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Abstract The present work examines the effects of cerium salts on corrosion behaviors of Si—Zr
hybrid sol-gel coatings. The Si—Zr hybrid sol-gel coatings on a 2A12 aluminum substrate were pre-
pared through hydrolysis and condensation of glycidoxypropyl-trimethoxy-silane (GTMS) and
zirconium(I'V) n-propoxide (TPOZ). Used as inhibitors for corrosion, three types of cerium salts
(Ce(NO3)3, CeCl;, and Ce(CH3COO);) were doped into the sol-gel coatings. Fourier transform

infrared (FTIR) and scanning electron microscopy (SEM) were employed to investigate the
structures and morphologies of various coatings, and the corrosion resistances of the coatings were
evaluated by electrochemical methods and neutral salt spray tests. Experimental results indicate
that the addition of cerium salts can hinder the process of corrosion due to their self-healing abili-
ties. Furthermore, the sol-gel coating doped with Ce(CH;COO); has the best corrosion resistance
because of the promotions of hydrolysis and condensation provided by CH;COO™.

© 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Aluminum alloys have been extensively used in many fields
including aeronautics, building, and automotive industries.
Thereinto, alloy 2A 12 is paid special attention with its remark-
able mechanical strength.! However, the heterogeneous
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microstructure makes 2A 12 highly susceptible to various kinds
of atmospheric corrosion such as pitting corrosion, intergranu-
lar corrosion, and even exfoliation corrosion.” Thus, the corro-
sion behavior of 2A12 has become a major concern when
exposed to environmental conditions which need to be pre-
vented or retarded by applying environmentally friendly coat-
ings. As a viable alternative to chromates, sol-gel-based
coatings have been deposited on 2A 12 and exhibit good barrier
effects to severe environments.” >

Si—Zr-based organic—inorganic hybrid sol-gel coatings have
been widely studied for corrosion protection of various metals.’
% The hybrid coatings are proven to possess good adhesion
with substrates, along with stable corrosion protection
properties.” '” Moreover, mixed SiO, and ZrO, oxide layers
deposited on aluminum alloy via the sol-gel technique increase
the “bridge” effect between organic and inorganic phases.® The
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presence of the organic part makes the sol-gel network more flexi-
ble and less prone to cracking during the drying process, while the
inorganic part increases the hardness and hydrophilic property of
the coatings.'' However, due to the lack of a self-healing prop-
erty, the sol-gel coatings cannot stop the development of a corro-
sion process when defects appear. To solve this problem,
corrosion inhibitors have been introduced into sol-gel coatings.

To date, many corrosion inhibitors have been doped to sol-
gel coatings to increase the corrosion resistances of the coat-
ings."> ' Among these inhibitors, cerium salts are considered
to be a good type of corrosion inhibitors.'” >* Corrosion pro-
tection offered by cerium-containing coatings is mainly
achieved by the obstruction of the cathodic oxygen reduction
reaction.”* Ref.”® proposed that cerium ions could substitute
some of the Si atoms in the coatings, leading to the formation
of a modified Si—-O—Ce network. In addition, it was reported
that a combination of different inhibiting species such as rare
earth elements with organic acid groups could provide a
synergistic inhibition effect,”®”” and consequently confer a
superior corrosion inhibition for alloys. Cerium phosphates,®
cerium cinnamate,”” and cerium silicate’® were tested as inhibi-
tors and exhibited promising corrosion resistances. However,
data are still scarce about the inhibitive behaviors of cerium
salts with organic acid group and inorganic anion.
Meanwhile, it would be interesting to compare and discuss
the effects of various cerium salts when incorporated in hybrid
sol-gel coatings. To this end, three types of cerium salts
(Ce(NOs3)3, CeCl3, and Ce(CH;COO);) used as inhibitors for
the corrosion process were doped into Si—Zr hybrid coatings.
Tests of scanning electron microscopy (SEM), Fourier trans-
form infrared (FTIR), immersion coupled with electrochemical
methods and neutral salt spray were conducted to evaluate and
compare the performances of the coatings.

2. Experimental

2.1. Preparation of the substrate

The nominal composition of 2A12 aluminum alloy is given in
Table 1. Before deposition, the alloy was cut into rectangular
panel samples with a dimension of 40 mm X 20 mm X 2 mm.
Then the samples were mechanically abraded with abrasive
papers up to grit #600, and cleaned and etched according to
the following procedure: (1) degreasing in alkaline cleaner at
50 °C for 1-2min, (2) alkaline cleaning in 50 gL~' NaOH
solution at 60 °C for 30 s, and (3) acid etching in acid aqueous
(CrO;, 50 gL™"; HNO;, p = 1.42gmL™", 100 g¢L™'; HF,
40 wt%, 10 gL™") to remove oxide at room temperature.
Finally, the samples were rinsed in water and dried in air.

Table 1 Nominal composition of 2A12 aluminum alloy.
Element Concentration (wt%)
Cu 3.84.9

Mg 1.2-1.8

Mn 0.3-0.9

Zn 0.25

Si 0.5

Fe 0.5

Al Balance

2.2. Preparation of the coatings

The Si—Zr organic/inorganic hybrid coatings were prepared by
the sol-gel technology. Concurrently, two separate sols, a Si
sol and a Zr sol, were formulated. The Si sol was prepared
by mixing glycidoxypropyl-trimethoxy-silane (GTMS, analyti-
cal, Nanjing Capatue Chemical Co., Ltd, China) with ethanol
of equal volume. Distilled water was dropwise added to enable
hydrolysis of GTMS while continuously stirring the solution,
and the molar quantity of the distilled water was one third
of ethanol. For the Zr sol, Zirconium(IV) n-propoxide
(TPOZ, 70% w/w in n-propanol, Alfa Aesar), ethyl acetoac-
etate, and ethanol were used as the source of hydrolysable zir-
conium, the catalyst, and the solvent, respectively. TPOZ was
stirred with ethanol and ethyl acetoacetate in a volume ratio of
8:12:3. Both of the two solutions were stirred for 1 h in sealed
beakers, and then the Zr sol was gently added into the Si sol
with stirring. The molar ratio of Si to Zr in the mixed solution
was 3:1. Afterwards, the mixed solution was sealed and kept
on stirring for 3 h. Finally, three different types of cerium salts
(Ce(NO3)3, CeCl;, Ce(CH3COO);3) were added respectively,
followed by stirring for 30 min. The mixed solution had a final
concentration of cerium salts of 0.01 mol/L.

The coatings were deposited on the aluminum alloy samples
by dip-coating with a withdraw speed of 10 cm'min "' for two
times. The time of each immersion into the solution was 5 min.
Between the two immersions, the samples were dried in air for
15 min. After the second immersion, the samples were cured at
60 °C for 3 h, 90 °C for 1 h, and 120 °C for 0.5 h in an oven.

2.3. Characterizations

Sol-gel hybrid coatings with different types of cerium salt were
analyzed by using an SEM (Apollo 300, Cam Scan, Britain) to
investigate the morphologies of the coatings. Viscosity mea-
surements of sols doped with different types of cerium salts
were performed using a digital rotary viscometer (NDJ-5S,
China) at 25 °C, with a measurement range from 1 mPa-s to
10° mPas.

Electrochemical tests were carried out by using an
Advanced Electrochemical System (PARSTAT 2273,
Princeton, USA). A three-electrode cell was employed, consist-
ing of a saturated calomel reference electrode (SCE), a plat-
inum foil as a counter electrode, and a coated sample as a
working electrode with a surface area of 1 cm?. In order to ver-
ify a “self-healing” property promoted by cerium ions, as well
as to understand the mechanism of ongoing corrosion in dif-
ferent stages of the immersion period, the slow release of
chloridion is desirable. Therefore, 0.05 mol/L NaCl solution
was used as the test solution. Electrochemical impedance
spectroscopy (EIS) measurements were conducted with an
AC excitation amplitude of 10 mV at open circuit potential
(OCP). The frequency range was from 100 kHz to 10 mHz
with 50 data points. Before each measurement, the coated
samples were immersed into the NaCl solution for 30 min until
they reached a steady state. All the spectra were recorded at
OCP. Several equivalent circuits were proposed to fit the
EIS data and extract related electrochemical parameters
by using the ZSimpWin software. In order to ensure
reproducibility of the measurements, the samples were tested
in triplicate.
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The corrosion resistances of the coated samples were exam-
ined by putting them into a salt spray chamber (WY X/Q-250,
YaShiLin, China). The spray solution was 5 wt% NaCl solu-
tion (pH 6.5-7.2). The temperature was kept at 35 °C, and
the angle of the tested surface was set at 20°.

FTIR measurements of the coated samples were performed
on a Thermo Nicolet Nexus 470 Fourier transform spectrome-
ter. The spectra were averages of 32 scans, and the range of the
FTIR spectra was about 500-4000 cm™".

3. Results and discussion

3.1. Morphologies of coatings

The SEM images of the cross sections of various coatings are
shown in Fig. 1. It can be seen that the coatings are tightly
adhered to the surface of the 2A12 aluminum substrate, and
no obviously separated layer is detected within the coatings.
This phenomenon indicates that the double dip-coating does
not influence the adherence between the two layers. The
thicknesses of the coatings doped with cerium salts
(Ce(NO3)3 (2.334 um), CeCl; (2.456 um), and Ce(CH3COO);
(2.484 um)) are significantly higher than that of the undoped
coating (1.856 um). This phenomenon is closely related to
the viscosities of the sols, which are shown in Table 2. It can
be observed that the viscosities of the Ce-doped sols are much
higher than that of the undoped one. Ref.*! has shown that the
addition of a cerium salt is likely to result in an increase of the
hydrolysis-condensation kinetics, which is directly related to
the viscosity of a sol and the thickness of a coating.

g
|
|

— lpm  JEO)
X 10,000 10.0kV SEI WD 9. 4mm

(a) Hybrid sol-gel coating

Table 2 Viscosities of Si—Zr hybrid sols doped with and
without cerium salts.

Type Viscosity (mPa-s)
Undoped 3.541 £ 0.121
Ce(NO;); 4217 + 0.181
CeCly 4.357 + 0.245
Ce(CH;COO0); 4.142 + 0.316

3.2. Immersion tests

3.2.1. EIS analysis

Now we consider the evolution of EIS measurements with
immersion time in 0.05 mol/L NaCl solution. The Bode plots
of various hybrid coatings obtained after 1 h of immersion
are presented in Fig. 2. As a comparison, the electrochemical
behavior of the bare 2A12 aluminum alloy is also included
in the Bode plots. It can be seen that all the samples with coat-
ings show much higher impedance values at low frequencies
than the bare 2A12 aluminum alloy, which means coatings
can provide the aluminum alloy substrate with much better
corrosion resistance. Except for that of bare 2A12, the phase
plots show two well-defined time constants at the initial stage
of immersion. The one at a high frequency (around 10° Hz) is
attributed to the relaxation process of the external organic
layer and the other time constant at a lower frequency results
from the inorganic oxide layer between the metal surface and
the hybrid coating. Compared with the other coatings, the
coating doped with Ce(CH3COO); presents the highest phase
angle between 10° and 10° Hz and the highest impedance value

—— 1pm o
X 10,000 10.0kV SEX 9. 8mm

(b) 0.01 mol/L Ce(NO,), doped sol-gel coating

(c) 0.01 mol/L CeCl, doped sol-gel coating

Fig. 1

(d) 0.01 mol/L Ce(CH,COO), doped sol-gel coating

SEM images of the cross sections of various coatings.
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between 102 and 10* Hz, which shows that the Ce(CH;COO0);-
doped coating has a better performance on the barrier proper-
ties of the external organic layer at the initial stage of immer-
sion Figure 3 presents the Bode plots of various coatings after
24 h of immersion in 0.05 mol/L NaCl solution. It is observed
that the resistance values of the coatings at low frequencies
decrease significantly, especially for the coating doped with
CeCl;. This phenomenon is related to the role of Cl™. There
is extra Cl™ releasing from the CeCl;-doped coating, which
can accelerate the pitting corrosion on the substrate. The phase
angles of the time constant at a high frequency decrease by
about 10°, which indicates that electrolyte and water probably
have penetrated through the organic layers and begin to attack
the oxide layers. The phase angle of the time constant at a low
frequency remarkably increases for the coating doped with
Ce(NO3);, which is likely due to the formation of oxides or
hydroxides of cerium in the internal oxide layer.

The low-frequency impedance keeps on decreasing for the
coating without an inhibitor after 72 h of immersion, while it
increases in varying degrees for the coating doped with a cer-
ium salt, which are shown in Fig. 4. The impedance of the
coating doped with Ce(CH3COO); increases the most, fol-
lowed by those with Ce(NO3); and CeCls. This increase of
the impedance values reveals the self-healing effect of inhibi-
tors by forming oxides of cerium on the corrosion spots,*

105 £

104

10

12/ ()

102

1 01 | Tl il fl L L
102 10" 10° 10" 10*> 10° 10* 10°
Frequency (Hz)
(a) Bode plots in modulus

—0O— Bare 2A12 —a— Undoped

90 A

70

50

30,

Phase of Z (°)

at ‘l O | | | il 1 [t
102 107t 10° 10" 10* 10 10* 10°
Frequency (Hz)

(b) Bode plots in phase

—e—Ce(NO,), —&—CeCl, —¥— Ce(CH,CO0),

Bode plots in modulus and phase of various coatings immersed in 0.05 mol/L NaCl solution for 1 h.

and thus hindering the process of corrosion. For the CeCls-
doped coating, Ce** and CI- would be simultaneously
released from the hybrid coating to the substrate, so that the
inhibition effect of Ce*" and the demolishment of Cl1~ on alu-
minum alloy would compete, resulting in a weaker corrosion
resistance than the coatings doped with Ce(NO;3); and
Ce(CH;COO);. The incorporation of Ce(CH;COO); makes
the coating have significantly better barrier properties and
higher stability against an electrolytic attack, which may be
due to the synergistic effect provided by Ce*" and
CH;COO™. CH53COO™ can participate in the formation of
film by promoting the reactions of hydrolysis and con-
densation, which can be inferred later.

The Bode plots of various hybrid coatings after 168 h of
immersion in 0.05 mol/L NaCl solution are shown in Fig. 5.
It is clearly seen that the inhibited samples exhibit higher impe-
dances when compared to the undoped one, and the coating
doped with Ce(CH3;COQ); presents the highest impedance
value. In addition, the phase angles of time constant at low fre-
quencies increase remarkably for all coatings doped with cer-
ium salts, indicating that oxides of cerium have been formed.

The quantitative interpretation of the EIS results for the
undoped and Ce-doped hybrid coatings during the immersion
period can be made by numerical fitting, and the applied equiva-
lent electrical circuit models are depicted in Fig. 6. The

90
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(b) Bode plots in phase
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Fig. 3 Bode plots in modulus and phase of various coatings immersed in 0.05 mol/L NaCl solution for 24 h.
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Fig. 4 Bode plots in modulus and phase of various coatings immersed in 0.05 mol/L NaCl solution for 72 h.
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(a) Immersion for 1-168 h

(b) After 168 h of immersion

Fig. 6 Equivalent circuits used for numerical fitting of the EIS
data.
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Bode plots in modulus and phase of various coatings immersed in 0.05 mol/L NaCl solution for 168 h.

equivalent circuit in Fig. 6(a) is used for the coatings without
signs of corrosion on the aluminum substrate at the initial stage
of immersion; the circuit in Fig. 6(b) is used for the coatings
after longer immersion. In the circuits, Ry, is the resistance of
the solution, and Q. and R, are the capacitance and resistance
of the sol-gel coating, while C, and R, are the capacitance and
resistance of the inorganic oxide layer between the metal surface
and the coating. After corrosion occurred on the aluminum
substrate, another panel of elements, Q4 and R, are added
and represent the capacitance of the double layer and the
resistance of the charge transfer process, respectively. As an
example, Fig. 7 shows the fitted results for the undoped coating,
which are in good agreement with the experimental data.

The evolutions of Ry, and R, values of the four coatings
during continuous immersion are shown in Fig. 8. Rioaq
decreases with immersion time. However, a slight increase of
Reoat values after 24 h of immersion can be observed for the
coating doped with CeCls, which may be ascribed to the block-
ing effect of cerium oxide in the pinholes of the coating. The
oxide layer is the last barrier to prevent the substrate from being
attacked by corrosive agents and water. Undoubtedly, all
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Fig. 8 Evolutions of R.,, and R, for various coatings during
immersion in 0.05 mol/L NaCl solution.

values of resistance of oxide layers R, decrease with time at the
initial stage of immersion (1-24 h), which is due to the water
uptake. According to Refs.>*** the oxide layer between a
hybrid coating and a metal substrate is basically composed of
metal-O-Si covalent bonds, namely Al-O-Si and Al-O-Zr
bonds in the present work. From Fig. 8(b), it can also be seen
that the coating doped with Ce(CH3;COO); exhibits the highest
R, during most time of immersion, indicating that the addition
of Ce(CH3COO); increases the Al-O-Si/Zr bond density
across the substrate/coating interface and enhances the

605
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-0.56

1 1 1 1 1
0 100 200 300 400 500 600
Time (s)

Fig. 9 OCP vs SCE recorded before the acquisition of EIS
spectra after 168 h of immersion.

compactness of the resulted oxide layer. For the coatings doped
with cerium salts, R, increases with immersion time in varying
degrees, indicating that the oxides or hydroxides of cerium are
stably formed with the release of Ce from the hybrid coating.

3.2.2. OCP analysis

As a supplementary instruction, OCPs obtained after 168 h of
immersion are shown in Fig. 9. The exposed area of all the sam-
ples for the OCP corrosion tests was 1 cm?. Under the experi-
mental condition, it can be observed that the OCPs of the Ce-
doped samples are always higher than that of the undoped
one. Additionally, the coating doped with Ce(CH;COO); pos-
sesses the most positive OCP values. In spite of the fact that the
OCP values cannot provide any direct information about the
corrosion kinetics, the increase of OCP for the Ce-doped coat-
ings suggests the reduction of susceptibility of the coatings to
the corrosion process due to the presence of inhibitors.

3.2.3. Surface morphologies after immersion

The typical morphologies of the hybrid coatings after 25 days
of immersion in 0.05 M NaCl solution are shown in Fig. 10.
There are amount of corrosion products accumulating on the
undoped coating, as shown in Fig. 10(a). It indicates that
the coating without an inhibitor doped cannot provide an
effective protection in long-time immersion. On the contrary,
the coatings doped with cerium salts exhibit improved corro-
sion protection ability, as shown in Figs. 10(b)—(d). From
Fig. 10(b), it can be seen that the surface morphology of the
Ce(NOj3);-doped coating is relatively smooth. The magnified
image reveals that cracking has happened due to internal stress
at the local area. For the CeCls;-doped coating (Fig. 10(c)),
typical pitting morphology can be found. By comparison, the
coating doped with Ce(CH3COO); (Fig. 10(d)) appears to be
pristine and crack-free, and few enlarged pores are observed
on the surface, which indicates that CH;COO™ can inhibit
the corrosion process of the substrate effectively and achieve
a stronger corrosion resistance.

3.3. Salt spray tests

The neutral salt spray test was applied to evaluate the corrosion
resistance of the coated 2A12 aluminum substrates in severe
environment. The optical images of four coatings after 96 h
exposure in a 5 wt% NaCl neutral salt spray chamber are shown



606

M. Yu et al.

X 1,000 5.0kv_s]
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(d) 0.01 mol/L Ce(CH,COO), doped sol-gel coating

Fig. 10  Surface morphologies of various coatings after 25 days of immersion in 0.05 mol/L NaCl.

(b) 0.01 mol/L Ce(NO,), doped
sol-gel coating

(a) Undoped sol-gel coating

Fig. 11

in Fig. 11. The undoped coating in Fig. 11(a)is badly damaged,
with a large number of pitting sites across the surface. Tiny pit-
ting corrosion is also observed for the coating doped with 0.01 M
CeCls in Fig. 11(c). As expected, no pitting is detected on the
surface of the coating doped with Ce(CH;COO); in
Fig. 11(d). In short, the Ce-doped coatings exhibit improved
corrosion protection after 96 h exposure in the neutral salt spray
chamber, which is in agreement with the results of immersion
tests.

3.4. FTIR analysis

The FTIR transmittance spectra for various coatings depos-
ited on 2A12 samples are shown in Fig. 12. To get a full and

(c) 0.01 mol/L CeCl, doped (d) 0.01 mol/LL Ce(CH,COO0),
sol-gel coating doped sol-gel coating

Photos of various coatings after 96 h exposure in a salt-spray chamber.

detailed vision, the spectra were broken at 1800 em~! and

divided into two parts with different wavenumber increments.

For all the hybrid coatings, two noticeable peaks at
1084 cm ™" and 1052 cm ™' are assigned to Si-O-Si stretching
vibration in cage and network configurations formed by the
condensation reaction of silanol.>>*® Small peaks observed at
around 952 cm™' correspond to the Si-O—Zr bonds.” It is
concluded that a hybrid network containing zirconia and
organo-silica is formed in the sol-gel coatings.

The peak around 1275 cm ™" is attributed to the vibration of
epoxy groups.” The intensity of this peak for the coating
doped with Ce(NOs); is significantly high, indicating that no
ring-opening reaction has happened during the deposition of
glycidoxypropyl-trimethoxy-silane (GTMS). In this case, it is
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Fig. 12 Infrared spectra of various coatings.

beneficial for the deposition of epoxy silane on the aluminum
alloy substrate. The existence of an epoxy group can increase
the flexibility and hydrophobicity of the coating, and conse-
quently improve the protective performance. The coating
doped with Ce(CH3COO); presents the highest intensity at
543 cm™ !, which is due to C-H out-of-plane deformation of
the aromatic ring of epoxy resin.*® The result indicates that
Ce(CH;COOQ); is in favor of ring-opening reaction and thus
forms a dense three-dimensional network structure. The peaks
around 1195cm™! and 3398 cm ™' are assigned to Si-O—CHs
and Si-OH vibrations, respectively, and the peak intensities
of the coatings doped with Ce(NOj3); and CeCl; are obviously
higher than that of the Ce(CH3COO)s-doped coating. It indi-
cates that the reactant of hydrolysis (Si-O—CHj; bond) and the
reactant of condensation (Si-OH bond)* in the inorganic cer-
ium-doped sols do not react completely, while Ce(CH3COO);
can promote the reactions of hydrolysis and condensation. The
results mentioned above show that the addition of cerium salt
inhibitors can still get stabilized Si—Zr organic-inorganic
hybrid coatings. Ce(NO3;); is in favor of the deposition of
epoxy silane on the aluminum alloy substrate. Ce(CH;COO);
can promote the reactions of hydrolysis and condensation, as
well as the formation of a dense three-dimensional network
structure. The above conclusion explains the reason of an
increased Al-O-Si/Zr bond density (refer to Fig. 8), and pro-
vides a possible interpretation of the better corrosion perfor-
mance for Ce(CH;COO)s-doped coatings.

4. Conclusions

The effects of various cerium salts on the structure, morphol-
ogy, and corrosion resistance of Si—Zr hybrid coatings were
investigated. The results show that addition of 0.01 mol/L
cerium salts hinders the process of corrosion by forming oxides
of cerium on corrosion spots, and thus significantly improves
the corrosion resistance of hybrid coatings. For CeCls-doped
coatings, Ce® " and CI~ would be simultaneously released from
the hybrid coating to the substrate, so that the inhibition effect
of Ce** and the demolishment of Cl~ on aluminum alloy
would compete, resulting in a weaker corrosion protection than
coatings doped with other cerium salts. The incorporation of
Ce(CH3;COO); makes a coating have significantly better
barrier properties and higher stability against electrolytic
attacks. Thereinto, CH;COO™ can participate in the formation
of a coating by promoting the reactions of hydrolysis and

condensation, and thus effectively increase the Al-O-Si/Zr
bond density and improve the compactness of the resulted
coating. The above conclusion provides a possible
interpretation of the better corrosion performance for
Ce(CH3COO)3-doped coatings.
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