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Abstract: 8-hydroxyquinoline (8-HQ) intercalated layered double hydroxides (LDH) film as underlayer and sol—gel layer was combined for
active corrosion protection of the AM60B magnesium alloy. The LDH, LDH/sol-gel, and LDH@HQ/sol-gel coatings were analyzed using the
scanning electron microscopy (SEM), field emission scanning electron microscopy (FESEM), energy dispersive X-ray spectroscopy (EDS), X-
ray diffraction (XRD), atomic force microscopy (AFM), and electrochemical impedance spectroscopy (EIS) methods. The SEM images
showed that the surface was entirely coated by the LDH film composed of vertically-grown nanosheets. The same morphology was observed
for the LDH/sol—gel and LDH@HQ/sol—gel coatings. Also, almost the same topography was observed for both composite coatings except that
the LDH@HQ/sol-gel coating had relatively higher surface roughness. Although the LDH film had the same impedance behavior as the alloy
sample in 3.5wt% NaCl solution, its corrosion resistance was much higher, which could be due to its barrier properties as well as to the trap-
ping of the chloride ions. Similar to the LDH film, the corrosion resistance of the LDH/sol—gel composite diminished with increasing the ex-
posure time. However, its values were much higher than that of the LDH film, which was mainly related to the sealing of the solution path-
ways. The LDH@HQ/sol—gel composite showed much better anti-corrosion properties than the LDH/sol—gel coating due to the adsorption of

the 8-HQ on the damaged areas through the complexation.
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1. Introduction

Magnesium alloys are progressively used in various ap-
plications because of their ultra-lightness, high strength, and
some other beneficial aspects [1-3]. Unfortunately, the por-
ous oxide/hydroxide film on the magnesium alloys is unable
to protect them against the corrosion [4]. Thus, application of
suitable corrosion protection technology is mandatory to ex-
tend the applications of the magnesium alloys. For this pur-
pose, various surface treatments such as chromating [5],
phosphating [6-7], electroplating [8], electroless plating [9],
conversion coating [10—11], gas-phase coating [12], organic
coating [13], electrolytic plasma oxidation [14], and other
works [15-24] have been suggested in literature.

The sol—gel coatings have advantageous properties such as
eco-friendly nature, low processing temperatures (<200°C),
easy operation condition, excellent adhesion, chemical inert-
ness, and low cost. These coatings can provide suitable cor-
rosion protection for the magnesium alloys [25-26]. The
nanoparticles inclusion can be regarded as effective strategy
to enhance the corrosion resistance of the sol-gel coatings
[27-31]. Also, combining the sol-gel coatings with the con-
version films has been introduced as another way to improve
the sol—gel coating durability against the corrosion [32-36].
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Unfortunately, most of the nanoparticles are expensive. Also
the nanoparticles tend to agglomerate and so, their uniform
distribution in the matrix of the coatings is faced with many
challenges [37-38]. Oppositely, the use of the conversion
coatings in combination with the sol-gel films can be re-
garded as more suitable strategy since they are known for low
cost, simplicity of the operation, suitable adhesion, and their
environmental friendly aspects [35—41]. Murillo-Gutierrez
et al. [42] has studied application of a composite coating
combining the phosphate-based conversion and sol—gel films
on Elektron21 magnesium alloy. They found that the com-
posite coating showed better corrosion resistance compared
to the single conversion film. Pezzato ef al. [36] has sugges-
ted the plasma electrolytic oxidation (PEO) conversion coat-
ing as sub-layer to obtain a modified silica sol-gel coating on
AZ80 Mg alloy with improved corrosion protection. Also,
the corrosion protection improvement of the molybdate con-
version film on the AZ91D magnesium alloy via combina-
tion with the hybrid sol-gel film has been confirmed by Hu
et al. [43]. Additionally, our research group has studied the
Ce—V/sol-gel and Ti—Zr/sol-gel composites to protect the
AMO60B alloy from the corrosion [34,44].

The Mg—Al LDH conversion coating has recently been
suggested as an effective method to minimize the corrosion
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damages due to the corrosive anions entrapment capability
[45]. The Mg—Al LDHs can be described by the following
formula:

[Mgi* AL (OH),](A™),, - mH,0 (1)
where Mg”" and AI*" are the layer cations, 0.2< x <0.33, and
A" is the exchangeable anion [46]. Several methods have
been developed for the synthesis of the LDHs but the co-pre-
cipitation is known as the simplest and most commonly used
method [47-50]. The beneficial effects of the intercalated 8-
HQ molecules on the corrosion resistance of the LDH coat-
ing have been recently confirmed [51-53]. Generally, the
corrosion inhibitor-intercalated LDH coating is a preferable
choice for active corrosion protection since it acts by simul-
taneous mechanisms, including releasing of the entrapped
corrosion inhibitor and substitution of the intercalated anions
(A™) by the corrosive anions [54-55]. When the corrosion
inhibitors are released through a coating or by the nanostruc-
tures, the term active corrosion protection is used. The LDH
conversion coating loaded with the 8-HQ corrosion inhibitor
in combination with the hybrid sol-gel coating can be re-
garded as a promising choice for the active corrosion protec-
tion of the magnesium alloys which was studied in this work.
The obtained coatings were fully characterized by various
surface analyses and corrosion monitoring methods.

x/n

2. Experimental
2.1. Specimen preparation

The AM60B alloy sheets (Nanjing Welbow Metals,
China) with dimension of 3 cm x 4.5 cm X 0.2 cm were used.
The samples were chemically composed of 6.33% Al, 0.68%
Zn, 0.24% Mn, and Mg as remainder (in wt%). The alloy
samples were polished to mirror finish with SiC sand papers
of different grades (400, 800, 1000, and 2000) to remove the
superficial oxide/hydroxides and any possible impurities, de-
fects, etc. Next, the alloy parts were cleaned with distilled
water. Afterward, the samples were degreased in acetone for
about 10 min at room temperature using a BANDELIN
SONOREX ultrasonic bath. Then, the samples were ultra-
sonically degreased by immersion in an alkaline solution (10
gL' Na,PO, + 45 g-L™! NaOH) for about 10 min at 60°C,
and finally dried in air.

2.2. Preparation of the LDH film and 8-HQ loading

The LDH coating was prepared using a combined co-pre-
cipitation/hydrothermal process. For this purpose, 0.15 mol
Mg(NOs),"6H,0 and 0.05 mol AI(NO;);-9H,0 (Mg*/AP*
molar ratio of 3:1) were dissolved in 100 mL double-distilled
water. Next, this solution (solution A) was mixed with a cer-
tain volume of NaOH solution for adjusting the pH value to
12. Then, 0.025 mol Na,CO; was dissolved in 100 mL deion-
ized water to obtain solution B. The prepared solutions (A
and B) were mixed with each other under vigorous stirring at
room temperature for 15 min to form a slurry. Then, the met-
al samples were inserted into the autoclave with a Teflon in-
ner coating and the prepared solution was added to them.

After that, the autoclave temperature increased to 25°C and
the heating continued for 24 h. Then, the samples were re-
moved from the autoclave and dried after rinsing with dis-
tilled water. Finally, the samples were dipped in an acetone
solution containing 1.6 g-L™' 8-HQ for 1 h at 25°C. The
samples were then removed, washed, and dried.

2.3. Preparation of the sol solution

The sol was synthesized by mixing 0.02 mol TEOS (tet-
racthyl orthosilicate) and 0.02 mol GPTMS (3-glyci-
doxypropyl trimethoxysilane) compounds. Then, the acidic
water (pH value =1.5, HCI) was added to the sol to obtain al-
koxy group to H,O molar ratio of 1:1. The prepared sol was
stirred (700 r/min) for 2 h in laboratory condition in order to
hydrolysis.

2.4. Applying the coatings

The sol—gel film were deposited on the LDH treated alloy
samples before and after loading of the 8-HQ into the LDH
structure. The applied composite coatings with and without
the 8-HQ loading were named as LDH@HQ/sol-gel and
LDH/sol—gel coatings, respectively. The plates were dipped
for 10 min in the sol and then withdrawn at a constant rate of
100 mm/min. After drying in oven at 60°C for 2 h, the
samples were transferred to a digital oven and its temperat-
ure was gradually increased (with a constant ramp of
5°C'min"") to 130°C. After 1 h, the samples were then re-
moved from the oven after its cooling to room temperature
naturally. The whole process was schematically illustrated in
Fig. 1.

2.5. Characterization techniques

The LDH layer was examined by the X-ray diffraction
(XRD, D/Max 2500PC) with a copper target (4 = 0.154 nm).
In addition, the LDH, LDH/sol-gel, and LDH@HQ/sol-gel
coatings were analyzed from the morphological aspects
using the field emission scanning electron microscopy
(FESEM, TESCAN MIRA3 XMU) instrument with the ac-
celerating voltage of 15 kV. Also, the cross section of the
composite coating was characterized by the SEM (scanning
electron microscopy) after careful cutting of the coating and
polishing of the cross section area to mirror finish.

Topography of the LDH/sol-gel and LDH@HQ/sol—gel
coatings was assessed by the atomic forced microscopy
(AFM, Nanosurf-CoreAFM) in non-contact mode using
Si;N, cantilever by selecting a scanning area of 25 pm x25
pm. AFM images were processed using the nanosurf soft-
ware to calculate the average roughness (R,,.) values. Two
various images were analyzed in each case to ensure from the
reproducibility.

2.6. Corrosion tests

The corrosion behavior of the bare alloy and LDH film to-
gether with the LDH/sol-gel and LDH@HQ/sol—gel com-
posites were studied using the EIS (electrochemical imped-
ance spectroscopy) examinations in 3.5wt% NaCl. Equip-
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Fig.1. Schematic diagram for application of the composite coatings.

ment, testing potential, amplitude of the ac perturbation sig-
nal, and frequency range were pAutolab3, corrosion poten-
tial, 10 mV, and 10 kHz—10 mHz, respectively. The alloy
specimens were masked with the epoxy paint to leave 1 cm?
surface area before using them as the working electrodes in a
classical three-electrode cell configuration. Also, the satur-
ated Ag—AgCl electrode and Pt sheet (1 cm?) were selected as
reference and counter electrodes, respectively. All the corro-
sion experiments were performed at laboratory condition in
different immersion times (0.5, 1, 2, 5, and 24 h). The aver-
age quantitative results of 3 same specimens were con-
sidered in each case.

3. Results and discussion
3.1. Surface analysis

Fig. 2 represents the microscopic images of the LDH
treated surface taken out by the FESEM equipment. The low-
magnification image showed that the alloy was completely
coated by the LDH film and no film-free area was observed
(Fig. 2(a)). Also, typical micromorphology of the LDH coat-
ing composed of vertically-grown nanosheets was observed
at higher magnification (Fig. 2(b)) which is consistent with
previous studies [56—57]. The chemical composition of the
LDH coating has been previously discussed in literature and
it is mainly composed of Mgs(CO;),(OH), 5H,0O and Al
(OH)5(COs)-5H,0 [58-59]. So, it was not discussed here to
avoid repetition. The XRD pattern of the LDH coating on the
AMO60B alloy was recorded (Fig. 2(c)). The characteristic
diffraction peak of the LDH structure can be easily detected
in 26 = 11.1° [45]. Also, the characteristic XRD peaks of o
(Mg-rich) and B (Al-rich) phases of the magnesium alloy
were seen at 260 = 32.3°, 34.5°, 36.7°, 48.3°, 57.6°, 63.2°,
69.1°, and 70.4° [44]. The analysis depth of the XRD tech-
nique is far from the thickness of the LDH layer. So, the X-
ray irradiation easily penetrates through the intersheet spaces
of the LDH coating to reflect the microstructure of the
AMO60B substrate [60]. In addition, the diffraction peak at

around 26 = 18.7° can be attributed to the formation of the
Mg(OH), on the magnesium alloy [61].

Also, the micro-morphological characteristics of the
LDH/sol-gel (Fig. 2(d)) and LDH@HQ/sol-gel (Fig. 2(e))
films were determined by the FESEM technique. It can be
seen that the spaces in the structure of the LDH layer were
fully sealed by the sol—gel film. However, the morphological
features of the LDH layer has been reflected in the final com-
posite films due to the low thickness of the top silica layer.
Also, it is obvious that the 8HQ loading did not change the
morphology of the final composite coatings as expected. No
evidence of the cracks, detachment, micro-metric pores, and
any other evidence of the low-quality coating were observed
either in the case of the LDH/sol-gel or LDH@HQ/sol—gel
coatings.

Moreover, the substrate/LDH and LDH/sol-gel interfaces
were examined by providing microscopic images of the
cross-sections of the sample (Fig. 2(f)). The boundary
between the alloy and the LDH layer is clear, while the
boundary between the LDH and sol-gel films is not clearly
distinguishable due to the entanglement caused by the sand-
ing which was necessary for preparation of the FESEM im-
ages from the cross-sectional region. The LDH and sol—gel
layers have a total thickness of about 7 pm, and no cracks or
detachment can be seen between the layers. Also, the epoxy
paint layer, which was applied on the composite coating be-
fore the cross-sectional microscopic imaging, is clearly
visible.

An area of approximately 15 um in the cross-sectional
area, which consisted of several micrometers of the metal
substrate, composite layer (LDH + sol—gel), and several mi-
crometers of the epoxy paint was analyzed using the EDS
technique. Changes in the amount of the magnesium, alu-
minum, silicon, and oxygen relative to the distance along the
line profile are given in Fig. 2(g). Clearly, the changes in the
amount of these elements are proportional to the chemical
nature of the different parts in the cross-sectional image. The
amount of the magnesium in the first few micrometers of the
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Fig. 2. SEM images of LDH film at (a) low and (b) high magnifications, XRD pattern of (¢) LDH film, SEM images of (d)
LDH/sol-gel and (¢) LDH@HQ/sol-gel coatings, along with the cross-sectional view, and energy dispersive X-ray spectroscopy

(EDS)-line profile of the (f, g) LDH@HQ/sol-gel coating.

line profile (located on the alloy) is very high, while the
amount of the aluminum is much lower, which is consistent
with the chemical composition of the AM60B alloy. Also,
there is some content of oxygen in this area, which is prob-
ably related to the formation of surface oxides on the alloy

before the analysis. Also, no silica was found in the men-
tioned area, which was expected. The amount of the mag-
nesium and aluminum elements decreased significantly
through moving the line profile toward the composite layer,
but did not reach zero, because the LDH layer also contains
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these elements. The amount of silica also increased signific-
antly due to the presence of the sol—gel layer penetrating into
the structure of the LDH coating. In addition, a large amount
of the oxygen was observed due to the presence of the oxy-
gen in the structure of the LDH and sol-gel layers. However,
it should be noted that the obtained oxygen amount is not
very reliable due to the high error of the EDS method in de-
termining the amount of light elements with an atomic num-
ber of less than 11.

Topography of the LDH (Fig. 3(a)), LDH/sol-gel (Fig.
3(b)), and LDH@HQ/sol—gel (Fig. 3(c)) coatings were stud-
ied by the AFM. Generally, the micromorphology observed
by the FESEM images, was confirmed by the AFM. The av-
erage roughness (R,.) of the LDH film was reduced from
about 541 to 408 nm by sealing of the intersheet spaces by
the silica layer. Also, the LDH@HQ/sol—gel coating showed
higher R,,. (744 nm) value with respect to the LDH/sol-gel
coating. The surface inhomogeneity of the LDH@HQ/
sol—gel coating is more probably related to the accumulation
of visually-detectable 8-HQ crystals in some areas which
were reflected in the final sol-gel coating due to its low
thickness. The average roughness values of the applied com-
posite coatings are relatively higher than those of the values
obtained for the similar coatings [28,32]. This can be ex-
plained by application of the relatively coarse LDH pretreat-
ment layer which its topographical features are reflected in
the final composite coatings. However, it should be noted
that the roughness of the composites is less than 1 pm and the
applied coatings have a high uniformity.

3.2. Corrosion behavior

First of all, different EIS tests at various immersion times

Int. J. Miner. Metall. Mater., Vol. 29, No. 3, Mar. 2022

(from 0.5 to 24 h) were executed to study the corrosion beha-
vior of the bare AM60B magnesium alloy in 3.5wt% NaCl.
Fig. 4(a) and (b) show the corresponding impedance re-
sponses as Nyquist and Bode diagrams, respectively. Two
well-defined but depressed capacitive semicircles were ob-
served after 0.5 and 1 h immersion in the corrosive media. By
increasing the immersion time to 2, 5, and 24 h, time con-
stant values (7) of the separate semicircles were comparable
resulting to the merging and appearance of only one capacit-
ive semicircle. In addition, a scattered inductive semicircle
was seen in longer immersion times. A suitable equivalent
circuit was used to obtain the impedance parameters which
were represented in Fig. 4(c) [62].

Resistive behaviors of the solution and charge transfer
process at the metal/solution interface were accounted by
adding R, and R resistance elements to the equivalent model.
Additionally, two resistance elements including R, and R,,
were considered to model the local environmental changes on
the anodic and cathodic corrosion sites, respectively. Finally,
extension of the anodic corrosion sites due to the performing
of the EIS test was modelled by the L inductor element. Non-
perfect capacitance behaviors arising from existence of the
natural oxide/hydroxide film and electrical double layer
structure were accounted by inserting two CPE (constant
phase element) including; CPE,,,q and CPEy, respectively.
The impedance of the CPE element and its relation with the
value of the ideal capacitance are generally expressed by the
following equation [28]:

1
0Gw)” 2
where w is the angular frequency, and j = V—1; Q is the CPE

Zcpg =

(a) (b)

6.27 um

—6.27 um’s;

(©

6.27 um.,

Fig. 3. 3D (three-dimensional) AFM images of the (a) LDH, (b) LDH/sol-gel, and (c¢) LDH@HQ/sol-gel coatings.
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Fig. 4. Impedance diagrams of the bare alloy: (a) Nyquist plots; (b) Bode plots; (c) corresponding equivalent circuit.
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constant with a unit of sQ' while « is a factor varies
between 0 and 1 depending upon non-uniform distribution of
the current arising from the roughness or other distributed
properties [63]. The same EIS behavior was observed for the
LDH treated alloy sample (Fig. 5). However, merging of the
initially appeared capacitive semicircles was happened after 5
h immersion in the corrosive electrolyte. Also, the capacitive
semicircles was considerably enlarged compared to the bare
sample during the whole test period. Quantitative parameters
for the bare and LDH treated samples were obtained via fit-
ting the experimental EIS data using the described electrical
model and the results were summarized in Table 1. In this ta-
ble, Ounya and 71,49 denotes to the constant and index val-

541

ues of the CPE,,,,s element, respectively. Also, Qg and ny
are the constant and index of the CPE element, respectively.

The sum of the resistances of the capacitive loops is con-
sidered as the polarization resistance (R,) or corrosion resist-
ance of the alloy surface. In fact, inductive semicircle in-
formation is not used to interpret the corrosion behavior of
the magnesium alloy. Many reasons have been suggested for
the appearance of the inductive semicircle in the Nyquist
plots of the magnesium alloys such as initiation of the local-
ized corrosion, precipitation of a salt film, semiconductor
property of the passive films, and accelerated anodic dissolu-
tion. However, the reason for appearance of the aforemen-
tioned semicircle has not yet been elucidated and the physic-
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Fig. 5. Impedance diagrams of the LDH treated alloy sample: (a) Nyquist plots; (b) Bode plots.
Table 1. Quantitative results of the EIS tests for the bare and coated samples
hyd / R,/ / R/ L/ R,/
Sample Time /h Qox,l?yd S Mox-hyd ® 2 inll 2 ndl ° 2 2 ! 2
(us"Q -em™) (kQ-em”)  (us"Q -em ) (kQ-cm?) (kH-cm?) (kQ-cm?)
0.5 5.61£2.01  0.929+0.0154 9.719+£5.627 384+196 0.970+0.342  3.785+3.571 — —
1 6.17+1.87 0.926+0.016  8.487+3.936 2564249 0.584+0.656 2.120+1.416 — —
Bare alloy 2 — — — 7.18+2.81 0.928+0.016 2.445+1.998 1.315+1.054 0.357+0.253
5 — — — 10.00£1.08  0.940+0.003 1.097+£0.768 0.478+0.300 0.185+0.104
24 — — — 24.70+4.27  0.932+0.008 1.471£0.899  1.864+£2.29  0.647+0.564
0.5 0.766+0.242 0. 735+0.024  26.9+2.64 26.0+4.67 0.703+0.044  54.0+3.348 — —
1 1.790+1.140 0. 728+0.024  24.8+10.7 59.4+44 4 0.938+0.236  25.4+17.03 — —
LDH coating 2 3.550+1.430 0.679+0.037 18.7+4.73 52.7£17.8 0.951+0.098 16.9+11.23 — —
5 — — — 8.53+1.67 0.670+0.11 9.06+8.085 17.4+10.84 3.92+2.63
24 — — — 13.1+£5.66 0.690+0.107  3.74+1.160 5.31+1.893 1.47+0.748
. Or/ Re/ Oa/ R/ . R,/
Sample Time /h (us"Q -om™?) ng MQ-em?)  (us™Q om ) ngl (MQ-cm?) Chi-squared (MQ'cm?)
0.5 0.007+0.001  0.880+0.008 0.05+0.01 0.109+0.002  0.554+0.011 6.20+1.74 0.008+0.002 6.25
1 0.004+0.001 0.934+0.004 0.02+0.03 0.114+£0.03 0.0578+0.031  4.99+1.12 0.004+0.003 5.01
]C‘(zﬁr/l Sg"l*gel 2 0.011£0.001 0.890£0.091  0.03£0.02  0.1510.050 0.536£0.061  3.59£1.35  0.00420.003 3.61
5 0.030+£0.01  0.885+0.170 0.02+0.01 0.435+£0.176  0.435+0.125 1.14+0.76 0.005£0.002 1.16
24 0.068+0.036 0.707+0.937 0.03+0.01 0.392+0.419 0.772+0.388 0.69+0.14 0.003+0.001 0.77
0.5 0.038+0.003 0.761+0.024  4.13+0.24 0.113+£0.044 0.520+0.078 9.15+1.21 0.003£0.001 13.2
1 0.036+0.005 0.772+0.020 3.87+0.42 0.116+0.041 0.551+£0.072 7.17£1.08 0.003£0.001 11.0
%gz?ggg/;d 2 0.043+0.080 0.739+0.019 3.60+0.87 0.178+0.032  0.538+0.101 3.71+£0.32 0.005£0.001 7.30
5 0.0424+0.010 0.768+0.041 1.44+0.40 0.180+0.054 0.470+0.053 4.59+0.88 0.003£0.001 6.03
24 0.043+0.003  0.801+0.038 0.73+0.12 0.315+0.099  0.466+0.006 2.34+£0.15  0.001+0.0003 3.07
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al interpretation of the inductive behavior associated with the
electrochemical corrosion of the magnesium alloy is non-
trivial. For the reasons stated, the information obtained from
the inductive semicircle were neglected [32,62].

Based on the above-mentioned fact, the corrosion resist-
ance of the magnesium alloy decreases with increasing the
immersion time. This result undoubtedly is attributed to the
increasing diffusion of the corrosive agents through the su-
perficial oxide film, indicating its inability to effectively res-
ist against the corrosion. The slight increase in the corrosion
resistance of the bare alloy at the end of the immersion is
likely due to the accumulation of the corrosion products on
the surface.

The pattern of the corrosion resistance changes with the
immersion time did not alter after the LDH pretreatment, ex-
cept that the final increase in the corrosion resistance was not
observed at the end. This result most likely indicates that the
corrosion products did not accumulate on the surface.
However, a significant increase in the corrosion resistance
was observed over the test period compared to the alloy spe-
cimen. The significant increase in the corrosion resistance is
primarily attributable to the barrier properties of the LDH
film. In fact, the LDH film is partially resistant to the influ-
ence of the corrosive agents such as water and chloride ions.
Uncontrollable diffusion and concentration of the chloride
ions on the alloy surface causes to the localized corrosion by
adsorption and penetration in the passive oxide film. Due to
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its anionic exchange property, the LDH film increases the
corrosion resistance of the magnesium alloy by trapping the
aggressive chloride ions and releasing the carbonate ions
present between the plates instead. The anionic exchange
process can be described as follows [64—65]:
LDH-CO?™ +2CI” — LDH - 2Cl™ + CO%* 3)
This process leads to the formation of a diffusion bound-
ary layer containing high concentrations of carbonate ions on
surface of the LDH film. The accumulated carbonate ions
subsequently react with the magnesium ions resulting in the
formation of magnesium carbonate. Under alkaline condi-
tions due to the water reduction, the magnesium carbonate is
easily converted to the magnesium hydroxide, which is able
to inhibit the development and spread of the pitting corrosion.
Recent processes can be described as follows [65]:

Mg** +CO;™ — MgCO; | “)
MgCO; +20H™ = Mg(OH), | + CO%" 3)

Additionally, the CO3™ in the diffusion boundary layer im-
pairs the chloride ions adsorption on the coating surface due
to the competitive adsorption and so, improves the resistance
of the magnesium alloy against the pitting corrosion [65].

It is expected that the sealing of the LDH film by the
sol—gel layer increases its corrosion resistance. To confirm
this hypothesis, the impedance response of the LDH/sol-gel
coating was obtained (Fig. 6).

7
(a) (b)
00.5h ----Fitting result-0.5 h Sy ©
olh  ---Fitting result-1 h esoswo ® % —~
~ 3r 2h -~ Fitting result-2 h = i ":gs‘a 55;}' 6
1 54 T Flting remuitod n g 60 = Lt I
13} x - -+~ Fitting result- 13 \”}ﬂ@,?bmxx ED RS CPEf
g 2f g P N 58 CPE,
> E 2553 o —% 9 al
— =0, g
= g -ma-s-a_a , TD 301 }E’WQ,% x.\(x% ‘5 R,
NI ST e, = RS T4 R,
| B, o oo x 2h —.— Fittingresult2h ~]
o R x5k — — Fitting Sh
ﬁ x24h = Fitting result-24 h
0 L L L 0 N | 3
0 1 2 3 4 -1 1 3
6 . 2
Z,/(10°Q-cm?) lg (f/ Hz)

Fig. 6. Impedance diagrams of the LDH/sol-gel coating: (a) Nyquist plots; (b) Bode plots; (c) corresponding equivalent circuit.

Changes in the impedance pattern of the LDH film are ob-
served after sealing with the sol—gel coating. So that, two par-
tially-merged capacitive semicircles were observed at all im-
mersion times and inductive semicircle was not observed
even at high immersion times. The appearance of the induct-
ive semicircle is the result of the contact of the magnesium
alloy with the corrosive solution. Therefore, its disappear-
ance indicates an increase in the barrier properties of the
LDH film after application of the sol-gel top layer. On the
other hand, the Nyquist and Bode modulus diagrams clearly
show that the corrosion resistance of the LDH film increased
after applying the sol-gel layer due to the sealing of the intra-
sheet spaces with the silica film. These observations were
also confirmed after extracting the quantitative data reported
in Table 1. It should be noted that due to the change in the
corrosion behavior, a different equivalent circuit consisting
of two time constants was employed [66]. In this model (Fig.

6(c)), the CPE; and R; are used to describe the high-fre-
quency capacitive loop. Also, Or and n; denotes to the con-
stant and index values of the CPE; element, respectively
(Table 1). The values of the QO increased mildly with the im-
mersion time in the corrosive solution and this result was due
to the gradual increase in the amount of the penetrated water
inside the LDH/sol-gel coating. However, it is important to
note that the amount of the Oy has drastically reduced
throughout the immersion period relative to the LDH film be-
cause the LDH/sol—gel coating is much more resistant against
water penetration with respect to the LDH film.

Despite the higher resistance of the LDH/sol-gel film
against penetration of the corrosive solution, this process
does not stop completely and may have serious con-
sequences with increasing exposure time. So, the idea of us-
ing a corrosion inhibitor inside the LDH underlayer to con-
trol the corrosion process is reasonable as mentioned above.
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In this regard, the LDH@HQ/sol—gel coating was applied on
the magnesium alloy and its anti-corrosion properties were
compared with the LDH/sol—gel coating. The corrosion res-
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istance of the LDH@HQ/sol-gel coating was investigated
using impedance method similar to the LDH/sol-gel coating
and the corresponding diagrams are reported in Fig. 7.
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Fig. 7. Impedance diagrams of the LDH@HQ/sol-gel coating: (a) Nyquist plots; (b) Bode plots.

The LDH@HQ/sol-gel coating clearly showed higher
corrosion resistance than the LDH/sol—gel coating during the
immersion period (Table 1). The important point to note is
that the difference in the polarization resistance of the coat-
ings increases with the immersion time. This difference in the
protection behavior is undoubtedly related to the presence of
the 8-HQ and its corrosion inhibition property. On the other
hand, as the corrosion resistance increased, the capacitance of
the electrical double layer decreased significantly due to the
absorption of the 8-HQ molecules on the alloy surface. In
fact, replacing the adsorbed water molecules on the surface
with the 8-HQ molecules reduces the dielectric constant of
the double layer and thereby reduces the capacitance value
[67].The adsorption occurs through the complexation
between 8-HQ and Mg”" ions [68]. The complex resulting
from the mentioned reaction is very stable and insoluble due
to its very low solubility product constant (4 x 107'%) [69].
Therefore, it plays a very important role in blocking the act-
ive sites of the corrosion reaction and significantly enhances
the protective properties of the coating. Under such condi-
tion, it can be assured that the corrosion dimension will be
very limited even if the corrosive solution penetrates into the
coating. Overall, it can be said that the LDH@HQ/sol—gel
coating improves the corrosion resistance of the magnesium
alloy to a great extent due to several factors including the bar-
rier properties of the LDH film, trapping of the aggressive
chlorine ions due to the anion exchange ability of the LDH
film, sealing of the defects of the LDH film with the sol—gel
layer, and finally releasing of the intercalated 8-HQ mo-
lecules and their adsorption on the active corrosion science.

3.3. Morphological study after the corrosion tests

Although the LDH coating increases the corrosion resist-
ance to some extent due to its barrier properties as well as the
ability to trap chloride ions, but it should be noted that in the
case of prolonged contact with the corrosive environment and
penetration of large amounts of corrosive agent, its protect-

ive properties disappear. In fact, the intra-sheet spaces of the
LDH film easily allow the penetration of large amounts of the
NaCl solution and also does not have the ability to absorb all
the penetrating chlorine ions. This result was confirmed by
studying the morphology of the surface of the LDH film after
24 h immersion in the corrosive solution (Fig. 8(a) and (b)).
The occurrence of very severe corrosion on the surface of the
LDH film is quite obvious from the low-magnification SEM
image (Fig. 8(a)). Corrosion is highly localized, and the accu-
mulation of the corrosion products is quite obvious. Mag-
nesium alloys are known to be highly susceptible to local mi-
cro-galvanic corrosion due to their electrochemical hetero-

100 pm |— 2 um

| 100 um |_ 2 pm

Fig. 8. Morphologies of (a, b) LDH, (c, d) LDH/sol-gel, and (e,
f) LDH@HQ/sol-gel coatings after 24 h immersion in the cor-
rosive media.
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geneity. Due to the severe localized corrosion, the corrosion
current focuses on the damaged anode points while protect-
ing other cathode points. In micro-scale level, the galvanic
corrosion occur between the magnesium-rich o-phase with a
lower electrochemical potential and the second phases or in-
termetallic compounds with a more positive electrochemical
potential. The a-phase is anodic and therefore, preferentially
corroded. In the high magnification SEM image taken from
the corrosion-damaged site (Fig. 8(b)), the accumulation of
the corrosion products with flake-like morphology is evident,
which is definitely related to the magnesium hydroxide.
After sealing the LDH coating using the sol—gel layer, the
effects of the local corrosion were clearly reduced (Fig. 8(c)
and (d)) and this result in complete agreement with the res-
ults of the corrosion tests. In some places, micro-sized de-
fects caused by the production of hydrogen gas can be seen
on the sol—gel film (Fig. 8(d)). The presence of such defects
confirms the occurrence of the corrosion after penetration of
the corrosive solution through the nanometric pores of the
sol—gel coating. This, along with the results of the electro-
chemical tests, confirms that the LDH/sol—gel coating is not
able to effectively protect the corrosion of the magnesium al-
loy. Conversely, no visible corrosion effects were observed
on the LDH@HQ)/sol-gel coating, which is undoubtedly re-
lated to the key inhibitory role of the 8-HQ compound (Fig.

8(e) and (f)).
4. Conclusions

(1) The SEM images showed that the alloy surface was
entirely covered by the LDH film with typical micromorpho-
logy composed of vertically-grown nanosheets. The charac-
teristic XRD peak of the LDH structure was detected in
20=11.1°.

(2) The same morphologies were observed for the LDH/
sol-gel and LDH@HQ/sol-gel coatings. Almost the same to-
pography was observed for the LDH/sol-gel and LDH@HQ/
sol—gel coatings except that the LDH@HQ/sol—gel coating
had relatively higher average roughness.

(3) The LDH film had the same impedance behavior as the
alloy sample in 3.5wt% NaCl solution. However, its corro-
sion resistance was much higher, which could be due to its
barrier properties as well as to the trapping of chloride ions
by the anion exchange mechanism.

(4) Similar to the LDH film, the corrosion resistance of the
LDH/sol—gel coating decreased with increasing the immer-
sion time. However, its values was much higher than that of
the LDH film, which was mainly due to the sealing of the
electrolyte pathways. The LDH@HQ/sol—gel coating showed
much higher corrosion resistance than the LDH/sol—gel coat-
ing due to the adsorption of the 8-HQ molecules on the alloy
surface through the complexation.
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