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In this work, the silica-based hybrid coatings, which used 3-glycidoxypropyltrimethoxysilane
(GPTMS) and tetraethoxysilane (TEOS) as precursors, have been prepared by sol-gel method for
protection of magnesium alloy (AZ31B) from corrosion. The morphology and surface chemistry of the
optimized coatings were studied by scanning electron microscope (SEM) and Fourier transform
infrared (FTIR), respectively. The corrosion behaviors of the coatings were evaluated by polarization
curves measurements and electrochemical impedance spectroscopy (EIS) in the Harrison’s solution
(0.35wt% (NH4),SO, + 0.05wt% NacCl), and the diagrams were fitted using equivalent electrical
circuits (EEC). The results revealed that the compact and smooth hybrid silane films were formed on
the substrates surface, which provided barrier protection and improved corrosion resistance ability in
comparison to untreated magnesium alloy substrate.

Keywords: AZ31B magnesium alloy; Sol-gel; Corrosion protection; Electrochemical impedance
spectroscopy (EIS)

1. INTRODUCTION

Magnesium and its alloys have drawn high attention by using as lightweight structural
materials for automobiles, aircrafts, electronic products owing to their low density, good consistency,
high specific strength, etc. [1-2]. However, the presence of bimetallic phases at the grain boundaries
limited their larger scale applications because of the poor corrosion resistance and high chemical
reactivity. Corrosion of magnesium alloy is mainly caused by chemical or electrochemical reaction
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between magnesium alloy and the surrounding medium, such as moist air, water and electrolyte.
Therefore, it is necessary to design an effective anticorrosion coating on magnesium alloy surface,
which make magnesium alloy isolated from the corrosive medium, and enhanced the corrosion
resistance of magnesium alloys. In order to alleviate the aggressive corrosion of the magnesium alloys,
many techniques have been investigated, such as chemical conversion [3,4], sol-gel coating [5,6],
anodization [7,8], electrodeposition [9,10], etc. Among these methods, the sol-gel organic—inorganic
hybrid coating provides a simple, low cost, non-hazardous method for preparing coatings with
controllable composition, microstructure and functional properties.

The sol-gel organic-inorganic hybrid coatings, which are formed via hydrolysis and
condensation reactions between organically modified silanes and inorganic silica precursors to get
good adhesion between the surface and the coating by stable covalent bonds, have been widely applied
on various metal substrates [11-16]. In recent years, the sol-gel hybrid coatings on magnesium alloys
have been reported. Guo [17] prepared a sol coated on the AZ31B alloy substrate via self-assembled
nanophase particle (SNAP) technology. This SNAP film was synthesized by the organosilanes of 3-
glycidoxypropyltrimethoxysilane (GPTMS) and tetraethoxysilane (TEOS), and the crosslink agent
(triethylene tetramine (TETA)), formed a silica network, which increased the thermal stability,
compactness and corrosion protection. Peres [18] prepared a GPTMS-TEQOS based hybrid coating on
AZ31B alloys, indicated the addition of SiO, nanoparticles into the hybrid coating improved the
electrochemical response of the system and seemed to retard the corrosion process. The introduction of
earth-ion into silane hybrid coatings were also studied by Qiao [19] and Zhong [20], the results showed
that they could increase film thickness and hydrophobicity, and improve the anti-corrosion behavior.

In the present work, the sol-gel derived GPTMS-TEQOS hybrid coatings have been prepared on
AZ31B alloys surface via a dip-coating procedure, which revealed superior corrosion property
compared with the bare alloy substrates. The fabricated coatings are characterized using Fourier
transform infrared (FT-IR) and scanning electron microscopy (SEM) techniques. A comprehensive
study of EIS feature of the coatings during immersion in Harrison solution was investigated, and
electrical equivalent circuits (EEC) were simulated according to the experimental data.

2. EXPERIMENTAL

2.1. Materials

The AZ31B Mg alloy was obtained from Dongguan hongxing metal materials co., LTD. The
dimension of the AZ31B samples used for the experiments was 60 mm x 40 mm x 3 mm.
Tetraethoxysilane (TEOS, 98%), 3-glycidoxypropyltrimethoxysilane (GPTMS, 97%), triethylene
tetramine (TETA, 97%), and acetic acid (CH3COOH, 98%) were analytical pure and purchased from
Sinopharm Chemical Reagent Co. Ltd.
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2.2. Preparation of the sol-gel silica-based hybrid coating

Firstly, the AZ31B plate samples were polished using 320, 800, and 2000 grit silicon carbide
waterproof abrasive papers in turn. After polishing, the plate samples were ultrasonically cleaned in
ethanol and water, respectively, and dried with a hairdryer.

Then, the hybrid sol-gel was prepared as following: 11 ml TEOS and 33.8 ml GPTMS were
added in 18 ml 0.05 mol-L™ dilute acetic acid under stirring at room temperature for 3 h. After aging
for 4 days to ensure complete hydrolysis, the crosslink agent of 0.75 mL TETA was added into the sol
under stirring at room temperature for 5 min. The hydrolysis reactions for the preparation can be
illustrated as Schemel.

Finally, the hybrid sol-gel coatings of AZ31B alloy were produced through a dip-coating
procedure conducted by immersion of the prepared specimens in the sol for 3 min, followed by
controlled withdrawal rate of 1 mm/s. After coating application, the specimens were cured at 100°C in
oven for 30 min.
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Scheme 1. The hydrolysis process of silane sol—gel coating

2.3. Characterization and tests

Field emission scanning electron microscopy (FESEM) investigations were performed using a
Hitachi SU8010 FESEM. Fourier transform infrared (FTIR) spectra were obtained by a Nexus
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instrument from Thermo Nicollet, USA. The measurement parameters were set as a wavenumber range
from 4000 to 650 cm™ with a resolution of 4 cm ™.

All electrochemical measurements were conducted on a CHIG04E electrochemical workstation
(Shanghai Chenghua Instrument Co., Ltd, China) using a standard three-electrode system at room
temperature, in which a platinum plate as the auxiliary electrode, a saturated calomel electrode (SCE)
as the reference electrode, and the sample to be tested as the test electrode. The exposure area of the
tested sample was 1 cm? Polarization curves were obtained in 3.5 wt% NaCl solutions within a
potential range of open circuit potential (OCP) +250 mV at a scan rate of 1 mV s™. The corrosion
current (leorr), potential (Ecorr), and Tafel slopes were determined using an extrapolation method [21].
The electrochemical impedance spectra (EIS) were carried out in Harrison solution (0.35wt%
(NH4),S0, + 0.05wt% NaCl). The measuring frequency of EIS ranged from 10° Hz to 10 Hz with the
perturbation potential of 5 mv at the open circuit potential. During the EIS test, the sample was
exposed to the Harrison solution, and after a certain period of time, the test was carried out and the
impedance value was record. The EIS spectra were fitted using the ZSimpWin software. All the
samples were immersed in the test medium for 30 min before the date was obtained.

3. RESULTS AND DISCUSSION

3.1. Characterization of the hybrid coating

2 um

Figure 1. Surface morphology of the hybrid coating

The surface morphology of the hybrid coating is assessed by FESEM. As shown in Fig. 1, a
homogeneous and smooth thick coating is obtained by sol—gel process. The crack-free thick coatings
can be formed due to the crosslink reaction by the precursor molecules and the organic crosslink agent,
acting as a physical barrier by impeding intrusion of water and electrolyte into the metallic substrate,
which improve the corrosion resistance of the substrate [22].



Int. J. Electrochem. Sci., Vol. 12, 2017 8273

Reflectance (%)

4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm™)

Figure 2. FT-IR of the hybrid coating

The FTIR spectrum of the hybrid coating is given in Fig. 2. The characteristic bonds at 908 cm’
! attributed to vibration of epoxy functional groups form GPTMS [22]. As expected, the asymmetric
Si-O-Si stretching vibration characteristic of siloxane network formation being evidence condensation
reaction between adjacent silanol groups is observed at 1034 and 1098 cm™, while the peak at 853 cm™
can be attributed to symmetric Si-O-Si bond stretching vibration [23]. The absorption bands around
2937 and 2871 cm™ are attributed to stretching vibrations of C-H bonds in -CH3 and -CH, respectively
[24]. The bands around 1341 and 1255 cm™ are attributed to the asymmetric and symmetric stretching
vibrations of C-O and C-O-C bonds [23]. The bonds lying at 694 cm™ is attributed to Si-O-Mg [24],
which indicates that the film was successfully bonded to the surface of AZ31B alloy. According to the
results, it can be inferred that the hydrolysis reaction of GPTMS and TEOS produces the cyclic
siloxane ring structure nanoparticle with epoxy functional groups, which may be capable of reacting
with Mg substrate forming an interface with a higher density of Mg-O-Si bonds.

3.2. Corrosion behaviors of the hybrid coatings

In order to estimate the ability of the hybrid coatings for corrosion protection on the AZ31B
alloy surface, potentiodynamic polarization and electrochemical impedance spectroscopy (EIS)
measurements were carried out using an electrochemical workstation. Fig. 3 shows potentiodynamic
polarization curves of the bare alloy and the hybrid coating after immersion in 3.5 wt% NaCl for 30
min. Corrosion potential (Ecorr), corrosion current density (lcorr), and Tafel constants of g, and ., were
derived based on the polarization curves, and the parameters of the potentiodynamic polarization are
listed in Table 1. Compared with the bare AZ31B alloy, the corrosion current density lcor Of the hybrid
coating decreases a more than three-order of magnitude, reflecting the improvement in corrosion
protection.



Int. J. Electrochem. Sci., Vol. 12, 2017 8274

—=—The bare AZ31B
—e— The hybrid coating

lg(i / A-cm?)

_10_
19 18 -17 -16 -15 -14 -13 -1
Potential / V

Figure 3. Potentiodynamic polarization curves of bare alloy and the hybrid coating in 3.5 wt% NaCl
solution

Table 1. Corrosion potential (Ecorr) and corrosion current density (Icorr) of the bare alloy and the

hybrid coating
Ecorr (V)  Icorr (uA/cm?)  fec (mV/dec)  pa (mV/dec)
Bare sample -1.463 4.195 94.67 833.75
Coated sample -1.445 3.681E-3 150.85 243.61
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Figure 4. EIS plots obtained for the coated AZ31B alloy at primary stage of immersion (1h-12h) in
Harrison’s solution

As is known to all, the electrochemical impedance spectroscopy (EIS) is one of the most
efficient and intensive technique for investigation of the corrosion behaviors and the coating
degradation in solution corrosion medium [25]. The degradation of the sol-gel coating can be assessed
by low frequency impedance values (LF, 0.01 Hz) and the emergence of new time constants [24]. In
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this section, EIS was estimated the anticorrosion behaviors and degradation of the hybrid coatings in
Harrison solution. The changes of the impedance spectra with immersion time of sol-gel coating were
presented in Figs. 4-5.
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Figure 5. EIS plots obtained for the coated AZ31B alloy at later stage of immersion (16h-96h) in
Harrison’s solution

It can be inferred that the hybrid coatings maybe consist of three areas from outside to inside:
the outer layer is a film crosslinked by Si-O-Si bond; the interface layer is between metal and film
caused by Si-O-Mg and Si-O-Si bonds; the inside is the responses of charge transfer process and the
electric double layer on the surface of the metal substrates [26-27].

Fig. 4 presents the EIS spectra with immersion time from 1 h to 12 h. In this immersion stage,
it presents two time constants, one is reflection of film properties including resistance and capacitance
at high frequency, the other is metal/film interface reflection at low frequency. In the initial period of
immersion, it can be seen that the impedance value at LF decreases slowly with time. At this stage, as
the film is hydrophobic, it is impregnated with electrolyte while the natural MgO layer still remained
intact. After immerse in the electrolyte more than 12 h, the impedance value reveals a marked
decrease. The increase of the immersion time leads to the decrease of the impedance value at LF,
suggesting the gradual degradation of the coating. Then, the shape of these spectra changed and
revealed three time constants after 16 h immersion. Moreover, the spectra revealed a well-defined low
frequency inductive loop, which was attributed to the corrosion nucleation at the surface of silane film
[19]. This period can be considered as the primary stage of corrosion. The EIS spectra with immersion
time from 16 h to 96 h were presented in Fig. 5.

In order to evaluate barrier performance and degradation of the sol-gel coating in the corrosion
process, the EIS spectra were fitted by equivalent circuit. Due to the deviation of the capacitance in the
EEC with pure capacitor, constant phase angle element (CPE) is used to replace the pure capacitor.
The capacitance is calculated using the following formula [28]:

C= Q(a)maX)n_1 4)

where, wmax represents the frequency at which the imaginary part of impedance reaches a
maximum. n represents the correlation coefficient (0 <n < 1) and Q is the symbol of CPE.
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Fig. 6 shows the EECs used in the experiment. In these circuits, Rs represents the resistance of
the electrolyte. R. and CPE, represent the resistance and capacitance associated with the silane film,
respectively. Rox and CPE, represent the resistance and capacitance of interlayer between silane film
and substrate. R¢; and CPEg represent the resistance and capacitance of the charge transfer process and
the response of electric double layer on the alloy substrate, which are often observed when corrosion
starts on the metal substrate under the coating. The experimental spectra were fitted by equivalent
circuit with high fitting degree, and the parameters were obtained. The fitted values were presented in
Table 2.
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Figure 6. Equivalent circuits used for numerical simulation of the EIS plots (a) Primary stage of
immersion; (b) Later stage of immersion

The parameters revolution was analyzed to evaluate the corrosion protection performance of
the coating system. The values of the elements in the circuit can provide information concerning water
uptake in the coating, change in the resistive properties of the coating, development of the coatings
delimitation and initiation and propagation of corrosion at the metal/coating interface.

Table 2. Parameters of the sol-gel film/substrate systems obtained from fitting of the experimental
impedance spectra with equivalent circuit at primary stage of immersion

t CPE, Rc CPE,y Rox
(h) (F-cm?) (ohm-cm?) (F-cm?) (ohm-cm?)
1 3.019E-9 4204 1.932E-6 1.035E7
2 3.187E-9 3008 2.119E-6 6.9E6
4 3.688E-9 1711 2.463E-6 5.287E6
8 5.435E-9 1006 2.956E-6 4.109E6
12 4.811E-9 889.2 2.892E-6 8.292E5
16 4.709E-9 1043 1.579E-6 1.18E4
24 6.17E-9 704.1 7.295E-6 1.359E4

36 5.776E-9 413.6 8.622E-6 8612
48 8.954E-9 257.1 6.426E-6 5301
72 2.016E-8 200.8 2.049E-5 876.7

96 1.234E-8 151.9 2.344E-5 244.6
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As electrolyte has smaller resistance and larger capacitance constant, its infiltration will change
the coating resistance and capacitance. Generally speaking, the dielectric layer capacitance depends on
the absorption amount of electrolyte. With the extension of immersion time, the film capacitance
increased gradually. Resistance, another important parameter of the film, with the extension of
immersion time, it was reduced due to penetration of the electrolyte ions in the solution. The outer film
was crosslinked by Si-O-Si bond, but it was not stable in the aqueous solution [1]. It slowly hydrolyzed
to Si-OH groups, lowered the crosslinking density of the film and the film became thinner. In turn, the
resistance of the film reduced. The decrease of the film capacitance after immersion for 12h may due
to the thinning of the film, which was caused by the dissolution of the film. For the same reason, a
sudden decrease can be seen after 96h immersion. However, at the start of immersion (1h), as the
coating is relatively thick, Rc is small (about 4204 ohm-cm?), indicating that it does not effectively
hinder electrolyte access to the metallic surface.

From the point of corrosion protection, the density of interface oxide layer between film and
metal substrate is very important. Due to the breakdown of interface layer, it can lead to corrosion
agents directly intrude into the surface of the metal substrate. At the start of immersion (1h), the value
of Rox is very bigger (about 1.035E7 ohm-cm?) compared to Rc. Even after 12h immersion, it still
remains high (about 8.292E5 ohm-cm?). Then Rox dramatically falls for more long time immersion,
indicating that the barrier properties of the coating are rather poor. Although the corrosion protection
performance of the coating was closely related to the formation of Me-O-Si bond, but it was not stable
in the aqueous solution. When exposed in aqueous solution, Me-O-Si bond hydrolyzed back to Me-OH
and Si-OH groups. Compared to Si-O-Si bond in the outer film, Me-O-Si bond had higher ionic
character and it lead to the attack of the polar water molecules. Me-O-Si bond can be hydrolyzed more
rapidly [20]. With the hydrolysis of covalent bond, the adhesion strength of the interface layer was
greatly reduced and leading to the anti-corrosion performance was lost gradually.

The rate of the corrosion processes can be estimated by measuring the polarization resistance.
The polarization resistance for the coated alloy is large (about 6.169E4 ohm-cm?) at 16h and fast
decreases with immersion time. The capacitance of electric double layer gradually increased with
immersion time due to the increase of corrosion product.

The above results demonstrate the degradation process of the sol-gel coating during immersion.
The chemical structure changes of the coating during immersion were successfully interpreted by the
evolution of the system parameters. The sol-gel coating combined with the substrate via the covalent
bonds, which made AZ31B alloy isolated from the corrosive medium. However, the covalent bond
hydrolyzed due to the prolongation of the immersion time in the electrolyte, which gradually reduced
the corrosion resistance of the coating.

4. CONCLUSIONS

In summary, the sol-gel derived silica-based hybrid coating was fabricated on AZ31B alloy via
a dip-coating procedure. The corrosion mitigation ability of the coatings was investigated by
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PP) analyses. In
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contrast to bare AZ31B alloy, the i decreased by about three orders of magnitude immersed in 3.5
wt% NaCl aqueous solution, which was clearly testified the excellent anti-corrosion of the coating. By
EIS analysis, the changes of coating chemical structure with different immersion time were obviously
reflected by the evolution of the system parameters. The covalent bond formed in the coating played a
vital role in barrier performance; however the stability of the bond itself in the solution is weak. The
covalent bond hydrolyzed with the prolongation of the immersion time in the electrolyte, which
reduced the barrier performance of coating and the corrosion process of magnesium alloy occurred.
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