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Abstract
This paper reports the successful deposition of mono- and double-layer coatings of silane-Al2O3/multi-walled carbon nanotube
(MWCNT) nanocomposites on magnesium alloy (AZ91) by sol-gel dip coating technique to improve the corrosion behavior.
Scanning electron microscopy, atomic force microscopy, electrochemical impedance spectroscopy, and potentiodynamic
polarization techniques were utilized to assess the protective performance of the coatings with various MWCNT contents (0.02,
0.05, 0.1, and 0.15 wt.%) and constant Al2O3 concentration (2 wt.%). The incorporation of an optimal amount of MWCNTs
(0.1 wt.%) into the mono-layer coating led to corrosion resistance with polarization resistance and roughness of 183.4 kΩcm2

and 23.97 nm, respectively. In the case of the double-layer coatings, 0.15 wt.% MWCNT was the optimal value as it
significantly increased the polarization resistance (349.6 kΩcm2) and reduced the roughness (5.58 nm), and cracking. The
mentioned coating system can be a promising candidate to protect AZ91 magnesium alloy against corrosion.

Graphical Abstract
Image (a) shows the cross-sectional FE-SEM micrograph of the double-layer coating at the magnification of 1000×. Image
(b) depicts a region zoomed in image (a) with magnification of 10000×. Image (c) illustrates a coating surface as a zoom in
image of (b) with magnification of 25000×.

* Mohammad Reza Tohidifar
tohidifar@znu.ac.ir

1 Department of Materials Science and Engineering, University of
Zanjan, P.O. Box 45371-38791, Zanjan, Iran

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-023-06181-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-023-06181-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-023-06181-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-023-06181-z&domain=pdf
http://orcid.org/0000-0002-6253-9138
http://orcid.org/0000-0002-6253-9138
http://orcid.org/0000-0002-6253-9138
http://orcid.org/0000-0002-6253-9138
http://orcid.org/0000-0002-6253-9138
mailto:tohidifar@znu.ac.ir


Keywords Sol-gel ● Dip coating ● Nanocomposite ● Electrochemical impedance spectroscopy ● Scanning electron
microscopy

Highlights
● Using the 0.1 wt.% MWCNTs into monolayer coating led to improve corrosion behavior.
● Using the 0.15 wt.% MWCNTs into double-layer coating improved the corrosion conduct.
● Roughness of the double-layer coatings was reduced by increasing the MWCNTs.
● Roughness of the mono-layer coatings raised up to 0.1 wt.% followed by a decrement.
● Double layer coating containing 0.15 wt.% MWCNTs could be more protective system.

1 Introduction

As one of the metals with lightest weight, magnesium (with
a density of about 1.7–2 g/cm3) and its alloys have been
extensively employed in various applications such as trans-
portation and aerospace [1–3]. The series of versatile prop-
erties such as lightness and strength has introduced Mg and
its alloys as important metals for special applications [4, 5].
AZ91 is the most important magnesium alloy with extensive
applications in various industrial products [4, 5]. Despite
these excellent advantages, high electrochemical reactivity
and poor corrosion resistance of AZ91have hindered the
development of this magnesium alloy [4, 5]. Therefore, the
interfacial electrochemical properties should be improved
before its application. Coating the surface of magnesium
alloys by the sol-gel technique is one of the most effective
approaches to prevent corrosion in addition to improving the
surface features. The sol-gel method has opened new hor-
izons in a wide range of applications including the coating
process. This technique enables the covalent binding
between the substrate alloy and the coating with sufficient
adhesive strength [4–8]. A fundamental problem with sol-gel
derived coatings is their micro/nanoscale porosity and
cracked structure as a result of drying and heating processes
[9–11]. The cracks can be formed during solvent evapora-
tion, leading to remarkable shrinkage and internal stress,
ending up in undesirable porosities in the coating structure.
These defects facilitate the penetration of corrosive agents
and invasive ions through the pores, promoting substrate
corrosion, and declining the anti-corrosion capacity of the
coating [9–11].

Several methods have been recently employed to
improve the corrosion resistance of the protective sol-gel
films. For example, a nano-scale coating with filling prop-
erties and unique features has been investigated [12–19].
Based on the results, the incorporation of filler nanomater-
ials ameliorated the protective behavior of the coating, as
the coating defects are filled by the additive nanoparticles,
leading to a denser and thicker film [20–24]. In this regard,
concentration, dispersion, and exfoliation of the nano-
particles are the key factors. [20–24].

Carbon nanotubes (CNTs) are a class of carbon-based
nanomaterials with extensive applications as novel reinfor-
cement filler for the composite coatings due to their out-
standing properties such as good strength and electronic
conductivity, light weight, mechanical and thermal dur-
ability, specific nano-scale tubular characteristics, corrosion
resistance, hydrophobicity, and large specific surface area
[25–27]. CNT-containing hybrid materials (especially,
nanocomposites coatings) have gained increasing popularity
due to their interesting characteristics which can mechani-
cally, electrically, thermally, and electrochemically improve
the final coating [25–27].

However, the influence of the CNTs on the corrosion
behavior of the coatings of magnesium alloys prepared by
sol-gel technique has rarely been studied. Seifzadeh et al.
[28] dispersed the MWCNTs in phenyl-trimethoxy silane
sol and deposited the resultant sol-gel nanocomposite on
AM60B magnesium alloy. They reported a remarkable
enhancement in the corrosion capacity of the PTMS sol-gel
coating after loading appropriate amount of MWCNTs due
to the formation of more compact coating with lower por-
osity [28]. Lopez et al. [29] addressed the MWCNTs-
reinforced sol-gel silica coatings deposited on magnesium
alloy and reported the homogeneous and dense composite
coatings. In other research work, Fernandez et al. reported
silicon oxide multilayer coatings doped with carbon nano-
tubes and graphene nanoplatelets to protect magnesium
alloy against corrosion [30]. They reported significant
improvement in the corrosion behavior through the forma-
tion of acompact and homogeneous coating [30]. Moreover,
Daavari et al. [31] investigated the corrosion behavior of
AZ31B magnesium alloy with hybrid MWCNTs-PEO/PCL
coatings and found that the incorporation of MWCNTs
induced several structural and functional modifications in
the PEO coatings.

A summary of the reviewed articles indicated that the
presence of a material with filler characteristics beside the
MWCNTs can effectively fill the pores, forming a denser
coating on the magnesium alloy. Alumina (Al2O3) nano-
powder is a filler ceramic material with promising com-
pressive strength, abrasive resistance, chemical durability,
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heat conductivity, and thermal shock resistance [32]. This
material enjoys more attractive attributes due to its avail-
ability as well as cost-effectiveness. Thanks to their filling
function, uniformly distributed Al2O3 nanoparticles can
enhance the wear resistance of the coating while reinforcing
the nanocomposite [32].

In this regard, the current research is an attempt to pro-
pose a novel coating system to protect the magnesium alloy
(AZ91) against corrosion. To this end, Al2O3 particles were
used as the filler and assembled into a silane composite
coating with MWCNTs additive to improve the coating
performance. Furthermore, the role and optimal content of
MWCNTs in the protection behavior and potential anti-
corrosion feature of the coating were assessed in the pre-
sence of Al2O3.

2 Experimental procedure

2.1 Chemicals and substrate

Dip-coating of MWCNT/SiO2+Al2O3 nanocomposite
through a sol-gel technique involved the application of
different chemicals including reagent grade tetraethyl
orthosilicate (TEOS; purity ≥ 99%), aluminum oxide
(Al2O3; purity ≥ 99%), and sodium dodecyl sulfate (SDS;
extra pure). Fine powdered crystals of Al2O3 with a density
of 3.95 g/cm3 and mean particle size of 0.1 µm were used.
Ethyl alcohol (purity ≥ 99.9%) and nitric acid (purity ≥
65%) were utilized as chemical solvent and pH-adjusting
agent of the sol, respectively. All the mentioned chemicals
were purchased from Merck Corporation (Merck KGaA,

Darmstadt, Germany). Moreover, COOH-functionalized
MWCNTs (density of 2.1 g/cm3, purity ≥ 98%, US
Research Nanomaterials; USA) were employed as filler
additive. The morphology and structure of the applied
MWCNTs were assessed by SEM as depicted in Fig. 1(a).
Accordingly, the purchased MWCNTs had an external
diameter of 20–30 nm, an internal diameter of 5–10 nm, and
a length of 10–30 µm.

AZ91 magnesium alloy composed of 9 wt.% aluminum,
1 wt.% zinc, and 90 wt.% magnesium (base metal) was
taken as the substrate. The magnesium alloy bar was sliced
by a wire-cut machine into dimensions of 20 × 10 × 2 mm3.
The sliced samples were then ground with abrasive papers
from 600 to 1000 grits followed by washing with distilled
water. An ultrasonic cleaner was also employed to degrease
the samples in an ethanol medium at 40 °C for 15 min. The
samples were washed with distilled water and finally dried
by hot air.

2.2 Sol-gel preparation and coating

In a typical procedure, different amounts of MWCNTs
(0.02, 0.05, 0.1, and 0.15 wt.%) and a fixed content of
Al2O3 (2 wt.%) were first dispersed in a mixture of ethyl
alcohol and TEOS. SDS (0.6 wt.%) was then added to the
system as a surfactant to prevent the aggregation of
MWCNTs. The acquired mixture was stirred at 700 rpm for
20 min followed by 45 min of ultrasonication at room
temperature and a power of 200W. At the same time, a
specific quantity of acidic water (nitric acid solution with a
pH of 1) was added to the system to accelerate the hydro-
lysis where the molar ratio of TEOS: ethanol: acidic water

Fig. 1 a SEM image of the
MWCNTs used in the
preparation of the
nanocomposite coatings; (b) the
dip-coating process using the
prepared sol, and (c) the coated
samples
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was maintained at 4:4:1. The mixture was further stirred at
700 rpm for 4 h and again ultrasonicated for about 1 h at
room temperature. The resulted sol was transferred into a
glass container covered by aluminum foil and kept at room
temperature for 48 h to be used in the coating process.

Three different coating systems were deposited on the
magnesium alloy: (1) Simple SiO2 coating (with no
MWCNTs and Al2O3) derived from silica sol to evaluate the
effect of MWCNTs and Al2O3 on coatings performance, (2)
mono-layer coating of MWCNT/SiO2+Al2O3 with differ-
ent MWCNT contents (2 wt.% Al2O3), and (3) double-layer
coatings to investigate the effect of coating layers number
on corrosion resistance at the presence of different
MWCNT concentrations whose first layer includes
MWCNT/SiO2 (with no Al2O3) and the second layer con-
sists of MWCNT/SiO2+Al2O3 (2 wt.%); both layers had
equal MWCNT contents.

Dip-coating technique was employed to deposit the
nanocomposite on the magnesium alloy. For this purpose,
the sliced samples were vertically dipped into the synthe-
sized sol using a dip-coater (Toos Nano Equipment, Iran).
The specimens were kept in the solution for 3 min and then
withdrawn at a constant rate of 12 cm/min. Figure 1(b)
illustrates the dip-coating process while the coated samples
are presented in Fig. 1(c). To prevent unwanted defects, the
samples were perched in the saturated medium of ethanol
for 24 h to control the water and alcohol evaporation rate.
The coated samples were then transferred to an oven and
heated at 60 °C for 1 h followed by further heat treatment at
130 °C for a soaking time of 2 h to accomplish the con-
densation process under the heating rate of 1 °C/min. A
similar rate was applied to cool the specimens in the oven.

2.3 Characterization methods

The microstructure and surface morphology of the samples
were investigated using a scanning electron microscope
(TESCAN FE-SEM MIRAIII) equipped with an energy
dispersive X-ray spectroscope (EDS). Given the insulating
behavior of the coatings, they were coated with gold prior to
the SEM analysis to resolve the surface charge aggregation.

The surface roughness of the mono- and double-layer
coatings was examined on a scanning scale of 3 × 3 μm2

using an Atomic Force Microscope (AFM, Veeco CP II).
The interfacial electrochemical properties of the speci-

mens, their corrosion resistance, and corrosion rate were
evaluated at different immersion times through the elec-
trochemical impedance spectroscopy (EIS) and potentio-
dynamic polarization (PD) tests. Impedance spectra and PD
curves were recorded using a computer-controlled Origaflex
potentiostat/galvanostat apparatus supported by Origa-
Master 5 software. EIS and PD analyses were performed in
a corrosive solution containing 3.5 wt.% NaCl at room

temperature (25 °C) using a classic three-electrode electro-
chemical cell. The coated samples were considered as the
working electrode and covered with lacquer to maintain an
exposed area of 1 cm2. The applied electrochemical cell
encompassed three electrodes including a platinum sheet
with an area of 1 cm2, a reference Ag-AgCl (3M KCl)
electrode, and the working electrode. To record the impe-
dance response of the specimens, an AC perturbing voltage
signal with an amplitude of 10 mV was applied within a
frequency range of 10 kHz to 100 mHz. Impedance
responses were acquired as various plots through the cor-
rosion potential in 200 mL of the corrosive solution of NaCl
for different exposure times. Potentiodynamic polarization
measurements were recorded as supplementary tests after
immersing in a corrosive solution for 2 h, from −250 mV to
+250 mV against the open circuit potential (OCP) by
applying the scan rate of 1 mV/S toward the anodic
direction.

Phase structures of the various samples were analyzed by
X-ray diffraction (XRD, Bruker D8 Advance, Germany)
using Cu Kα radiation (λ= 1.54056 °A) with 2 Theta scan
range of 5–80° and step size of 0.1 °S−1.

Fourier-transform infrared spectroscopy (FTIR) was
carried out to consider the bonding states of coating using a
Nicolet Nexus 6700 apparatus in the wavenumber range of
400 to 4000 cm−1.

3 Results and discussion

3.1 SEM observations

Fig. 2(a) shows the FE-SEM micrograph of pristine SiO2

coating free of MWCNTs and Al2O3. Figure 2(b–e) depict
the FE-SEM micrographs of double-layer coatings whose
first layer contain different MWCNTs contents (0.02, 0.05,
0.1, and 0.15 wt.%) with no Al2O3 whereas their second
layer contains 2 wt.% Al2O3 along with different MWCNT
concentrations. Meanwhile, the MWCNT content of both
layers was the same. As seen, some cracks were formed in
the coating free of MWCNTs and Al2O3 (Fig. 2(a)).
Moreover, the cracks show an increase in the specimens
containing 0.02 and 0.05 wt.% MWCNTs in comparison
with Fig. 2(a). However, the coatings containing 0.1 and
0.15 wt.% MWCNTs (Fig. 2(d, e)) exhibited lower crack-
ing. Despite the lower cracks in the coatings containing
0.15 wt.% MWCNTs compared to the one with 0.1 wt.%
MWCNTs, its cracks are also at a minimum level in com-
parison with Fig. 2(a). This trend confirmed the reduction of
cracks through an increase in MWCNT concentration. The
reduced number of cracks in the coating can be assigned to
the thermal conductivity of MWCNTs [28], as the so-called
thermal shock is the main source of coating cracks during
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the drying and heating stages. Thermal shock resistance of
the coating system with adequate MWCNTs will be con-
siderable due to the higher thermal conductivity of
MWCNTs. At lower MWCNT contents, however, the
thermal shock resistant mechanism cannot be activated due
to insufficient MWCNTs content; therefore, the coating
components (MWCNTs and Al2O3 particles) could not
sufficiently fill the spaces between the developed cracks,
resulting in a cracked coating. In contrast, an increase in
thermal conductivity contributes to the improvement of

thermal shock resistance at higher MWCNT concentrations.
Additionally, the reinforcing role of MWCNTs in nano-
composite coating can also prevent the nucleation and
propagation of cracks at high MWCNT contents
(0.15 wt.%) while this phenomenon is negligible at lower
MWCNT levels.

Fig. 3(a) shows the FE-SEM micrograph of pristine
silane coating with no MWCNTs and Al2O3. Several cracks
can be observed on the coating surface that can be created
during the drying and heating stages. Figure 3(b–e) shows

Fig. 2 SEM micrographs of (a)
the pristine coating with no
MWCNTs and Al2O3 and
double-layer coatings with (b)
0.02 wt.%, (c) 0.05 wt.%, (d)
0.1 wt.%, and (e) 0.15 wt.%
MWCNTs along with 2 wt.%
Al2O3
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the FE-SEM micrographs of mono-layer nanocomposite
coating containing various contents of MWCNTs and a
fixed amount of Al2O3 (2 wt.%). As can be seen, the cracks
increased in the coatings containing 0.02 and 0.05 wt.%
MWCNTs (Fig. 3(b, c)) as compare to Fig. 3(a). It seems
that at lower contents of MWCNTs (<0.1 wt.%), inadequate
filling of the inter-crack spaces facilitates the crack propa-
gation. In other words, the poor filling performance of the
coating components due to lower nanotube concentrations
outshone the improving role of MWCNTs in the thermal

shock resistance of nanocomposite under the mentioned
conditions. Figure 3(d) depicts a significant decline in the
size and number of the cracks in the coating containing
0.1 wt.% MWCNTs. The reinforcing impact of MWCNTs
along with its superior thermal conductivity seemed to more
effectively reduce the defects as the coating with 0.1 wt.%
MWCNTs exhibited minimum cracking. On the other hand,
cracks increased in the nanocomposite loaded with
0.15 wt.% MWCNTs (Fig. 3(e)). In such cases (MWCNT
loading >0.1 wt.%), aggregation of MWCNTs probably

Fig. 3 The SEM micrographs of
(a) the pristine coating and the
mono-layer coatings with (b)
0.02 wt.%, (c) 0.05 wt.%, (d)
0.1 wt.%, and (e) 0.15 wt.%
MWCNTs along with 2 wt.%
Al2O3
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Fig. 4 The SEM micrographs and their corresponding EDS results of (a, b) pristine AZ91 Mg alloy, (c, d) mono-layer, and (e, f) double layer
coatings of SiO2+Al2O3/MWCNT nanocomposite
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leads to the heterogeneous and non-uniform distribution of
MWCNTs in the coating matrix, forming cracking chan-
nels. Furthermore, the optimal MWCNTs content for mono-
layer coating was assessed to be about 0.1 wt.%.

Fig. 4 shows the FE-SEM micrographs and corre-
sponding EDS results of pristine AZ91 magnesium alloy as
well as mono- and double-layer coatings. As can be
observed, the concentration of coating constituents
increased in the coated samples; while the base and main
alloying elements showed a decrease, confirming their
deposition on the alloy surface. Based on Fig. 4(e, f),
double-layer coating possesses higher and lower con-
centrations of coating and base elements, respectively
showing a higher thickness of the coating.

Fig. 5 shows the FE-SEM micrographs of the corroded
samples (mono- and double-layer coating) after the EIS tests
(immersion in 3.5% NaCl solution for 480 min) along with
their corresponding EDS results. The micrographs revealed

the lower corrosion of double-layer coating (Fig. 5(c, d))
compared to other samples. Additionally, large quantities of
oxygen and chlorine were detected in EDS diagrams, indi-
cating the formation of the corrosion layer. However, mono-
layer coating showed higher corrosion products compared to
the double-layer coatings, suggesting the proper corrosion
resistance of the double-layer coating.

The detailed structures of the interface between AZ91
and composite coatings of the mono- and double-layer
samples as the cross-sectional FE-SEM images can be
found in Fig. 6. Accordingly, the thickness of the mono-
layer and double-layer coatings was 4.11 ± 0.20 and
5.10 ± 0.25 µm, respectively. The difference in the thickness
of the first and second layers can be due to the different
substrate characteristics where high deposition can be
achieved on ceramic substrate (SiO2/MWCNT) against the
AZ91 magnesium alloy at constant dipping time. As
observed, an appropriate physical contact surface between

Fig. 5 The SEM micrographs of corroded samples after immersing in 3.5% NaCl solution for 480 min along with their corresponding EDS results:
(a, b) mono-layer, and (c, d) double-layer coatings of SiO2+Al2O3/MWCNT
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AZ91 and composite coatings was formed; a proper pro-
tective performance can be consequently expected.

The microstructure evolution of the composite coatings is
presented in Fig. 7 at various conditions including as-syn-
thesized, dried, heat-treated, and corroded (after immersing
in 3.5% NaCl solution for 480min). Accordingly, as-
synthesized coating showed a crack-free microstructure (Fig.
7(a)), while the dried sample offered a cracked structure in
which filler particles were distributed within the spaces
between the cracks (Fig. 7(b)). However, some cracks can be
observed in the heat-treated coating which can be minimized
under optimal conditions (Fig. 7(c)). Figure 7(d) depicts the
corroded structure of the coating along with corrosion pro-
ducts and residual NaCl after 480min of exposure to 3.5%
NaCl solution.

Fig. 8 illustrates the MWCNTs distributed in the fabri-
cated samples including surface of double-layer coating (a),
SiO2/MWCNT and SiO2+Al2O3/MWCNT nanocompo-
sites (without substrate) (b, c), and surface of double-layer
coating after subjecting the EIS analysis for 480 min (0.15
wt.% MWCNT). As can be seen, Fig. 8(a) shows the fibrous
morphology of MWCNTs in the coating. This figure also
confirms the tight interface bonding between the MWCNTs
and silane matrix of the coating and the proper distribution

of carbon nanotubes in the coating structure. Fig. 8(b, c)
also confirm the uniform distribution of MWCNTs in the
silane matrix nanocomposites after the heat treatment.
Figure 8(d) exhibits the distribution of MWCNTs on the
surface of corroded coating in which MWCNTs still
remained in the coating structure after EIS test.

3.2 AFM studies

Fig. 9 shows the topographic AFM images of simple and
double-layer nanocomposite coatings. The average rough-
ness (Ra) of the pristine coating (free of MWCNTs and
Al2O3) (Fig. 9(a)) was 68.74 nm which rose to 86.81 nm in
the double-layer coating containing 0.02 wt.% MWCNTs.
Such an increment in the roughness could be attributed to
the presence of nanostructured MWCNTs and Al2O3 par-
ticles. Some studies [29–33] have reported the enhancement
of surface roughness upon the insertion of nanoscale con-
stituents into the sol-gel coating. The Ra values of the
coatings containing 0.05, 0.1, and 0.15 wt.% MWCNTs
were 23.54, 8.06, and 5.58 nm, respectively. An increase in
MWCNT concentration declined the surface roughness of
the coating. Noteworthy, MWCNTs along with Al2O3 par-
ticles could be distributed within the spaces between the

Fig. 6 Cross-sectional SEM
images of SiO2+Al2O3/
MWCNT nanocomposite
containing 0.15 wt.%
MWCNTs: (a) double-layer
coating with low magnification,
(b) double-layer coating with
high magnification, and (c)
mono-layer coating with high
magnification
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developed cracks, leading to a dense and thick coating with
less porosity and lower roughness.

Fig. 10 shows the 3D AFM micrographs of simple and
mono-layer SiO2+Al2O3/MWCNT nanocomposite coat-
ings containing different MWCNT contents and constant
Al2O3 concentration (2 wt.%). Accordingly, the average
roughness of the coating with no MWCNTs and Al2O3 was
68.74 nm which decreased to 10.92 nm for the mono-layer
coating containing 0.02 wt.% MWCNTs. The cracking
spaces of the coating are probably filled by MWCNTs and
Al2O3 particles which decremented the surface roughness.
The Ra value rose to 12.76 nm in the coating containing
0.05 wt.% MWCNTs. It appears that the MWCNT content
of 0.05 wt.% exceeds the appropriate amounts for filling the
crack spaces as it enhanced the roughness. The surface
roughness of the coating with 0.1 wt.% MWCNTs was
23.97 nm; while the sample loaded with 0.15 wt.%
MWCNTs exhibited a roughness of 6.28 nm. According to
Fig. 3, the coating loaded with 0.1 wt.% MWCNTs showed
lower cracking. Low MWCNTs contents and Al2O3 parti-
cles can be placed within the crack spaces, resulting in a
significant increase in the surface roughness of the coatings.
On the other hand, the coating with 0.15 wt.% MWCNTs
exhibited very low roughness possibly due to a sharp

increase in surface cracking such that all MWCNTs and
Al2O3 particles could be distributed within the cracks space.

3.3 EIS and PD analyses

EIS plots of the pristine coating, as well as double-layer
coatings containing 0.02, 0.05, and 0.1 wt.% MWCNTs
along with 2 wt.% Al2O3 particles, are represented in
Supplementary Figs. S1–S4, respectively. The impedance
responses of each coated sample are presented in three
types of plots: (a) Nyquist, (b) Bode modulus, and (c)
phase Bode. The impedance response shows two capa-
citive semicircles at high and medium frequencies. The
time constant emerging at high-frequencies corresponds
to the capacitance and resistance of the coating; while the
time constant in intermediate frequencies is related to the
double layer capacitance and charge transfer resistance
[28, 33].

EIS plots of the double-layer coating containing
0.15 wt.% MWCNTs is shown in Supplementary Fig. S5.
Two capacitive time constants relative to Nyquist plots
correspond to the circuit also illustrated in S5(d). The
acquired parameters were extracted by the Zsim software as
listed in Supplementary Material (Table S1) according to

Fig. 7 The microstructure
evolution of the composite
coatings at various conditions:
(a) as-synthesized, (b) dried, (c)
heat-treated, and (d) corroded
(after immersing in 3.5% NaCl
solution for 480 min) samples
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equivalent impedance plots in which the polarization
resistance can be determined from Rp=Ri+Rox-hyd.

Fig. S1 of the Supplementary Material shows the varia-
tions of Rp for the coated sample without MWCNTs and
Al2O3. In the first stage, an increase in immersion time from

30 to 60 min partly decreased the Rp value which can be
assigned to the penetration of the corrosive agents into the
coating cracks as revealed in the SEM micrographs (see
Figs. 2(a) and 3(a)). Prolonging the immersion time to
240 min enhanced the Rp probably due to the filling of the

Fig. 8 The MWCNTs
distributed in the fabricated
nanocomposites containing
0.15 wt.% MWCNT: (a) surface
of double-layer coating, (b)
SiO2/MWCNT (without
substrate), (c) SiO2+Al2O3/
MWCNT (without substrate),
and (d) surface of double-layer
coating after subjecting the EIS
analysis for 480 min

Fig. 9 Topographic AFM
images of (a) the pristine coating
and double-layer coatings
containing (b) 0.02 wt.%, (c)
0.05 wt.%, (d) 0.1 wt.%, and (e)
0.15 wt.% MWCNTs along with
2 wt.% Al2O3
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imperfections, cracks, and other opening pores by the cor-
rosion products. In other words, filling the voids and cracks
hindered the entrance of corrosive agents. For the immer-
sion time of 480 min, the Rp value gradually decreased,
suggesting the re-opening of the pores.

EIS plots of the double-layer coating containing
0.02 wt.% MWCNTs and 2 wt.% Al2O3 (see Fig. S2 in
Supplementary Material for details) show a reduction in Rp

by prolonging the immersion time from 30 to 60 min.
Further enhancements of the immersion time up to 480 min
incremented the Rp. The occupation of the cracks by
MWCNTs led to thicker and denser film which prevented
the penetration of corrosive solution toward the substrate;
hence, incrementing Rp. A similar trend could be observed
in the coating with 0.05 wt.% MWCNTs (plots are pre-
sented in Supplementary Fig. S3).

The EIS plots of the double-layer coating containing 0.1
wt.% MWCNTs reveal a substantial decline in the polar-
ization resistance upon prolonging the immersion time from
30 to 60 min (Supplementary Fig. S4). However, a gradual
increase in Rp value is a predominant trend for the exposure
time of 240 min. Under such conditions, cracks and pores of
the coating are filled with MWCNTs and Al2O3 particles,
forming a dense and anti-corrosion coating.

Polarization resistance of the coating containing
0.15 wt.% MWCNTs increased by enhancing the exposure
time from 30 to 120 min; whereas Rp exhibited a slight
decrease by prolonging the immersion time to 480 min (Fig.
S5(a)). These results indicated the higher Rp values of all
compositions of double-layer coatings compared to the
coating free of MWCNTs and Al2O3 for various immersion
times. On the other hand, the Rp value of double-layer
coating containing 0.15 wt.% MWCNTs was higher than
other coatings (with different MWCNT concentrations) at

all immersion times. Furthermore, the application of a
nanocomposite coating containing 0.15 wt.% MWCNTs
and 2 wt.% Al2O3 strongly improved the corrosion resis-
tance capacity of the magnesium alloy.

The EIS results were validated by the potentiodynamic
polarization tests as the complementary activities on the
double-layer coatings after their immersion in 3.5 wt.%
NaCl solution for 2 h (Fig. 11(a)). Several data such as
corrosion potential (Ecorr), cathodic Tofel slope (BC), and
corrosion current density (Jcorr) can be extracted from PD
tests as listed in Table 1. The parameter of Jcorr is a kinetic
factor which is directly proportional to the corrosion rate of
the samples. Any increase in the MWCNTs content up to
0.02 wt.% decreased the Jcorr compared to the MWCNT-
and Al2O3-free sample. A rise in the concentration of
MWCNTs to 0.05, 0.1, and 0.15 wt.% reduced the Jcorr. The
lowest Jcorr was observed in the sample containing
0.15 wt.% MWCNTs. Therefore, the sample containing
0.15 wt.% MWCNT possessed the lowest corrosion rate.

EIS plots of mono-layer coatings containing 0.02 and
0.05 wt.% MWCNTs along with 2 wt.% Al2O3 are shown in
Figs. S6, S7 in Supplementary Material for various
immersion times. Nyquist plots with two time constants
equivalent to the electrochemical circuit are also depicted in
Supplementary Fig. S8(d). Experimental data were analyzed
by the Zsim software based on the equivalent circuit whose
calculated parameters are summarized in Table S2 of Sup-
plementary Material.

EIS plot of the mono-layer coating loaded with
0.02 wt.% MWCNTs shows a continuous increase in the
polarization resistance by prolonging the immersion time
from 30 to 480 min such that a maximum value was
observed for the immersion time of 480 min (see Fig. S6 for
details). This value is higher than that of the pristine

Fig. 10 Topographic AFM
images of (a) the pristine coating
and mono-layer coatings
containing (b) 0.02 wt.%, (c)
0.05 wt.%, (d) 0.1 wt.%, and (e)
0.15 wt.% MWCNTs along with
2 wt.% Al2O3
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coating, suggesting the positive influence of MWCNTs on
the corrosion resistance capacity of the mono-layer samples.
Similarly, an increase can be detected in Rp by prolonging

the exposure time in the coating loaded with 0.05 wt.%
MWCNTs (refer to Fig. S7 for more details).

Fig. S5(c–g) show the EIS plots of the mono-layer
coating containing 0.1 wt.% MWCNTs and 2 wt.% Al2O3,
suggesting its better corrosion resistance compared to the
pristine coating. The Rp value showed a drastic increase
compared to the coating free of MWCNTs and Al2O3 par-
ticles at all immersion times. Meanwhile, the Rp value of the
coating with 0.1 wt.% MWCNTs was higher than the other
mono-layer coatings.

Finally, electrochemical impedance spectroscopic results
of the mono-layer coating loaded with 0.15 wt.% MWCNTs
are shown in Fig. S8 of the Supplementary Material. As
seen, an increase in exposure time from 30 to 120 min
enhanced the Rp parameter. This Rp was lower than that of
the coating prepared with 0.1 wt.% MWCNTs. The positive
influence of the MWCNTs appeared to stop with a further
increase of the MWCNTs concentration (beyond 0.1 wt.%).
Probably the coating surface cracks could not be

Table 1 The corrosion parameters for the double- and mono-layer
coatings concluded from potentiodynamic polarization tests

MWCNT
content (Wt.%)

Coatings
discerption

ECorr (V) BC (mV) JCorr
(μA.cm−2)

0 - −1.6945 −265.8 35.049

0.02 double-layer −1.6771 −148.7 12.583

mono-layer −1.6925 −190.4 23.613

0.05 double-layer −1.6730 −128.3 8.897

mono-layer −1.692 −205.9 21.062

0.1 double-layer −1.6398 −151.0 6.785

mono-layer −1.6833 −167.5 13.065

0.15 double-layer −1.5783 −203.2 6.608

mono-layer −1.7124 −202.1 30.305

Fig. 11 Potentiodynamic polarization curves of: (a) double-layer; (b) mono-layer coatings with different MWCNT contents, and (c) mono- and
double-layer coatings at their optimal MWCNT contents (0.1 and 0.15 wt.%, respectively) after 2 h of immersion in 3.5 wt.% NaCl solution
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appropriately filled due to aggregation and agglomeration of
MWCNTs, resulting in lower Rp levels.

After careful studies of EIS curves concerning the AZ91
alloy covered with mono- and double-layer silane coating
containing MWCNTs and Al2O3 particles, it is better to
provide the impedance response for a bare Mg alloy sub-
strate to evaluate the protective performance of the mono-
and double-layer coatings. Fig. S9 of the Supplementary
Material shows the Nyquist (a), Bode modulus (b), phase
Bode plots (c), and corresponding equivalent circuit (d) of
the bare AZ91 alloy tested in the 3.5 wt.% NaCl solution at
different immersion times. As can be seen, the bare AZ91
alloy exhibits single capacitive semicircle which can be
attributed to resistance of AZ91 magnesium alloy based on
equivalent circuit. It has very low resistance in comparison
with coated samples, indicating its weak corrosion resis-
tance. Additionally, the fitted quantitative parameters of
bare AZ91 Mg alloy were extracted based on equivalent
circuit as listed in Table 2.

Fig. 11(b) presents the potentiodynamic polarization
curves of the mono-layer coating with different MWCNT
contents immersed in 3.5 wt.% NaCl solution for 2 h.

The incorporation of MWCNTs into mono-layer coatings
up to 0.1 wt.% decreased the Jcorr compared to the coated
sample free of MWCNTs and Al2O3. The sample loaded with
0.15 wt.% MWCNTs, however, showed higher Jcorr. Other
corrosion parameters can be found in Table 1. The PD results
also confirmed the EIS fitting data of the mono-layer coatings.

Despite some erratic variations in Qi and Qox-hyd values,
these parameters show a gradual increase with prolonging
the immersion time (see Tables S1 and S2 of the Supple-
mentary Material). Water has a high dielectric constant;
thus, its penetration into sol-gel film increases the capacitive
values. The mono- and double- layer coatings containing
0.1 and 0.15 wt.% MWCNTs showed the lower capacitive
values at all immersion times, confirming the corrosion
resistance capacities of the coatings.

According to the above discussions, the optimum
MWCNT concentration for the best corrosion resistance is
0.15 wt.% for the double-layer coatings of MWCNT/SiO2+
Al2O3; whereas, 0.1 wt.% MWCNTs is the optimal

concentration in the case of mono-layer coating. Concerning
the surface cracking of the coatings, the optimum concentra-
tion of MWCNTs is 0.15 and 0.1 wt.% for double- and mono-
layer MWCNT/SiO2+Al2O3 coatings, respectively. The
results of the FE-SEM micrographs and the EIS analysis are in
good agreement with those of the optimum MWCNT con-
centrations in terms of the cracking and corrosion resistance.

The polarization resistances of the double- and mono-
layer coatings with optimal MWCNTs concentrations were
respectively 349.6 and 183.4 kΩcm2 for the immersion time
of 120 min. Furthermore, the EIS results suggest that the
protection ability of optimal double-layer coating is partly
higher than that of the optimal mono-layer coating. On the
other hand, the PD results of the mono- and double-layer
coatings with optimal MWCNTs content (Fig. 11(c)) indi-
cated the lower corrosion current density and positive cor-
rosion potential of the double-layer coating containing
0.15 wt.% MWCNTs, suggesting its slow corrosion rate.

The two-layer coating exhibited higher corrosion resis-
tance than mono-layer coating. It is an expected result, as
the two-layer system has a higher thickness. In this situa-
tion, the effect of alumina as a processing parameter can be
neglected on the corrosion resistance of the developed
coating. In other words, the better performance of the two-
layer sample may be only due to its higher thickness, and
the significant effect of alumina presence on corrosion
resistance may be hidden. To remove such an ambiguity,
two samples with similar thickness were prepared with and
without alumina, and their protective performances were
compared. Fig. S10 shows the EIS results of the double-
layer coatings of similar thicknesses with/without alumina
additive loaded with 0.1 wt.% MWCNTs after 480 min of
immersion. The Rp value of the alumina-containing coating
showed an increase (152.3 kΩcm2) compared to the Al2O3-
free coating (128.4 kΩcm2); confirming the positive effect
of Al2O3 on the corrosion performance of the coating.

The discrepancy with other methods [28] can be ascribed
to the incorporation of alumina filler on the corrosion
resistance of the proposed coating. EIS analysis confirmed
the positive effect of Al2O3 addition on the corrosion per-
formance of the coating, highlighting the unique effect of
the proposed coating system compared to similar coatings
[28]. Furthermore, a double-layer coating system with
0.15 wt.% MWCNTs and alumina additive can be proposed
as a promising candidate to protect AZ91 magnesium alloy
against corrosion with superior features compared to other
samples which is the main contribution of this research.

3.4 XRD studies

Fig. 12 shows the XRD patterns of the samples prepared under
various conditions. The XRD spectra of the bare AZ91 mag-
nesium alloy are depicted in Fig. 12(a). Figure 12(b) shows to

Table 2 The fitted quantitative parameters for bare AZ91 Mg alloy
obtained from the equivalent circuit for different immersion times in
the 3.5 wt.% NaCl solution

Sample Time
(min)

Qct

(µSnΩ−1cm−2)
nct Rct

(kΩcm2)
Fitting
error

Bare AZ91
Mg alloy

30 7.6 0.862 1.2620 0.0199

60 9.2 0.834 0.8021 0.0239

120 9.1 0.855 0.8291 0.0282

240 9.4 0.800 0.7357 0.0283

480 16.1 0.782 0.6581 0.0389
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the XRD pattern of pristine silane coating with no MWCNTs
and Al2O3 where, the peaks of Mg and SiO2 can solely be
observed. XRD pattern of Fig. 12(c) refers to the double-layer
coating with MWCNT and alumina additive. The aluminum
silicate (Al2O3.SiO2) phase along with base metal of substrate
could be detected in the mentioned sample, whereas, the
MWCNTs peaks could not be observed due to their insignif-
icant concentration. The last spectrum is attributed to silane
nanocomposite with MWCNTs and Al2O3 additive and no
substrate (Fig. 12(d)). This specimen exhibited lower crystal-
linity. This figure depicts weak peaks of aluminum silicate
along with slight SiO2 phase but no peaks related to MWCNTs.

3.5 Fourier Transformation Infrared Spectroscopy

Fig. 13(a–b) depict the FTIR spectra of the coatings (without
substrate) containing 0.15 wt.% MWCNTs prepared under

different conditions. The broad band at 3000–3700 cm−1 and
a small peak at ~1635 cm−1 can be attributed to the O-H
stretching vibration of insufficient silanol group (Si-OH)
condensation along with some residual absorbed water
[34–36]. The mentioned peak loses its intensity by increasing
the drying temperature due to the evaporation and removal of
the hydroxyl group, such that it somewhat attenuates in the
dried sample at 130˚C. The band at 450 cm−1 can be ascribed
to the bending vibrations of O-Si-O linkage [37] whereas, the
peaks at 1077 and 790 cm−1 belong to the asymmetric and
symmetric stretching vibrations of Si-O-Si bridges [34–37].
These peaks got stronger by increasing the drying tempera-
ture due to the successful condensation reaction between Si-
OR groups. In the spectrum of the samples (c) and (d), the
absorption peaks at 595 and 1378 cm−1 can be attributed to
the Al-O stretching vibration in octahedral structure [38].
Additionally, a symmetric bending mode belonging to the

Fig. 12 The XRD patterns of:
(a) bare AZ91 magnesium alloy,
(b) pristine silane coating with
no MWCNTs and Al2O3, (c)
double-layer coating prepared
with MWCNT and alumina, and
(d) silane nanocomposite with
MWCNTs and Al2O3 without
substrate
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Al-O-H structure can be detected at 1072 cm−1 [38]; which is
not clear due to overlapping with the Si-O-Si vibration.
Finally, two peaks at1205 and 1580 cm−1 can be assigned to
the carbon skeleton and the presence of the cylinder-like
carbon structure [39, 40] which could not be distinguished
probably due to low MWCNT concentration and overlapping
of the bands.

4 Conclusion

The corrosion behavior of a magnesium alloy (AZ91) coated
by mono- and double-layers of silane-Al2O3/MWCNT sol-
gel nanocomposite was investigated in this study. The main
conclusions are listed as follows:

(1) The minimum number of cracks was observed in the
mono-layer coatings prepared by 0.1 wt.% MWCNTs;
while the minimum crack of the double-layer coatings
was observed in the samples loaded with 0.15 wt.%
MWCNTs.

(2) The average roughness of the double-layer coatings was
reduced by enhancing the MWCNT content. For mono-
layer coatings, this parameter increased up to the
MWCNT content of 0.1 wt.% followed by a decrement.

(3) Based on EIS and PD results, the maximum polariza-
tion resistance and minimum corrosion current density
of the mono and double-layer coatings were observed in
the samples containing 0.1 and 0.15wt.% MWCNTs,
respectively.

(4) The protection performance of double-layer coating was
partly higher than that of mono-layer coating in their
optimal MWCNT concentrations; hence, applying a
double layer coating with 0.15 wt.% MWCNTs along

with 2 wt.% alumina could more effectively protect the
AZ91 magnesium alloy.

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1007/
s10971-023-06181-z.
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