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This work aims to investigate the corrosion resistance of AZ31magnesium alloy protected by hybrid films based
on tetraethylorthosilane (TEOS) and (3-glycidoxypropyl)trimethoxysilane (GPTMS) with the addition of differ-
ent amounts of SiO2 nanoparticles. The electrochemical techniques used to evaluate the corrosion resistance in
0.1 mol ll−1 NaCl electrolyte were open circuit potential (EOC) measurements and electrochemical impedance
spectroscopy (EIS), which diagrams were fitted using equivalent electrical circuits (EEC). Surface and cross-
section analyses of the bare and coated samples were performed by means of scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS) before and after electrochemical studies. The results showed
that the coatings protected the Mg alloy against corrosion, and that the addition of the nanoparticles improves
the corrosion resistance. Themorphological characterization showed, for the coated systems, the presence of cor-
rosion products adhered to the metal surface, a process that seems to be hindered in the presence of the SiO2

nanoparticles. The results demonstrate that an optimum amount of nanoparticles must be added to the coating
in order to optimize the anticorrosion protection and that only early stages protection can be achieved.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Mg alloys possess the advantage of low specific weight, which has
been responsible for its extensive use for casting parts. In addition,
these alloys have other interesting properties for industrial use as struc-
tural components such as high thermal conductivity, damping proper-
ties, dimensional stability and recyclability. Regarding the aerospace
industry, they might have an important technological impact for
manufacturing lowweight structures, resulting in significant fuel saving
and decreased CO2 emissions [1–3]. Nevertheless, Mg alloys are ex-
tremely susceptible to corrosion damage and this is a troublesome
issue faced by the industry.

Corrosion can be delayed by the use of corrosion inhibitors, applica-
tion of protective coatings (organic, inorganic or hybrid) or by the addi-
tion of alloying elements to produce more corrosion-resistant alloys.
Merging the beneficial properties of both organic and inorganic com-
pounds to design novel functional corrosion protective coatings is a
challenge for industrial application. To be effective, these hybrid mate-
rials must present several characteristics, such as stable interactions
with the metallic surface for good adhesion, homogeneity, low cost,
and, according to the growing concerns of environmental protection,
must be harmless to environment and to human beings. The sol–gel
process has been considered one of the simplest routes to create such
functional materials [4,5]. In a hybrid coating, the inorganic phase is re-
sponsible for increasing the bond strength between the substrate and
the coating, hindering the action of aggressive species towards the sub-
strate. On the other hand, the organic phase decreases the coating po-
rosity and heterogeneity, and increases its thickness [6,7]. Hybrid
coatings can be used either as pretreatments or as precursors of poly-
merization reactions with epoxy groups, providing a thick coating
linked to the metallic substrate by covalent bonds [8].

GPTMS-TEOS based hybrid coatings have been used to protect Al and
Al alloys [9–15], magnesium AZ31 alloys [16], and carbon steel [17]. All
the authors have reported important improvement of the corrosion re-
sistance of the coated metals and alloys. For instance, Rahimi et al. [9]
employed a statistical design of experiment with multifactor analysis
of variance to optimize the process parameters of the sol–gel coating
wherein the corrosion current density was used as response [9]. It was
observed that the corrosion resistance increased with the application
of up to three sol–gel layers, while thewear resistance remained practi-
cally unchanged. The authors concluded that by proper choice of param-
eters, adherent, dense and protective hybrid coatings could be obtained
[9,12]. However, it has been verified that in some cases corrosion ap-
pears after relatively short immersion times [17].
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One of the strategies frequently used to improve the protective
properties of hybrid coatings is their modification by the introduction
of different nanoparticles and/or corrosion inhibitors. It has been re-
ported that films with higher thicknesses, improved mechanical prop-
erties [18] as well as better anticorrosion resistance can be produced
[18,19]. Zaharescu et al. [19] described the corrosion protection of Al
and Mg alloys with SiO2-methacrylate coatings doped with TiO2–CeO2

nanoparticles in chloride solution. They showed an improvement of
the barrier properties as well as some signals of self-healing effect
[19]. Superior corrosion resistance was also reported for a
MTES(methyltriethoxysilane)-TEOS hybrid coating modified with SiO2

or Ce and applied on a mild steel substrate [20].
Two critical issues that can effectively affect the anticorrosion behav-

ior of nanoparticles loaded films are their dispersionwithin the film and
the amount of added nanoparticles. Khelifa et al. [21] and Suegama et al.
[22] claim that when the nanoparticles are uniformly dispersed within
the film structure they can play amajor role in the corrosion protection.
In this sense Del Angel-Lopez et al. [23] demonstrate that the dispersion
of ZrO2:SiO2 nanoparticles into polyurethane coatings by sonication and
applied on carbon steel, led to systemswith highermechanical and cor-
rosion resistance in chloride solution when compared to the coatings
prepared by mechanical stirring [23]. Concerning the amount of nano-
particles, Santana et al. [24] investigated the anticorrosion performance
of mono or bilayer TEOS-GPTMS hybrid coatings for the protection of
carbon steel and reported the best results for the systems loaded with
the highest amount of silica nanoparticles. On the other hand, Suegama
et al. [25] indicate that an optimum amount of silica nanoparticles must
be added to a hybrid coating formaximal corrosion protection of carbon
steel in NaCl solution (300 mg l−1 in their case), a point of view shared
by other authors [26–28]. It has been frequently reported that an excess
of nanoparticles can introduce defects in the hybrid film structure,
which become preferential pathways for electrolyte penetration.

As shown in the previous paragraphs, the literature survey indicates
that the addition of nanoparticles to a hybrid coating increases it hard-
ness [25] and thickness [24] and that improved barrier properties can
be achieved when an optimum amount of nanoparticles is added to
the hydrolysis solution. However, only few works address this strategy
for the protection ofMg AZ31 parts, and only one concentration of SiO2-
metacrilate powder in the TiO2:CeO2 system was studied [19]. Thus, in
the present work, the effect of the addition of different amounts (0 to
600 mg l−1) of SiO2 nanoparticles to a TEOS/GPTMS hybrid coating for
the corrosion protection of AZ31 Mg alloy was evaluated by electro-
chemical measurements and their microstructure evaluated by SEM-
EDS characterization.

2. Experimental procedure

2.1. Preparation of the Mg AZ31 substrate

AZ31 Mg alloy samples (dimensions 2 cm × 2 cm × 0.2 cm) were
employed as substrate. Prior to coating application, the samples surfaces
were successively wet-grinded down to 1200 using silicon carbide
sandpaper. After the grinding procedure, the substrate was thoroughly
cleaned with distilled water, rinsed with ethanol in an ultrasonic bath,
gently wiped with filter paper and stored in a desiccator.

2.2. Coating methodology

The coating was prepared as following: 7.0 ml solution of tetraethyl
orthosilane (TEOS) with 5.0 ml of (3-glycidoxypropyl)trimethoxysilane
(GPTMS) were blended together with 12 ml of 70/30% v/v ethanol/
water solution, pH 1.5 (nitric acid) at 25 °C. Seven distinct concentra-
tions (0, 25, 50, 100, 300, 400 and 600 mg l−1) of SiO2 nanoparticles
(CAB-O-SIL® TS-6) were added to the mixture, and then the solution
was homogenized for one hour at room temperature. Therefore, the hy-
drolysis of the hybrid coating was performed in the presence of SiO2
nanoparticles. Then, the AZ31 Mg alloy samples were dipped into the
precursor solution at 8 cm min−1, remaining there for 2 min; after-
wards they were withdrawn at the same rate and subjected to a curing
procedure at 50 °C for 24 h.

Preliminary tests were performed with different numbers of layers
of the GPTMS-TEOS film doped with 100 mg l−1 of SiO2. It was verified
that when 3 or 5 layers of the hybrid coating were applied under the
conditions described above, the resultant coatings showed stress and
the impedance values were lower than those obtained when only one
layer was applied. Therefore, all coatings described in this work are sin-
gle layer.

2.3. Techniques

The corrosion resistance of the coated anduncoatedMg sampleswas
evaluated in a classic three-electrode electrochemical cell by means of
EOC and EIS measurements carried out in naturally aerated and
unstirred 0.1mol l−1 NaCl electrolyte at 25 °C. The volume of electrolyte
was 80 ml. The coated samples were used as working electrode, an Ag/
AgCl/KCl(3 mol l−1) electrode, connected to the electrolytic solution
through a Luggin capillary, was used as reference, and a Pt network as
counter electrode. The area of the working electrode exposed to the ag-
gressive electrolyte was 1.0 cm2. EOC versus time and EISmeasurements
were carried out using a potenciostat–galvanostat AUTOLAB,
PGSTAT302N model equipped with an impedance modulus. The EIS
measurements were acquired for immersion times up to 48 h, and the
impedance diagrams were performed by applying a 10 mV (rms) sinu-
soidal perturbation, from5× 104 to 1 × 10−2 Hz recording 10 points per
frequency decade. Themeasurements were performed in triplicate. The
first impedance diagramwas acquired after 1 h immersion in the testing
electrolyte, after EOC stabilization. For quantitative analysis, the EIS re-
sults for the coated systems that presented the best anticorrosion per-
formance were fitted by means of equivalent electric circuits (EEC)
using the Z-view® software. All experimental data were tested for con-
sistency with the Kramers–Kronig transform, and only those points
passing the test are presented and discussed in the paper.

The changes of the samples surfaces with immersion time were
accompanied by taking photos in situ at a rate of 1 photo/h in
0.1 mol l−1 NaCl solution using an electrochemical cell previously
described [29].

The morphological characteristics of the uncoated and coated sam-
ples were examined by field emission scanning electron microscopy
(FE-SEM JEOL, model JSM-7500F), whereas the bare surface was ob-
served by SEM before and after EIS measurements. EDS (Thermo Scien-
tific) coupled to the SEM system was used for chemical composition
analysis.

The coatings thicknesses were estimated from the analysis of cross-
sectional images. Only sampleswithout andwith 300 and 400mg l−1 of
SiO2 were examined.

3. Results and discussion

3.1. Substrate and coatings characterization

SEM surface images of the uncoated AZ31 alloy before and after 48 h
immersion in chloride solution are shown in Figs. 1(A) and 2(A), respec-
tively. Before immersion, the bare substrate shows themarks of surface
preparation. After the corrosion test, those marks are still present and
no continuous corrosion product layer can be detected on the sample
surface, but scattered corrosion products could be seen.

The top views of the as-prepared coatings show homogeneous and
crack-freefilms, being allmarks originated from the surface preparation
covered by the hybrid material (Figs. 1(B-D)). At low magnifications,
the film without nanoparticles shows defects (Fig. 1(B)), which are
not noticed when 300 or 400 mg l−1 SiO2 nanoparticles were added
(Fig. 1(C) and (D)). Agglomeration of SiO2 nanoparticles was not



Fig. 1. SEMmicrographs of the AZ31 alloy before immersion: bare (A), and coatedwith the hybridwithout SiO2 nanopartciles (B), with 300mg l−1 SiO2 (C) andwith 400mg l−1 SiO2 (D).
Inset: FE-SEMmicrographs for 100,000× of magnification.

Fig. 2. SEM micrographs of the AZ31 alloy: bare(A), and coated with the hybrid without SiO2 nanoparticles (B), with 300 mg l−1 SiO2 (C) and with 400 mg l−1 SiO2 (D) after 48 h of
immersion in 0.1 mol l−1 NaCl solution. Inset: FE-SEM cross-section micrographs.
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Table 1
EOC values after 1, 7, 24, 30 and 48 h of immersion in 0.1mol l−1 NaCl solution for AZ31Mg
alloy with and without hybrid coatings modified with different amounts of SiO2

nanoparticles.

Sample EOC/(V/Ag|AgCl|KCl 3 mol l−1)

Time 1 h 7 h 24 h 30 h 48 h

Substrate −1.40 −1.42 −1.30 −1.33 −1.26
0 SiO2 mg l−1 −1.38 −1.45 −1.24 −1.19 −1.25
25 SiO2 mg l−1 −1.43 −1.35 −1.22 −1.20 −1.26
50 SiO2 mg l−1 −1.51 −1.37 −1.32 −1.28 −1.25
100 SiO2 mg l−1 −1.49 −1.48 −1.30 −1.33 −1.25
300 SiO2 mg l−1 −1.36 −1.32 −1.29 −1.37 −1.33
400 SiO2 mg l−1 −1.49 −1.44 −1.32 −1.30 −1.28
600 SiO2 mg l−1 −1.44 −1.39 −1.30 −1.25 −1.27
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observed at low magnifications, however, clusters of particles inside
and outside the hybridfilm can benoticed at highmagnifications (insert
of Fig. 1(C) and (D)), which is in accordance with previously published
results who reported clustering of nanoparticles in modified silane [30,
31] and hybrid [20] films. The coating doped with 300 mg l−1 SiO2

depicts only submicron agglomerates, while the film doped with
400 mg l−1 SiO2 shows great amount of bigger agglomerates. When
the particles concentration was increased to 600 mg l−1 SiO2, defects
and crackswere observed on the film surface, probably due to the stress
produced inside it. This suggests that the dopantwill offer no protection
benefit compared to the non-doped coating. Suegama et al. [22] and
Zandi Zand et al. [31] verified that the addition of an excess of nanopar-
ticles to silane [22] and hybrid [31] films hinder the anticorrosion prop-
erties of the films, whichwas associated to the introduction of defective
sites [31]. In accordance with our results, these latter authors [31] also
verified the presence of defects in the unmodified hybrid films and
that defect free coatings were produced when an intermediate amount
of CeO2 nanoparticles was added to the hybrid formulation.

After 48 h immersion, all coated samples show the well-known
cracked-mud morphology (Fig. 2(B-D)), common when stable corro-
sion products are formed onMg [32], which extends throughout the en-
tire surface, as shown in the cross-section images (insert in Fig. 2). This
suggests that such coatings may act essentially as adhesion promoters
and short-term corrosion protectors. SEM cross-section images of as-
prepared samples (Figs. 3(A) and (B)) allowed estimating the coating
thickness to be around 3, without, and 4 μm, with different amounts
of SiO2 nanoparticles, showing that nanoparticles incorporation
increased the coating thickness, as previously observed for similar
systems [25].

3.2. Open circuit potential

The EOC measured after 1, 7, 24, 30 and 48 h immersion in the
0.1mol l−1 NaCl electrolyte are depicted in Table 1. For short immersion
times, the EOC for some of the coatings shift towards more negative
values in comparisonwith the uncoated sample, suggesting higher elec-
trochemical activity, however, as time elapses, all the measurements
converge, showing the predominance of the substrate response, which
can be likely ascribed to electrolyte penetration through the coatings
and to the formation of corrosion products.

3.3. Electrochemical impedance spectroscopy (EIS)

The impedance plots for the bare AZ31 substrate in the 0.1 mol l−1

NaCl electrolyte are displayed in Fig. 4. The diagrams show an increase
of the capacitive loop diameter as immersion time elapses (Fig. 4(A)).
The associated phase angle diagrams (Fig. 4(B)) present a broad time
constant in the medium frequency region (≈30 Hz), which maximum
Fig. 3. SEM cross-section images of the AZ31 alloy coated with hyb
slightly shifts to lower frequency values. This response indicates a de-
crease in the kinetics of the interfacial process and is commonly ob-
served in bare Mg alloys exposed to neutral aggressive electrolytes.
Indeed, magnesium corrosion is accompanied by strong surface alkalin-
ization due to the formation of hydroxyl ions because of the cathodic re-
action. This process leads to the precipitation of Mg(OH)2, and the
surface is covered by a porous corrosion product layer [3,32–34] that
may induce a slight increase on the impedance of the system [32]. Ob-
serving the alloy surface immersed in the test electrolyte at selected
times support the proposedmechanism. The presence of hydrogen bub-
bles originated from the H+ reduction reaction, and the formation of
dispersed corrosion products were evident. After 48 h immersion,
some bright regions could be observed on the sample surface, pointing
to the detachment of the corrosion product layer, which seems to be
loosely adhered to the electrode.

An EECwith an Rs in series with a Ri//Qi sub-circuit (Fig. 5) was used
to fit the EIS data depicted in Fig. 4. In the proposed model, Rs corre-
sponds to the electrolyte resistance, Ri refers to the charge transfer resis-
tance and the constant phase element, Qi, to the electrical double layer
capacitance. In the circuit, the capacity was substituted for a Q in
order to take into account the non-ideality of the system. The Q element
is constituted by the admittance Y and the exponent “n”. When n = 1
the electrode behaves ideally and Q becomes a pure capacitor. On the
other hand, n= 0.5 suggests a diffusion-controlled process or a porous
material [35–37], and when 0.5 b n b 1 the deviation from the ideal be-
havior is associated to a heterogeneous, rough electrode or to non-
homogeneous current distribution on the electrode surface [38–41], or
either to a non-homogeneous distribution of the electrical properties
within the oxide film or coating [42].

For the uncoated sample, EIS data below 1 Hz did not pass the KKT
test indicating that the system is no longer stable. H2 evolution is the
main cathodic reaction for Mg immersed in neutral aerated medium
[43]. As previously stated, H2 bubbles were seen to evolve from the
rid without SiO2 nanoparticles (A), with 400 mg l−1 SiO2 (B).



Fig. 4. Experimental (symbols) and fitted (solid lines) EIS diagrams for the AZ31Mg alloy
in 0.1 mol l−1 NaCl solution recorded at different immersion times. (A) Nyquist and
(B) Bode plots.

Table 2
EEC parameters, relative errors percentage, and the variance of the residual error (χ2)
obtained for the AZ31 alloy in 0.1 mol l−1 NaCl solution for different immersion times.

Time/h 1 7 24 30 48

Rs/Ω cm2 78 (0.7) 76 (0.7) 91 (0.3) 84 (0.4) 86 (0.6)
Ri/kΩ cm2 3.4 (2.5) 6.7 (5.7) 8.0 (1.8) 10 (4.0) 8.6 (2.4)
Yi/μF cm−2 s(ni − 1) 10 (2.8) 20 (2.7) 24 (0.9) 24 (1.3) 20 (1.6)
Ceff i/μF cm−2 7.2 16 21 21 17
ni 0.91 (0.5) 0.91 (0.5) 0.93 (0.2) 0.91 (0.3) 0.91 (0.4)
χ2/10−3 3.7 6.3 1.3 1.8 3.7

Table 3
EEC parameters, relative errors percentage, and the variance of the residual error (χ2) ob-
tained in 0.1 mol l−1 NaCl solution for the AZ31 alloy protected with the hybrid coating
without SiO2 nanoparticles.

Time/h 1 7 24 30 48

Rs/Ω cm2 290 (31) 86 (2.5) 46 (8.2) 47 (7.3) 74 (0.3)
Rcoat/kΩ cm2 0.6 (1.4)
Ycoat/μF cm−2 s(n − 1) 0.3 (12)
n 0.68

(1.4)
Yoxide/μF cm−2

s(noxide − 1)

1.9 (28) 6.1 (8.6) 6.5 (14) 6.0 (8.9) 5.2 (17)

Ceff oxide/μF cm−2 1.0 5.2
noxide 0.91 0.75 0.5 (8.5) 0.5 (8.6) 1.0 (1.7)
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sample surface. Therefore, it is likely that thepresence of suchmolecules
on the sample surface before their evolution would provoke potential
oscillation, impeding the acquisition of reliable low frequency EIS data.

Table 2 depicts the results of the fitting procedure for the bare sub-
strate with the EEC of Fig. 5. It shows that Ri values initially increases
(from 1 to 24 h) and them presents a relatively stable response. On
the other hand, Qi shows an almost capacitive response, with “n” close
to unity, remaining relatively constant.

In order to compare the different capacitive responses and to better
explain the EIS behavior of the bare sample, the effective capacitances,
Ceff i, were calculated from the coefficients Q of the constant phase ele-
ments and the n exponents using Eq. (1) [24,44]:

Ceff ¼
QRð Þ1=n

R
: ð1Þ

The calculated values were added to Tables 2-6. Table 2 shows that
from 7 h immersion Ceff i values lie slightly below those normally
ascribed to the double layer capacity (Cdl = 50 μF cm−2 [32]). On the
other hand, for 1 h immersion, Ceff i (7 μF cm−2) lies well below this
Fig. 5. Equivalent electrical circuit used to fit the EIS diagrams of Fig. 4.
value. Baril and Pebere [32], investigating the corrosion behavior of
pure Mg in sodium sulfate solution, found similar capacity values for
the high frequency loop, which was ascribed to both charge transfer
and a film effect. Literature indicates that Mg develops a thin, dense,
amorphous, and relatively dehydrated film when exposed to air
[45],which may assume a duplex structure (a MgO layer in contact
with the substrate and a top porous MgO/Mg(OH)2 layer) when ex-
posed to chloride solutions [46]. Therefore, it is proposed that the initial
active (low resistance) behavior could be ascribed to a fast dissolution of
the more active surface layer together with the hydration and partial
dissolution of the air-formed oxidefilmupon exposure to the aggressive
electrolyte. Conversely, for longer immersion times, the corrosion pro-
cess would occur in an electrode surface covered by a very thin porous
oxide layer [46], explaining why Ceff i values increase and become only
slightly lower than that normally ascribed to Cdl. This interpretation
holds also for the samples covered with the hybrid layer (Tables 3-6),
and, therefore, variation of the Ceff i will no longer be commented.

Fig. 6 shows the EIS responses of all studied samples after 1 h of im-
mersion. The coated samples presented Zreal values higher than the bare
substrate indicating improvement of the AZ31Mg alloy corrosion resis-
tance. Among them, the sample protected with the hybrid modified
with 100 mg l−1 SiO2 displays the highest impedance modulus that, at
the lowest frequency point, is about 400 kΩ cm2, being more than two
orders of magnitude higher than that estimated for the bare substrate
from the EEC fitting (≈3.4 kΩ cm2 — Table 2). A good response was
also detected for the unmodified coating (0mg l−1),with low frequency
(LF) impedance of about 150 kΩ cm2. A particularly unstable behavior
was found for the system with 300 mg l−1 SiO2. It exhibited low fre-
quency data scattering and only few experimental points passed the
KKT test. This trend was verified for three different assays and indicates
faster electrolyte uptake with early onset of the corrosion process. It is
likely that hydrogen gas entrapment at the coating-substrate interface
would cause coating blistering and consequent potential fluctuations
(3.7) (6.0)
Roxide/kΩ cm2 1.1 (20) 0.01 (18) 0.04

(9.5)
0.04
(8.5)

0.05 (17)

Yi/μF cm−2 s(ni − 1) 2.6 (22) 4.1 (9.4) 21 (2.0) 18 (1.5) 9.6 (10)
Ceff i/μF cm−2 2.4 4.0 20 17 7.3
ni 0.80

(1.4)
0.99
(1.0)

0.95
(0.3)

0.95
(0.3)

0.86
(0.5)

Ri/kΩ cm2 281 (1.5) 19 (1.0) 14 (1.1) 26 (1.0) 20 (0.5)
χ2/10−3 0.3 2.4 1.0 0.9 0.4



Table 4
EEC parameters, relative errors percentage, and the variance of the residual error (χ2) ob-
tained in 0.1 mol l−1 NaCl solution for the AZ31 alloy protected with the hybrid coating
with 25 mg l−1 SiO2 nanoparticles.

Time/h 1 7 24 30 48

Rs/Ω cm2 260 (2.6) 56 (6.6) 55 (4.8) 46 (6.8) 78 (0.2)
Rcoat/kΩ cm2 0.5 (1.3)
Ycoat/μF cm−2 s(n − 1) 0.3 (16)
n 0.67

(2.0)
Yoxide/μF cm−2

s(noxide − 1)

5.1 (19) 6.1 (19) 7.7 (13) 6.1 (13) 18 (1.3)

Ceff oxide/μF cm−2 2.0 11
noxide 0.83

(2.8)
0.5 (11) 0.5 (11) 0.5 (11) 0.92

(0.2)
Roxide/kΩ cm2 1.8 (23) 0.03 (11) 0.03

(1.6)
0.04
(9.0)

0.2 (18)

Yi/μF cm−2 s(ni−1) 3.1 (30) 13 (2.6) 30 (1.6) 27 (1.5) 2.3 (8.9)
Ceff i/μF cm−2 2.4 11 29 26 2.3
ni 0.87

(4.2)
0.94
(0.4)

0.95
(0.3)

0.95
(0.3)

1.0 (5.4)

Ri/kΩ cm2 62 (0.9) 6.6 (1.5) 14 (1.1) 18 (1.1) 17 (0.4)
χ2/10−3 0.5 0.6 0.8 0.8 0.5

Table 6
EEC parameters, relative errors percentage, and the variance of the residual error (χ2) ob-
tained in 0.1 mol l−1 NaCl solution for the AZ31 alloy protected with the hybrid coating
with 300 mg l−1 SiO2 nanoparticles.

Time/h 7 24 30 48

Rs/Ω cm2 101 (0.5) 64 (0.9) 76 (0.6) 82 (0.5)
Rcoat/kΩ cm2 48 (2.8)
Ycoat/μF cm−2 s(n − 1) 11 (2.3)
Ceff coat/μF cm−2 10
n 0.89 (0.1)
Yoxide/μF cm−2 s(noxide − 1) 30 (8.2) 19 (7.0) 22 (4.0) 13 (6.2)
Ceff oxide/μF cm−2 2.7 8.2 10
noxide 0.64 (1.4) 0.80 (2.2) 0.87 (0.6) 0.97 (10)
Rox/kΩ cm2 0.2 (4.2) 0.02 (9.8) 0.06 (17) 0.06 (8.0)
Yi/μF cm−2 s(ni − 1) 39 (18) 8.5 (12) 3.9 (10) 10 (9.5)
Ceff i/μF cm−2 39 8.5 3.9 9.1
ni 1.0 (5.6) 1.0 (1.4) 1.0 (7.9) 0.95 (10)
Ri/kΩ cm2 55 (7.0) 30 (1.2) 35 (1.0) 15 (1.9)
χ2/10−3 0.1 3.9 2.1 2.0
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and LF data scattering. Photos of this sample surface taken at 0, 24 and
72 h immersion in the test electrolyte showing the presence of pockets
underneath the coating (Fig. 7) support this hypothesis.

As shown in the insert of Fig. 6(A), the Nyquist plots (and the phase
angle evolution) for the coated samples exhibit a small high frequency
capacitive loop, which, as will be shown in the subsequent Figs., van-
ishes for longer immersion periods.

Fig. 8 presents the impedance diagrams for the AZ31 Mg alloy
protected with the hybrid coating without SiO2 nanoparticles (blank
coating) in 0.1 mol l−1 NaCl electrolyte for test periods longer than
7 h. The Nyquist plots (Fig. 8(A)) are composed by only one well-
defined and depressed capacitive loop which modulus is considerably
smaller than that observed after 1 h immersion (Fig. 6(B)). For longer
test periods, an oscillating impedance response was observed, indicat-
ing the precipitation of non-protective corrosion products. Contrarily
to the spectra taken after 1 h (Fig. 6(B)), the phase angle plots
(Fig. 8(B)) clearly show only a single broad time constant in the whole
frequency domain, which origin will be discussed in the EEC fitting pro-
cedure. Identical samples immersed in the test electrolyte showed the
buildup of corrosion products with immersion time, but less gas was
evolved in comparison to the bare substrate and, at the end of the
Table 5
EEC parameters, relative errors percentage, and the variance of the residual error (χ2) ob-
tained in 0.1 mol l−1 NaCl solution for the AZ31 alloy protected with the hybrid coating
with 100 mg l−1 SiO2 nanoparticles.

Time/h 1 7 24 30 48

Rs/Ω cm2 310 (4.6) 102 (1.0) 90 (0.4) 69 (0.2) 66 (0.4)
Rcoat/kΩ cm2 0.9 (2.8)
Ycoat/μF cm−2 s(n − 1) 0.1 (15)
n 0.75

(2.1)
Yoxide/μF cm−2

s(noxide − 1)

1.4 (19) 7.7 (2.3) 19 (4.3) 7.0 (10) 12 (3.4)

Ceff oxide/μF cm−2 0.09 0.05 7.9 7.0 9.5
noxide 0.94

(2.6)
0.78 (2.3) 0.90

(0.8)
1.0 (1.2) 0.96

(0.3)
Roxide/kΩ cm2 1.3 (10) 0.009

(18)
0.02 (16) 0.04

(9.4)
0.3 (19)

Yi/μF cm−2 s(ni − 1) 3.4 (8.3) 4.0 (5.4) 8.0 (11) 17 (4.8) 3.2 (9.5)
Ceff i/μF cm−2 4.0 4.0 8.0 15 2.8
ni 0.79

(0.3)
1.0 (5.0) 1.0 (5.5) 0.85

(8.0)
0.95
(7.5)

Ri/kΩ cm2 547 (1.0) 14 (1.1) 19 (0.6) 28 (0.6) 18 (1.4)
χ2/10−3 0.3 1.4 0.6 0.5 1.5
immersion period, no bright region was seen on the sample surface, in-
dicating that the corrosion product layer remains adherent to the
substrate.

The EIS response of the AZ31 Mg alloy protected with the unmodi-
fied coating was fitted using the EECs of Fig. 9. In the EEC of Fig. 9(A),
used only to fit the results for 1 h immersion, [Rcoat//Qcoat] was ascribed
to the coating response, [Roxide//Qoxide] was associated with the proper-
ties of the magnesium oxide layer (oxides and hydroxides underneath
Fig. 6. Experimental EIS diagrams in 0.1 mol l−1 NaCl solution recorded at 1 h immersion
time for the AZ31 Mg alloy, protected with hybrid coating with or without SiO2

nanoparticles. (A) Nyquist and (B) Bode plots.



Fig. 7. Photos of the AZ31Mg alloy protected with the hybrid coating with the addition of
300mg l−1SiO2. Images taken after (A) 0, (B) 24, and (C) 72 h of immersion in 0.1 mol l−1

NaCl solution. Exposed area = 1 cm2.

Fig. 8. Experimental (symbols) and fitted (solid lines) EIS diagrams in 0.1 mol l−1 NaCl
solution for the AZ31 Mg alloy protected with the hybrid coating without SiO2

nanoparticles. (A) Nyquist and (B) Bode plots.

Fig. 9. EEC used to fit the EIS diagrams of coated samples: (A) for 1 h immersion, (B) for
immersion times higher than 7 h.
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the coating), whereas the [Ri//Qi] sub-circuit was assigned to interfacial
processes: electrical double layer charging and charge transfer resis-
tance [47], as for the bare sample. The EEC of Fig. 9(B) is a simplification
of the previous one where the coating and the oxide responses were
merged; therefore, Roxide//Qoxide represents the mixed response of the
hybrid coating and the corrosion product layer. The fitted values are
presented in Table 3. It must be emphasized that, for immersion times
longer than 7 h, attempts to fit the diagrams with only one time con-
stant were unfruitful and a two time constant EEC had to be employed,
this was also verified for the other coated samples.

For the shortest immersion time (1 h), even though the coating is
relatively thick, Rcoat is small (about 600 Ω cm2), indicating that it
does not effectively hinder electrolyte access to the metallic surface,
Roxide was about 1 kΩ cm2, also pointing to weak protection ability of
the corrosion product layer. For 7 h and longer periods, Roxide dramati-
cally falls, indicating that the barrier properties of the coating and of
the subsequently formed corrosion product layer are rather poor, and
low resistance is offered to electrolyte penetration inside the pores.
On the other hand, the coefficient of Qoxide (Y), which depends on the
properties of the oxide layer, increases from 1 to 7 h and then remains
approximately constant. This tendency together with the electrode sur-
face observation suggest that, for the shortest immersion period, where
the corrosion product buildup is low, the response of the hybrid layer
must predominate. On the other hand, for immersion times longer
than 7 h, the capacitive response of the porous corrosion product layer
must prevail, indicating that electrolyte can easily penetrate the coating.
This interpretation is supported by the low value of the “n” exponent
(close to 0.5 for immersion times superior to 7 h), indicating that the
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ensemble “coating+ corrosion product layer” behaves as a porous elec-
trode [36,48,49]. However, at the end of the test period, 48 h, Yoxide re-
sponds as a capacitor, indicating that the corrosion product layer
becomes more compact and spreads all over the surface with uniform
characteristics. The presence of such layer on the electrode surface is
supported by the SEM images (Fig. 2(B–D)) showing the cracked mud
structure of the Mg oxide/hydroxide layer on the coated samples.

For the fitting results where the Q exponents (n) were close to 1, Ceff
values were determined from Eq. (1). For the coating it is around
5 nF cm−2, which is an expected value for an hybrid layer with thick-
ness between 3 and 5 μm, considering that the dielectric constant of
this coating is typically between 3 and 8 [50]. For the oxide layer, Ceff
is about 1 μF cm−2 and 5.2 μF cm−2 after 1 and 48 h immersion, respec-
tively, indicating that the corrosion product layer, even though thick (cf.
Fig. 2) does not offer a barrier to electrolyte penetration and is rather
permeable to electrolyte and aggressive species penetration. For the in-
termediate immersion times, Ceffwas not determined as “n”was close to
0.5 and a porous electrode response is obtained.

Concerning the time constant associated to the interfacial phenom-
ena (Qi and Ri), the values presented in Table 3 show that Yi responds
close to a capacitor (n N 0.8). TheCeff values for 1 h shows a charge trans-
fer responsemixedwith a film effect [32] (see the discussion for the un-
coated sample) and for times N1 h it increases and stabilizes around
values expected for the double layer capacitance [51,52], still under
the influence of a very thin porous oxide surface film [46]. On the
other hand, Ri dramatically falls between 1 and 7 h, indicating that the
electrolyte easily reached the bare metal, which is coherent with the
low Roxide values. For immersion times longer than 7 h, as for the bare
samples, Ri presents an oscillating behavior with values about two
times higher them those presented in Table 2 indicating that the pres-
ence of the coating slightly increases the corrosion resistance of the
substrate.

The precipitation of corrosion products on the electrode surface,
after some hours of immersion, is supported by the SEM images
(Fig. 2(B)) and EDS analysis (Fig. 10), that did not detected magnesium
prior to immersion (EDS spectrum of Fig. 10(A)), confirming that the
coating is uniform and thick, and showed high amount of Mg after
48 h immersion in the test electrolyte (EDS spectrum and mapping of
Fig. 10(B)).

The EIS diagrams after more than 7 h immersion in the test electro-
lyte for the sample protected with the hybrid coating modified with
25 mg l−1 SiO2 nanoparticles are presented in Fig. 11 (note: the 1 h di-
agram is included in Fig. 6). Qualitatively the resultswere very similar to
those observed for the sample protected with the unmodified coating.
Initially, the impedance modulus greatly decreases from 1 to 7 h of
test, indicating fast electrolyte uptake. In addition, the Nyquist plot
taken after 1 h immersion is composed by a small capacitive loop at
high frequencies followed by another broad capacitive loop, whereas
for the remainder of the test period it is composed by a single depressed
capacitive loop; and, except for the 1 h diagram, the Bode plots reveal
only one broad time constant. In addition, the impedance moduli are
of the same order of magnitude to those previously presented. Howev-
er, instead of exhibiting an oscillating response with immersion time,
after the initial fall, impedance increases from 7 to 48 h of immersion,
indicating a gradual buildup of an interfacial layer with slightly better
protective properties.

Table 4 displays the results of the fitting procedure of the diagrams
of Fig. 11 with the EECs of Fig. 9. The effective capacitances (Ceff) deter-
mined for this sample were quite similar to those obtained for the un-
modified coating, however Ceff oxide is slightly higher, indicating that a
thinner oxide layer is being built. The comparison of the resistance
values presented in Table 4 with those of Table 3 indicates that the an-
ticorrosion properties of the system is slightly hinderedwhen 25mg l−1

of silica nanoparticles were added to the hybrid formulation, as the low
frequency resistance (Ri) is smaller for the modified coating. However,
lower gas evolution and brighter surface were observed compared to
the coatingwithout SiO2 addition. This indicates that, somehow, the ad-
dition of the silica nanoparticles to the hybrid formulation slows down
the corrosive attack and/or the precipitation of the corrosion product
layer. Baskaran et al. [53], using hydrotalcite, clearly demonstrated
that Mg ions can form stable solid solution compounds with silicates.
On the other hand, Palanivel et al. [54] verified that the addition of
few mg l−1 of SiO2 nanoparticles to a silane formulation increased the
protection afforded to Al alloy 2024-T3. They proposed that the nano-
particles could suppress the cathodic process by reacting with the ca-
thodically generated hydroxyl ions forming SiO3

2− ions that would
then react with the Al3+ cations formed at the anodic sites, passivating
the electrode surface and obstructing the corrosive attack [54]. Taking
into account our experimental findings and the literature results, it is
suggested that the formation of a magnesium silicate passive layer
would hinder the interfacial pH increase, delaying the precipitation of
the thick corrosion product layer and rendering the surface of the elec-
trode protected with the modified coating brighter. On the other hand,
the slow and gradual precipitation of the corrosion product layer at the
electrode surfacewould explain the increase in the impedancemodulus
from 7 h to the end of the immersion period. This hypothesis is support-
ed by the cross-section images presented in Fig. 2(B)–(D) that clearly
show that a thicker corrosion product layer is formed on the sample
protected with the blank coating when compared to the SiO2 modified
ones.

The EIS behavior as well as the appearance of the sample protected
with the coating modified with 50 mg l−1 SiO2 was very similar to
those observed for the one modified with 25 mg l−1 and, therefore,
they will not be presented. Fig. 12 shows the EIS response of the elec-
trode protected with the hybrid coating modified with 100 mg l−1

SiO2. The overall impedance behaviorwas very similar to those present-
ed by the other coated samples and will not be further commented.
Conversely, the electrode surface remains brighter than for the samples
discussed previously. It is hypothesized that the hybrid coating delays
the corrosive attack keeping the corrosion product layer adhered to
the surface and also that it slows down its thickening, thus maintaining
the surface brightness for a longer time. To support this hypothesis, EDS
mappingwas performed on the surface of a sample protectedwith a hy-
brid coating prior and after 48 h immersion test, the results are present-
ed in Fig. 10. It can be verified that after the coating procedure,
Fig. 10(A), no Mg sign could be detected (insert spectrum). On the
other hand, after the immersion test, Fig. 10(B), both Mg and Si signs
were observed, (both in the spectrum and uniformly distributed in the
maps) indicating the build up of a Mg oxide/hydroxide corrosion prod-
uct layer underneath the hybrid coating. At variancewithwhatwas ver-
ified for the bare sample, the hybrid seems to act as a physical barrier,
impeding the detachment of the corrosion products from the electrode
surface and improving the corrosion behavior.

The results of the fitting procedure of the diagrams of Fig. 12 with
the EECs of Fig. 9 are presented in Table 5. For this sample Qoxide did
not show the capacitive response typical of a porous electrode, which
can be ascribed to the slowprecipitation of a corrosion product layer un-
derneath the hybrid coating. However, Roxide is still low, demonstrating
that the system develops conductive pathways for electrolyte uptake.
Compared to the previously reported results (Tables 2 to 4), after the
strong decrease between 1 and7 h, the interfacial resistance (Ri) contin-
uously increases up to 30 h, attaining the highest value at this immer-
sion time. This could be a consequence of the gradual formation of the
corrosion product layer. However, after 48 h the impedance decreases
again, being slightly smaller than that observed for both the unmodified
and the 25 mg l−1 SiO2 modified hybrid coating. At this time, even
though the surface remains bright, hydrogen bubbles evolution became
stronger. This indicates the acceleration of the corrosion reaction, justi-
fying the decrease of the impedance modulus.

For the sample coated with the hybrid modified with 300 mg l−1

SiO2 the data obtained for t ≥ 7 h are shown in Figs. 13(A) (B). Up to
30 h the impedance modulus values were greater than those obtained



Fig. 10. EDSmaps of C,O,Mgand Si elements recorded fromanedge-on of theAZ31 alloy coatedwith thehybrid containing300mg l−1 SiO2. (A) before immersion and (B) after 48 h of test
in 0.1 mol l−1 NaCl solution.
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for the previous samples, indicating increased anticorrosion properties.
Regarding the Bodediagrams (Fig. 13(B)), the additional high frequency
time constant was observed for the experiment performed at 7 h,
whereas for the remainder of the immersion period the diagrams
were similar to those obtained for the other samples.

As already stressed, for the samples coatedwith this formulation, the
EIS diagrams acquired after 1 h immersion were characterized by a
strong low frequency dispersion, therefore, they were not fitted with
EEC. The EEC of Fig. 9(A)was employed tofit thediagramafter 7 h of im-
mersion, whereas the remainder of the data was fitted with the EEC of
Fig. 9(B). The results are displayed in Table 6. The determined Ceff for
the oxide layer was very similar to those found for the other samples
coated with SiO2 modified coatings, indicating comparable properties
for the corrosion product layer. Besides being the only sample that ex-
hibited a time constant directly\associated with the coating response
after 7 h immersion, it presented the highest values of Ri up to 30 h of
immersion, indicating superior efficacy in hindering the interfacial cor-
rosion processes. However, after 48 h the low frequency data was
scattered and the impedance greatly decreases, being the lowest
among all the studied samples. This could be ascribed towedging effects



Fig. 10 (continued).
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of corrosion products leading to local breakage of the coating, locally ac-
celerating the corrosion process. Indeed, it was noticed that in some re-
gions the coating was loosely adhered to the sample surface. In these
regions, pockets were formed underneath the damaged coating
(Fig. 7). The entrapment of hydrogen bubbles within these regions
could explain the observed low frequency scattering of the EIS data.

Coatings prepared by adding 400 or 600 mg l−1 SiO2 showed lower
impedance than samples with 100 or 300 mg l−1 for all immersion



Fig. 11. Experimental (symbols) and fitted (solid lines) EIS diagrams in 0.1 mol l−1 NaCl
solution for AZ31 alloy protected with the hybrid coating containing 25 mg l−1 SiO2.
(A) Nyquist and (B) Bode plots.

Fig. 12. Experimental (symbols) and fitted (solid lines) EIS diagrams in 0.1 mol l−1 NaCl
solution for the AZ31 alloy protected with the hybrid coating containing
100 mg l−1SiO2: (A) Nyquist and (B) Bode plots.
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times, so their impedance diagramswill not be presented. After 48 h im-
mersion, the SEM image (Fig. 2(D)) of the coating modified with
400 mg l−1 SiO2 shows the surface similar to that obtained for the one
with 300mg l−1, Fig. 2(C), however cracks seem to be wider. The addi-
tion of 600 mg l−1 SiO2 produced a stressed coating with many defects
and some cracks, indicating no additional anticorrosion benefit when
compared with other coated samples.

Concerning the ability of SiO2 nanoparticles to improve the anticor-
rosion performance of coatings, different explanations exist. According
to Dolatzadeh et al. [55], studying the effect of modified SiO2 nanoparti-
cles, which resulted in variation of their surface area, the addition of the
nanoparticles re-arranges the structure of the coating leading to the im-
provement of its barrier properties, and consequently, the resistance
against corrosion [56]. By studying the protection of carbon steel,
Suegama et al. [22] stated that the use of bisilanes together with silica
nanoparticles enhances the film hardness and the barrier effect of the
coating due to thickness increase. Montemor et al. [30] demonstrated
that the addition of silica particles to silane coatings increased the corro-
sion protection ability due to the formation of an inner SiO2 rich-layer
(demonstrated by AES depth-profiling) and/or the enhanced barrier
properties of the inner layers of the composite coating. In several of
these studies, the addition of the SiO2 nanoparticles to the coatings
allowed to increase their impedance compared to the blank coatings
[22,30,54,56]. However, from the presented results it seems that the
positive effects for the investigated system seems to be effective only
at early stages of immersion (up to 30h depending on the SiO2 content).
For longer immersion times, the continuous electrolyte attack and cor-
rosion propagation on the base material does hinder the beneficial
effects of silica addition. An increase of the SiO2 amount in the coating
up to 300mg l−1 improved the coating performance, however, concen-
trations of 400 and 600 mg l−1 SiO2 made the anticorrosion perfor-
mance of the coatings decrease, likely due to increased agglomeration.
This demonstrates that an optimum amount of nanoparticles must be
added to the coating in order to obtain maximum corrosion protection
capability, as already verified for other nanoparticle loaded coatings
[22,26–28].

4. Conclusions

TEOS- andGPTMS-based hybrid coatings can provide good corrosion
protection when applied over AZ31 Mg alloy only for short immersion
times in chloride solution. The addition of SiO2 nanoparticles to the hy-
brid coating improved the electrochemical response of the systemwith-
out apparently increasing its lifetime. It was verified that the coating
with addition of 100 mg l−1 of nanoparticles provided the highest pro-
tection during the first hours of immersion in 0.1mol l−1 NaCl, whereas
the coating modified with 300 mg l−1 SiO2 showed good corrosion re-
sistance up to 30 h of immersion. Therefore, the maximum amount of
SiO2 nanoparticles that can be added with positive impact on the anti-
corrosive performance of the hybrid coating must lie within 100 to
300 mg l−1 under the conditions of this work.

The application of the hybrid coating seems to improve the anticor-
rosion performance of the Mg alloy by keeping the corrosion product
layer adhered to the metal surface, whereas the addition of the SiO2

nanoparticles seems to retard the corrosion process as indicated by
SEM images and EDS analysis.



Fig. 13. Experimental (symbols) and fitted (solid lines) EIS diagrams in 0.1 mol l−1 NaCl
solution for the AZ31 alloy protected with the hybrid coating containing 300 mg l−1

SiO2: (A) Nyquist plots, (B) Bode plots.
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