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Corrosion of in-situ grown MgAI-LDH coating on aluminum alloy
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Abstract: MgAl-layered double hydroxides (LDH) coatings were fabricated by the in-situ hydrothermal treatment method on the
AA5005 aluminum alloy. The characteristics of the coatings were investigated by XRD, FT-IR, SEM and EDS. The effect of the pH
value of the solution on the formation of the LDH coatings was studied. The optimum pH value of the solution was 10.0. The
corrosion resistance of the LDH coatings was studied using potentiodynamic polarization tests and electrochemical impedance
spectrum (EIS). The results demonstrate that the LDH coatings, characterized by platelets vertically to the substrate surface possess
excellent corrosion resistance. The influence of the hydrothermal crystallization time on the corrosion resistance was evaluated.
Prolonging the crystallization time can increase the corrosion resistance of the obtained LDH coatings. The anticorrosion mechanism

of the LDH coatings was discussed.
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1 Introduction

Aluminum and its alloys have been extensively used
outdoors because they are easy to handle and represent
an important category of materials due to their high
technological value and wide range of industrial
applications, especially in the fields of transport,
building, electrical engineering, aircraft and aerospace.
However, the heterogeneous microstructure of aluminum
alloys makes them particularly liable to localized
corrosion, limiting their applications especially in marine
environments. For many decades, chromate conversion
coatings have been used for protection of aluminum
alloys. However, it is well-known that the hexavalent
chromate compounds are toxic and were found to induce
unacceptable environment and health related hazards
[1,2]. Up to now, various approaches have been proposed
to develop environmentally friendly alternatives,
including anodizing [3—5], conversion coatings [6—8],
sol-gel synthesis [9,10], polymer coatings [11],
magnetron sputtering [12,13] and self-assemble [14,15].

Layered double hydroxides (LDH) are a promising
class of protection coatings for metals. LDH can be
expressed by the general formula [Mlzfoff(OH)z]”-
A"/, -mH,0 , where the cations M*" and M’ occupy
the octahedral holes in a brucite-like layer, and the anion
A" is located in the hydrated interlayer galleries [16,17].
Recently, extensive studies have been focused on the
potential applications of LDH to protect metals such as
magnesium alloys [18], aluminum alloys [19], and
steel [20]. In the previous studies [21,22], MgAl-LDH
coatings intercalated with CO3” and MoO;  have
been obtained by the co-precipitation and hydrothermal
treatment method on AZ31 substrate, which possessed
the ion-exchange, self-healing ability and improved
anticorrosion properties. Also, this conversion coating is
environmentally friendly and low cost.

To date, two main methods have been developed for
preparing the LDH coatings. One is the in-situ method,
and the other is the two-step method, in which the LDH
powder precursor is firstly synthesized by the co-
precipitation method and then the coating is fabricated
using a certain process. ZHANG et al [23] obtained
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ZnAl-LDH-NO; and ZnAl-LDH-laurate using the
in-situ method on the porous anodic alumina/aluminum
(PAA/AI) substrates. The existence of the LDH coating
enhanced the anticorrosion properties of the aluminum
metal substrate. BUCHHEIT et al [24] reported that
Al-Zn—decavanadate hydrotalcite compounds dispersed
as a particulate additive in organic resins lead to potent
corrosion inhibition of an underlying aluminum alloy
substrate. VEGA et al [25] synthesized ZnAl-vanadate
hydrotalcite on alloy wusing the co-
precipitation and air-spraying method. WANG et al [26]
synthesized the 8-hydroxyquinolate intercalated MgAl—
hydrotalcite coating on pure aluminum sheet by the
chemical conversion treatment. ALVAREZ et al [27]
found that the addition of hydrotalcite to sol—gel films
improved the corrosion resistance of coated AA2024-T3
alloy in salt spray. ZHELUDKEVICH et al [28] observed
the corrosion inhibition effect by adding the LDH
powder to an epoxy resin applied on aluminum alloy.
Those above coatings fabricated using the two-step
method improved the corrosion resistance of their
substrates; however, the adhesion of the coating to the
substrate was much poor. Furthermore, the LDH coating
preparation processes described above are complicated
and have not yet achieved the desired level of corrosion
resistance. The in-situ method expected to fabricate the
LDH coatings on aluminum alloys with high corrosion
resistance and good adhesion to the substrate using a
simple technological process remains a considerable
challenge. The present work aims to prepare the
MgAI-LDH coatings on aluminum alloy using the
one-step method. The effect of the pH value of the
solution on the formation of the LDH coatings was
investigated. Besides, the influence of the hydrothermal
crystallization time on the corrosion resistance was
evaluated.

aluminum

2 Experimental

2.1 Fabrication of MgAI-LDH coatings

The material used in this study was AAS5005
aluminium alloy. Prior to coating, the alloy sheet was
ground to 1500 grit SiC paper, then immersed in 0.5%
aqueous NaOH solution for 1 min in order to remove the
oxidation on the surface, and finally ultrasonically
cleaned in ethyl alcohol for 10 min. 0.007 mol
Mg(NO;),-6H,0 and 0.042 mol NH4NO; were dissolved
in 70 mL deionized water, and 1.0% ammonia solution
was used to adjust the solutoin pH. The above solution
was then transferred to a Teflon-lined autoclave in which
the pretreated aluminium alloy was immersed. The
Teflon-lined autoclave was then heated at 398 K for
different time. The as-prepared samples were rinsed with
de-ionized water and dried under ambient conditions.

2.2 Characterization

The structures of the LDH coatings were examined
by using an X-ray diffractometer (XRD) (D/Max
2500PC) with a Cu target (4=0.1542 nm). Fourier-
transform infrared (FT-IR) spectrum was obtained on a
TENSOR-27 spectrophotometer using the KBr pellet
technique. The morphologies of the surface and
cross-section of the LDH coatings were observed with a
field-emission scanning electronic microscope (FE-SEM,
Hitachi S—4800). All samples were sputtered with gold.
The adhesion of the LDH coating on the surface of the
aluminum alloy substrate was tested according to the
method reported in Ref. [29]. Potentiodynamic
polarization curves and electrochemical impedance
spectra (EIS) in 3.5% NacCl solution were obtained in a
cell using a Princeton potentiostat (model 2273). A
classical three-electrode system was used with the
sample as the working electrode (1 cm?), a saturated
calomel electrode (SCE) as the reference electrode, and a
platinum plate as the counter electrode. The samples
were immersed in the medium for 20 min before the
electrochemical tests. The polarization curves were
recorded with a sweep rate of 2 mV/s. EIS measurements
were acquired from 100 kHz down to 10 mHz using a
5 mV amplitude perturbation.

3 Results and discussion

3.1 Characterization of MgAI-LDH coatings

The influence of the solution pH on the formation of
MgAI-LDH coatings was investigated by XRD. Figure 1
illustrates the XRD patterns of the obtained LDH
coatings with the same hydrothermal treatment period of
8 h under different pH conditions. As presented in
Figs. 1(b) and (c), there are almost no characteristic
peaks of the LDH phase when the solution pH values
of 8 and 9 were adopted. While Figs. 1(d)—(f) show
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Fig. 1 XRD patterns of LDH coatings formed on aluminium
alloy depending on solution pH of hydrothermal treatment
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characteristic reflections of an LDH phase [30] when pH
values 0f 9.5, 10.0 and 10.5 were used. In addition to the
characteristic peaks of the bare aluminum alloy substrate,
the XRD patterns of MgAl-LDH coatings showed two
reflections below 25° which can be assigned to (003) and
(006) reflections of the LDH phase. It is noted that the
intensity of the peaks of the LDH phase is the strongest
when the solution pH of 10.0 was used. The LDH phase
presents a lower crystallinity while a larger pH of 10.5
was adopted.

The solid crystallinity is enhanced by using the
solution with a higher pH. The pH of the solution plays a
key role in the formation of MgAI-LDH coatings by the
in-situ synthesis method. The optimized pH value of the
solution is 10.0, which is consistent with the result
obtained by the coprecipitation method [31]. It is
well-known that when aluminum substrates are placed in
solutions with high pH values, the surface is partially
dissolved, which generated aluminum oxides [29].
Combination of AI** ions released from the alumina with
Mg** ions coming from the solution will then afford
MgAI-LDH coating.

The XRD patterns (Fig. 2) demonstrate the effect of
the hydrothermal treatment period on the formation of
the MgAI-LDH coatings with the optimized solution pH
of 10.0. As shown in Fig. 2, for LDH coatings with
different crystallization periods, the XRD patterns (Figs.
2(b) and (c¢)) show an increase of reflection intensity with
the increase of crystallization period.

Figure 3 shows the FT-IR spectrum of the powder
scraped from the as-prepared MgAl-LDH coating. The
band with the maximum peak at 1384 cm ' confirmed
the presence of NO; anions that are intercalated in the
interlayer [32]. NO; anions are readily exchanged with
other anions [33], giving the potential ability to further
functionalize the coating by intercalation of appropriate
anions. The absorption band at 3715 cm ' corresponds
to Mg—O—H stretching vibrations due to the magnesia
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Fig. 2 XRD patterns of LDH coatings formed on aluminium
alloy depending on hydrothermal treatment period
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Fig. 3 FT-IR spectrum of LDH powder scraped from
as-prepared MgAI-LDH coating treated for 8 h

octahedron structure of LDH. The absorption band at
around 3455 cm' corresponds to O—H because of the
presence of the surface absorption water and interlayer
water [19]. The band at about 1616 cm ™' can be ascribed
to the bending vibration of crystal water. Additionally,
the band observed at about 585 cm ' is mainly due to
Al—OH lattice vibrations [34].

The SEM morphologies of the as-prepared LDH
coated samples treated for 8 h are shown in Fig. 4. As
can be seen in Fig. 4(a), the LDH coating is compact
over the entire aluminum alloy substrate. Higher-
magnification SEM images of the coating (Figs. 4(b) and
(c)) clearly show that most of the LDH microcrystals
have a curved platelet morphology. It is worth noting that
some LDH intercalated compounds reported earlier also
show a curved platelike/sheet morphology [35,36],
formed by the cooperative organization of intercalated
anions and cationic metal hydroxide layers, whereas the
microstructure obtained here is different from that in
Refs. [35,36]. The cross-section view (Fig. 4(d)) shows
that a continuous layer of the LDH coating grows
vertically on the substrate with a thickness of about
12 pm.

Strong adhesion of anticorrosion coatings to the
metal surface is essential if the coatings are useful in
practice. As can be seen in Fig. 5, there is no
delamination or peeling occurred on the cross-cutting
surface, indicating that the LDH coatings have a strong
adhesion to the metal substrate.

3.2 Corrosion resistance of LDH coatings
Potentiodynamic polarization is a commonly used
technique that was employed to investigate the corrosion
resistance of the LDH coatings. Figure 6 presents the
potentiodynamic polarization curves of the LDH-coated
samples as well as the aluminium alloy substrate. In a
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Fig. 4 SEM images of top (a, b, ¢) and cross-section (d) views of MgAI-LDH coating treated for 8 h on aluminum alloy surface

Fig. 5 Polarized light microscope image for MgAl-LDH
coating treated for 8 h on aluminum alloy surface after
adhesion test by ASTM standard D 3359-02 method B

typical polarization curve, lower corrosion current
density (J.orr) corresponds to lower corrosion rate and
better corrosion resistance. The current densities of the
LDH-coated samples are 2.19x10°° 1.20x10° and
0.983x10°® A/cm? for hydrothermal treatment periods of
4, 8 and 12 h, respectively, which are much lower than
that of the substrate (4.27><1075 A/cmz). Jeorr for the
LDH-coated samples decreases more than by one order
of magnitude compared with that of the aluminum alloy
substrate. This suggests that the presence of the LDH
coating considerably increases the chemical resistance of
the aluminum alloy substrate. The significant reduction
of the J. implies that the LDH coatings can help to
decrease the corrosion rate of the substrate. Also, it
can be concluded that prolonging the hydrothermal
treatment time leads to an increase of the anticorrosion

property.
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Fig. 6 Tafel polarization curves in 3.5% NaCl solution of bare
aluminum alloy, and LDH coatings on aluminum alloy with
different crystallization time

Besides, it is worth noting that the breakdown
potential (¢,) of the coating is another parameter
reflecting the corrosion resistance property besides the
corrosion current. ¢, of the aluminum alloy is —0.72 V
(vs SCE), while the value of the LDH coating-4 h sample
is —0.67 V (vs SCE). In particular, as for the LDH
coating-8 h sample, there are two obvious ¢, (—0.39 V,
0.01 V (vs SCE)) and one obvious passivation zone in
the anodic branch of polarization curve. A reasonable
explanation for this result is that the LDH coatings have
a self-healing ability [21].

In order to further provide the information on the
corrosion inhibition effect of the LDH coatings, EIS was
carried out to analyze the corrosion resistance of the
coating. The Bode plots and the Nyquist plots of the
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samples are presented in Figs. 7(a) and (b), respectively.
Because the dimension of the Nyquist plot for AA5005
aluminum alloy is too small to be discerned in
comparison with that of the alloy with hydrothermal
treatment, an enlarged plot is inserted.
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Fig. 7 Bode (a) and Nyquist (b) plots for MgAIl-LDH coatings
on aluminum alloy and bare aluminum alloy electrodes
immersed in 3.5% NaCl solution

It can be observed from the Bode plots that the
LDH-coated samples exhibit larger impedance at low
frequency compared with the bare aluminum alloy
sample (Fig. 7(a)). It is also noted that the low frequency
impedance is considerably high, approximately 10°
Q-cm’, for the LDH-coated sample treated for 8 h and 12

h. Concurrently, it can be seen from the Nyquist plot (Fig.

7(b)) that the largest radii of curvature for the samples
treated for 8 h and 12 h indicate that those samples
possess higher corrosion protection ability. These results
demonstrate that the impedance of the LDH-coated
samples increases with prolonging hydrothermal
treatment time, leading to the full crystallization of the
LDH coating in accordance with the XRD results
presented in Fig. 2. While when the crystallization time
exceeds 8 h, the increase of the corrosion resistance is
less obvious.

3.3 Protection ability of LDH coatings

Figure 8 shows the surface morphologies of the
original LDH-coated sample and the LDH-coated sample
immersed in 3.5% NaCl solution for 7 d. After
immersion for 7 d, no noticeable changes were observed
in the immersed LDH coating (Fig. 8(b)) and most of the
area of the sample still exhibits a platelet structure of
curved hexagonal morphology, similar to the original
sample (Fig. 8(a)). However, some plates collapsed after
immersion (marked by the arrow in Fig. 8(b)), which
may be due to the dissolution of the platelet. It can be
observed from the inset of Fig. 8 that the original LDH
coating (Fig. 8(a)) is mainly composed of Mg, Al, O and
C elements, with no Cl signal. However, Cl signals
(Fig. 8(b)) were observed on the same sample after
immersion, which indicates that the LDH coating
exhibits ion exchange effect by absorbing C1 and Na*
from NaCl solution and the interlayer of the LDH is able
to retain C1_ and Na' in the LDH structure.

Fig. 8 SEM images of original LDH coating-8 h sample (a) and
immersed sample (b) (Insets are corresponding EDS spectra)

Besides, it is noted that the peak position of (003)
shifts to a large angle of approximately 0.2° (Fig. 9(b)),
indicating that C1™ ions are intercalated by ion exchange.
The improvement in the corrosion performance of the
LDH coating can also be attributed to the adsorption and
retention of corrosive Cl ions and the release of NO;
ions. TEDIM et al [37] proved that nitrate-containing
LDHs are effective chloride nanotraps due to the ion
exchange process; therefore, the LDHs can delay coating
degradation and the initiation of corrosion. Due to the
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ion exchange effect, CI' can hardly reach the metal
substrate. The ion exchange reaction of the LDH coating
on the aluminum alloy in chloride-containing solution
can be expressed as follows:

LDH-NO; +CI' -LDH-CI +NO; (1)

This confirms that MgAl-LDH coating is able to
provide corrosion protection.

*— Mg
+— MgAI-LDH .

+

As-prepared
LDH sample
*

Immersed sample
N ‘i A (b)

10 20 30 40 50 60 70
20%)

Fig. 9 XRD spectra of LDH coating-8 h sample before and
after immersion in 3.5% NacCl solution for 7 d

4 Conclusions

1) The nitrate intercalated MgAI-LDH coating with
curved platelet structure was fabricated by the in-situ
hydrothermal treatment method. The coating consists of
compact, homogeneous and well-crystallized
nanostructure.

2) The corrosion current density of the LDH
coatings is decreased by one order of magnitude
compared with that of the AAS5005 alloy. The
as-prepared LDH coating can provide an effective
protection to aggressive species.

3) The corrosion protection ability of the LDH
coatings may be due to ion exchange effect and
competitive adsorption for chloride ions on the alloy
surface.
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