results were the decrease of 
the density of the LDH film. There were existing the 
competitive growth of LDH grains: tiny LDH grains 
dissolved, and bigger LDH grains continued to grow. 
The large LDH grains could not cover the anodic oxide 
film completely. 

In order to further provide the information on the 
corrosion inhibition effect of the LDH films, EIS meas-
urements on specimens after 0.5 hour immersion under 
3.5wt.% NaCl solution are depicted in Fig.5. The Bode 
plots and the Nyquist plots of samples are presented in 
Fig.5a and Fig.5b, respectively. Its equivalent circuit 
diagram is also shown in Fig.5. 
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Fig.5 Bode diagrams (a, b) and the equivalent circuit  
(c) for LDH films in different reaction time  

immersed in 3.5 wt.% NaCl solution 
 

The Frequency-Phase (frequency-phase angle) Bode 
diagram showed that the Mg-Al LDH layer, which was 
grown on the anode of magnesium oxide, had three time 
constants. In general, high frequency time constant 
corresponds to a loose outer layer structure of the 
composite films, while the time constant at low fre-
quency could be ascribed to an inner compact layer 
structure[32]. The LDH film is relatively loose and 
coarse from the previous SEM diagram. There is a sig-
nificant difference between the LDH film layer and the 
anode magnesium oxide layer whose bottom has a high 
relative density. And this corresponds to the impedance 
difference between high frequency and intermediate 
frequency. At low frequency, the higher the Z value is, 
the better corrosion resistance of the material is. After 
the analysis, the equivalent circuit diagram of Fig.5 
includes the following components: the RSOL in the 
equivalent circuit diagram is the solution resistance; the 
CLDH and RLDH were the capacitance and resistance of 
the LDH films respectively; the COF and ROF are the 
capacitance and resistance of the anode layer of magne-
sium oxide. Similarly, to reflect the heterogeneity of 
components, the pure capacitance C is replaced by the 

constant phase element (CPE), and the relationship is 
CPE=[C(jω)]1. Capacitance characteristic of C is 
related to the  here. Usually, when =1, the constant 
phase element is the pure capacitance; when the =0, 
the constant phase element is the pure resistance. 

The electrochemical impedance for anodized sub-
strate coated with LDH films is given by Eq.1: 

SOL

LDH
LDH

OF OF

1Z= + 1 1
1

1 1

R

Z R

R Z






 

(1) 

Where, ZOF represents the admittance of the con-
stant-phase element of capacitance of the anodic oxide 
film. Constant phase element (CPE) is applied in place 
of a capacitor to compensate the non-homogeneity in 
the system, which is defined by two values, Q and n in 
Eq. 2: 

  1[ j ]nZ Q  
 

(2) 

Where, the constant Q is the magnitude of CPE, 
and n is the empirical exponent of CPE, 0<n<1. If n=1, 
Q is the pure capacitance; if n=0, Q is the pure resis-
tance[28]. 

The electrochemical impedance for the anodized 
substrate coated with LDH films are calculated and ex-
hibited by Eq.3: 
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LDH
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1= + 1( j ) 1
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Z R
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Q
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
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(3) 

According to Eq.3, the impedance of tested sample 
increases with the increase of resistance (RLDH, ROF) and 
the decrease of the capacitance (QOF, QLDH). Generally, 
a larger impedance corresponds to better anti-corrosion 
performance of the LDH films. 

According to the fitting data in Table 2, the LDH 
layer had a high value of LDH, but low CLDH. This 
showed that the arrangement of LDH grains in the bot-
tom was very close, and it leaded to a relatively high 
RLDH. When the reaction time was 1 h, the numerical 
RLDH was relatively small. It indicated that the surface 
only had a few small LDH grains and this was consis-
tent with the microscopic photos. When the reaction 
time was up to 12 h, the value of CLDH decreased greatly 
and the numerical LDH increased to 1. These results 
demonstrate that the impedance of the LDH-coated 
samples increases with prolonging reaction time, lead-
ing to the full crystallization of the LDH coating in ac-
cordance with the XRD results presented in Fig.2[21]. 
This can be attributed to the growth of LDH grains and 
the pores of anodic film have been well covered. When 
the reaction time exceeded 12 h, the corrosion resistance 
of the LDH films decreased a lot. The results were con-
sistent with the data in Tafel polarization measurements. 

The LDH layer, which is based on the anodic oxide 
film, had a high value of ROF. It showed that, in the 
process of the growth of LDH film, the prolonging of 
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the reaction time contributed to the growth of LDH film 
on the surface of anodic oxide film, thereby affecting the 
structure of porous anodic oxide film. Finally, the pores 

in anodic oxide films would be closed gradually and the 
growth of LDH crystals was in a state of equilibrium. 
Other scholars have found similar phenomena[33]. 

 
Tab.2 Fitting data of Bode plots and the Nyquist plots 

CPELDH 
Reaction time/h RSOL/(Ω·cm2) 

CLDH/(×106 μF·cm2) LDH 
RLDH/(Ω·cm2) COF/(μF·cm2) ROF/(Ω·cm2) 

1 21.76 9.0114 0.8055 3582 0.11346 4065 
3 27.02 17.168 0.7431 1574 0.01193 2711 
6 26.64 5.4622 0.7619 1071 4.8145×104 2985 

12 19.18 5.0267 0.6956 9238 5.9551×104 9016 
24 26.66 8.5164 0.7550 5793 5.1768×104 3955 

 
2.3  Growth behaviors of the LDH films 

From the data presented in Fig.1, Fig.2 and Fig.3, 
it is possible to verify a general tendency of the Mg-Al 
LDH grains sizes to increase for longer time of reac-
tion[34]. Not only the increase in the Mg-Al LDH con-
tent in the composite film, but also the increase in the 
thickness and denseness of the film were the important 
factors for improving the corrosion resistance[4]. How-
ever, for the corrosion resistance of the samples ob-
tained with 24 h reaction began to decrease. This sug-
gested two competitive behaviors affecting the crystal 
growth during the reaction, consistent with the Ostwald 
ripening phenomenon[35-36]: dissolution and recrystalli-
zation. As showed in Fig.6, the growth process can be 
distributed to three stages. First stage, some small LDH 
grains grow at the surface randomly (contrast to the 
specimens reacted for 1 h, 3 h, 6 h). The LDH film can 
not cut off the connections between the solution and the 
substrate efficiently. Second stage, with the reaction  

time extending, large amounts of LDH grains cover the 
anodic oxide film absolutely (contrast to the specimens 
reacted for 12 h). As shown in Fig.1, the entire surface 
is covered by LDHs nano-sheets, and some sphere-like 
structures, which is energetically favorable, as it re-
duces the strain energy in the crystals. Both thickness 
and crystal size of LDH films increase with time[37]. 
This result is consistent with results of the previous 
works[38-39]. Third stage, the size of the LDH grains in-
creased, but the density of the film decreased (contrast 
to the specimens reacted for 24 h). The reaction time 
was too long that some tiny LDH grains were dissolved 
by the solution but the bigger LDH grains continued to 
grow and the bigger grain stretched the gap between the 
LDH grains, and solution penetrated into the film 
through the gap of the LDH sheet. However, as the time 
extended, the thickness of the film layer increased, and 
the solution is prevented from contacting the substrate. 
So the corrosion resistance increased.  

 

 
 

Fig.6 Growth behaviors of the LDH film 
 

3  Conclusions 
In this study, the effect of reaction time on growth 

behaviours of Mg-Al LDH films are studied. The main 
conclusions are obtained through experiments and 
characterization analysis as following: 

The reaction time affects the crystallinity and grain 
size. Then the grain size and the morphology of LDH 
film could by controlled effectively by changing the 
reaction time that is the realization of controllable 
preparation of LDH based thin film materials.  

Prolonging the reaction time can increase the den-
sity of the film greatly, and the samples reacted for 12 h 
have the best corrosion resistance. When the reaction 
time is more than 12 h, the LDH film could seal the 

pores of anodic oxide film completely to achieve a good 
sealing effect.  

The corrosion resistance of the Mg-Al LDH de-
creased after 12 h reaction. This maybe explained by 
that some small LDH grains were dissolved by the so-
lution and the increasing of the grain size stretched the 
gap between the LDH grains. Then the LDH film can-
not inhibit the contact of a magnesium oxide film sur-
face with corrosive medium. 
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