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ARTICLE INFO ABSTRACT

Keywords: This paper investigates the role of the acid catalyst on the structure and anticorrosion barrier performances of a
SOI'G_EI dual hybrid sol-gel coating composed 3-trimethoxysilylpropylmethacrylate and a zirconium complex and
Hybr'lds deposited on AA2024-T3 alloy. Along with the variation of the acid catalyst in the range 0.3 to 2, the zirconium
Coatmgs, complex concentration in the silicate matrix is altered from 10 to 30%. Mol.

Hydrolysis . . . L . . .
Condensation The structure of the materials is characterised using dynamic light scattering, Fourier-transform infrared
Anticorrosion spectroscopy, and *’Silicon nuclear magnetic resonance spectroscopy, while the thermal behaviour is identified
Structure by differential scanning calorimetry and the coating morphology analysed using scanning electron microscopy/
Catalyst energy dispersive x-ray spectroscopy. The anticorrosion barrier properties are characterised by electrochemical

impedance spectroscopy and neutral salt spray.

It is shown that the acid catalyst concentration has a direct impact on the kinetics of the hydrolysis and
condensation reactions and that those effects can be controlled by the content of zirconium. These individual or
combined alterations are found to directly impact the formation of Si-O-Zr bonds, thus the interconnectivity
between the silicate matrix and the zirconium complex modifier, resulting in hybrid structures with altered
densities. For the materials composed of 10 and 20 % of zirconium complex and when the pH is lowered, the
relative concentrations of siloxane bonds is increased at the expenses of the Si-O-Zr bonds. When the concen-
tration of zirconium complex is increased to 30 % and as the pH is increased, a higher competition in the for-
mation of Si-O-Zr bonds takes place and are preferentially formed over the higher condensed Si-O-Si bonds.

The corrosion testing show that the coatings with the highest barrier properties are found when the inter-
connectivity between the silicate and zirconium complex is maximum, thus for the materials exhibiting the
highest condensation degrees.

1. Introduction

The development of eco-friendly coatings for corrosion protection of
metallic substrates has seen extensive research in many areas, including
Cr(III) based conversion coatings [1,2], phosphate based conversion
coatings [3], rare earth metals [4,5], vanadium based conversion coat-
ings [6] and hybrid sol-gel coatings [7-10]. However, hybrid sol-gel
materials seem to have a higher focus than those listed above, due to
many favourable factors enabling the design of coatings with multi-
functional capabilities. There is a wide range of organofunctional
alkoxide precursors commercially available that can be employed

* Corresponding author.

individually or in multiple combinations, thus achieving multifunctional
materials. In addition to the multifunctional opportunities these mate-
rials offer, the sol-gel process enables additional introduction of organic
and inorganic network modifiers and additives to control the structure,
morphology and surface properties of the materials, thus opening many
avenues of research in the wider material science domain and particu-
larly in the field of coatings [11]. The precursors and the preparation
conditions can have direct effects on the physicochemical properties of
the final coatings, including chemical, physical and mechanical features.
Particularly, preparation conditions such as the nature and functional-
ities of the precursors, the hydrolysis degree and the pH play an
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important role in the condensation of the inorganic network and on the
subsequent properties of the prepared materials. For example, for
corrosion protection of aluminium alloys, the authors have highlighted
in a previous study [12] that the inclusion of a zirconium complex
within an organosilane matrix acts as a network densifier and that the
content of zirconium plays a critical role on the anticorrosion perfor-
mances of the coatings when exposed to aggressive alkaline environ-
ments. A correlation between the content of zirconium and the density
of the network was proposed on the basis of the interactions between the
organosilane matrix and the transition metal. A suitable concentration
of 20 % of zirconium was found to maximise the condensation of the
network while providing the most performing anticorrosion perfor-
mances. In another study [13], the role of the hydrolysis degree for a
fixed acid catalyst concentration was investigated on the structure,
morphology and anticorrosion performances of the same formulation. It
was found that the degree of hydrolysis had an effect on the interactions
between the silane matrix and the transition metal modifier. A
compromise between both the hydrolysis degree and concentration of
transition metal modifier were essential in producing a highly connected
and interpenetrated network between the silicate and zirconate species,
which can increase the corrosion resistance of the coatings. It was
demonstrated that competition in the formation of Si-O-Si and Si-O-Zr
bonds takes place and can be controlled by the degree of hydrolysis
and the concentration of the zirconium complex. At a pH value fixed at 1
for the hydrolysis step of the organosilane, an optimum hydrolysis de-
gree of 50 % against the total reactive alkoxide groups was found to
maximise the condensation of the inorganic network and anticorrosion
performances.

Nevertheless, in light of these studies, it appeared that further in-
vestigations are needed to optimise the connectivity between the silicate
and zirconate species, thus possibly achieving coatings with improved
corrosion resistances. Indeed, by optimising the connectivity of the
inorganic network, the density of the coatings may be increased and as
direct result an improvement of their barrier properties against corro-
sion. To tackle this objective, one the critical synthetic parameters to
investigate in sol-gel chemistry is the nature of the acid catalyst as it
directly governs the kinetics and rate of hydrolysis of the precursors,
their condensation processes and their subsequent physicochemical
properties. Indeed, the critical impact the catalyst’s pH has on the
structure and morphology of the materials fabricated through sol-gel
chemistry has been widely documented primarily on silane-based pre-
cursors [14-16]. Briefly, under acidic conditions the hydrolysis kinetics
of the silane is favoured over the condensation that tends to form high
density, low pore volume gels. Under basic conditions, the condensation
reaction is faster than hydrolysis, resulting in highly condensed species
that form densely packed arrays of identifiable particles, around which
are large voids. However, so far, no study has highlighted the effect of
the pH of the acid catalyst on the structure of dual silane and transition
metal sol-gel materials and the subsequent impact this may have on the
anticorrosion barrier performances.

Therefore, this paper proposes to highlight the impact of the pH of
the acid catalyst on the structure and corrosion resistance of coatings
prepared from a well-established hybrid sol-gel material composed of 3-
trimethoxysilylpropylmethacrylate and a zirconium complex [12, 13].
As our previous studies showed that the zirconium complex plays a
major role in the formation of siloxane and Si-O-Zr bonds, its concen-
tration within the silicate matrix has also been varied to highlight the
effect of the pH variation may produce on the reactivity of the zirconium
complex in the condensation process of the inorganic species, primarily
its interaction with the silicate matrix. The developed materials are
characterised in terms of structure using dynamic light scattering (DLS),
Fourier-transform infrared spectroscopy (FTIR), 2°Silicon nuclear mag-
netic resonance spectroscopy (*°Si-NMR), and scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM/EDX), the
thermal behaviour by differential scanning calorimetry (DSC) and the
corrosion resistance by electrochemical impedance spectroscopy (EIS)
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and neutral salt spray (NSS). A correlation between the formulation of
the materials and their structure and performances is proposed.

2. Materials and Methods
2.1. Sol-Gel Synthesis

The materials were prepared from the combination of an organo-
silane and a transition metal sol-gel reactive precursor, namely MAPTMS
(3-methacryloxypropyltrimethoxysilane, Assay 99 % in methanol,
Sigma Aldrich Irl.) and ZPO (zirconium (IV) n-propoxide, Assay 70 % in
propanol, Sigma Aldrich Irl.), respectively. Because the precursors have
dramatically different reactivities to water, slow for the organosilane
and violent for the transition metal that precipitates in the presence of
water, a suitable three-step sol-gel process was established to avoid
precipitation and enable preparation of stable and transparent sols.
MAPTMS is pre-hydrolysed with a nitric acid aqueous solution (HNO3,
ACS reagent, Sigma Aldrich Irl.). The nitric acid solution is added
dropwise for approximately 5 minutes until the solution becomes
miscible and then mixed using a stirring plate for 45 min. This provides a
theoretical hydrolysis rate of 25 % of the total methoxide groups (see
below for the acid concentration). In parallel, ZPO is chelated by MAAH
(methacrylic acid, C4HgO4, Assay > 98 %, Sigma Aldrich Irl.) in a stoi-
chiometric ratio and mixed using a stirring plate for a duration of 45 min
to achieve a zirconium complex where 50 % of the propoxide groups are
complexed. The last step of the process consisted of mixing the pre-
hydrolysed organosilane and the complexed transition metal together
for 5 minutes followed by a hydrolysis employing deionised water to
complete hydrolysis to a rate of 50 % against the total alkoxide groups.
The obtained sols were found to be fully transparent and particle-free,
suggesting the kinetics of hydrolysis and condensation reactions were
suitably performed with the established three-step sol-gel process. The
difference with the previous studies is that here the concentration of the
acid catalyst used in the pre-hydrolysis of the MAPTMS was varied along
with the concentration of the transition metal alkoxide precursor, as
described in Table 1.

The materials prepared with a 0.1 M HNOs (B, E and H) have been
reported in a previous study by the authors, where the hydrolysis degree
was investigated (denoted E, H and K) and are included in this study in
order to accurately compare the materials prepared with other HNO3
concentrations [10].

2.2. Preparation of Sol-Gel Coatings

The 24-hour aged sol-gels are filtered using a 0.45 pm syringe filter
and then spin-coated onto the prepared AA2024-T3 panels (Amari Irl.)
at 1000 rpm under an alcohol saturated environment. The aluminium
panels were prepared by degreasing with isopropanol and then etched
with hydrofluoric acid aqueous solution (Novaclean 104, Henkel, Irl.)
and a sulphuric acid aqueous solution (Novox 302, Henkel, Irl.). This
final acid rinsing step enabled the surface activation by creation of hy-
droxyl groups. The preparation of the panels and the coating method

Table 1

Material formulations
Sample Sample [HNO3] pH MAPTMS/ZPO/MAAH
name series value (mol. %)
A Series 1 0.01 M 2 90/10/10
B Series 1 0.10 M 1 90/10/10
C Series 1 0.50 M 0.3 90/10/10
D Series 2 0.01 M 2 80/20/20
E Series 2 0.10 M 1 80/20/20
F Series 2 0.50 M 0.3 80/20/20
G Series 3 0.01 M 2 70/30/30
H Series 3 0.10 M 1 70/30/30
I Series 3 0.50 M 0.3 70/30/30
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allows for the fabrication of highly homogenous and residual-free
coatings. The coatings are then stabilised via heat curing at 120°C for
1 hour.

2.3. DLS

The particle size of the sol-gels was determined at ambient temper-
ature using the DLS technique on a Malvern Nano-ZS instrument.

2.4. FTIR

FTIR spectra of the coatings were obtained using a Perkin Elmer GX
instrument operating in the ATR mode within the 600 - 4000 cm™*
spectral range.

2.5. 22Si-NMR spectroscopy

The 2Si-NMR spectra were recorded on liquid sols at ambient tem-
perature using a 400 MHz Bruker spectrometer. Experimental conditions
were as follows: frequency 46.69 MHz, recycle delay 4 s, pulse n/3 (8
ps), spectral width 500 ppm and 80 scans. The signal chemical shift
reference was tetramethylsilane and the FID (free induction decay)
processing used a 10 Hz line broadening. Dimethyl sulfoxide was used as
the lock solvent.

2.6. DSC

DSC spectra were recorded under an air atmosphere at a heating rate
of 5°C/min between 20°C and 200°C using a Shimadzu DSC QC in-
strument. The samples were prepared by dropping 10 pl of the liquid
sol-gels into an aluminium sample pan.

2.7. SEM/EDX

SEM images and EDX analyses were recorded using a Hitachi SU-70
SEM using an accelerating voltage of 5 keV for SEM images and 20 keV
for EDX analyses

2.8. EIS

EIS data were recorded using a Solartron SI 1287/1255B system
comprising a frequency analyser and a potentiostat. All scans were ac-
quired in the region from —0.4 to 4+ 0.5 V vs. Eoc, with a scan rate of 20
mV/s at room temperatures (20 + 2°C).

2.9. NSS

NSS testing were complete in a neutral salt spray testing chamber,
according to the ISO 9227 standards. The samples were exposed to a salt
fog atmosphere generated from 5 wt. % NaCl solution at 35C (+1) in an
enclosed cabinet. The back and sides of each panel are protected with
insulating tape.

The coatings preparation and all characterisation techniques
employed herein (DLS, FTIR, 2°Si-NMR, DSC, SEM, EIS and NSS) have
previously been described in a study by the authors [10].

3. Results and Discussion
3.1. DLS Analysis

Particle sizes for all materials were recorded after 24 hours of ageing
and are shown in Fig. 1. The full width at half maximum (FWHM) for
each material has been plotted along with its max peak in Fig. 2. In all
series the nanoparticles range in sizes from 2-28 nm. It was observed
that regardless of the pH of the synthesis that the band extremum
remained the same within each series. This shows that the nanoparticle
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Fig. 1. DLS spectra showing particle size (nm) vs. intensity (%) for samples
shown as a function of [MAPTMS/ZPO/MAAH] with three HNO3 concentra-
tions used for the pre-hydrolysis of MAPTMS.

size is governed by the transition metal concentration and is not affected
by the pH of synthesis. However, the FWHM of the materials did vary
with the lowest being observed for materials D (90/10/10, 0.01 M) and
F (80/20/20, 0.50 M). All materials had a FWHM of <8.7 nm, indicating
the homogeneity of the sols. This result shows that any difference in the
anticorrosion performances would be only ascribable to variations in the
structure of the materials due to the different acid catalyst and ZPO
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Fig. 2. Maximum particle size and FWHM of the distribution for samples
prepared with three different MAPTMS/ZPO/MAAH proportions as a function
of the HNO3 concentration (M) used for the pre-hydrolysis of MAPTMS.
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Fig. 3. FTIR spectra for samples prepared with three different MAPTMS/ZPO/
MAAH proportions and three different HNO3 concentrations used for the pre-
hydrolysis of MAPTMS.
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concentrations of the materials.

3.2. FTIR Analysis

As all materials were prepared with the same precursors, the FTIR
spectra are found to be similar (Fig. 3). In order to identify the effect of
the variables (pH and zirconium content) on the hydrolysis and
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Fig. 4. FTIR spectra in the range 800-1200 cm ! for samples prepared with
three different MAPTMS/ZPO/MAAH proportions as a function of the HNO3
concentration (M) used for the pre-hydrolysis of MAPTMS, 0.01, 0.10 and 0.50
M, respectively.
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condensations processes, a greater focus on the siloxane (Si-O-Si) and
silicon-zirconium oxide (Si-O-Zr) has been performed, as shown in
Figs. 4 and 5.

The broad band located in the range 800-1100 cm ! results from the
superimposition of the Si-O-Si (v5 and v, at 840 em™! and 1000-1100
cm’l, respectively), Si-O-Zr (vs 940-950 cm ) and Si-OH (vs 890
em™?) stretching vibrations. The methoxysilane symmetric vibrations
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Fig. 5. FTIR spectra in the range 800-1200 cm™! shown as a function of

[MAPTMS/ZPO/MAAH] with three different HNO3 concentrations used for the
pre-hydrolysis of MAPTMS.
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contained in the MAPTMS are located at 1170 cm*. While the bands
located in the 1000-1100 cm™! spectral range represent the siloxanes
bonds, where in this region four bands can be distinguished at 1010,
1030, 1055 and 1080 cm ™! and are described in detail in previous work
[9, 17]. Focusing on Fig. 4 where the materials are shown as a function
of [HNOs] (0.01 M, 0.10 M and 0.50 M, respectively) and the variable
being the concentration of the ZPO complex. It is evident that regardless
of the pH that as the zirconium concentration is increased, there is an
increase in the band at 940-950 cm™!, which symbolises the Si-O-Zr
groups. Interestingly, the band located at 1010 cm ™}, which is repre-
sentative of low-energy siloxane bonds, is the same for the 10 and 20 %
ZPO systems regardless of pH, however when the zirconium complex
concentration is increased to 30 %, there is an observed decrease in this
band. This shows that up to 20 % of ZPO complex there is still the for-
mation of these low energy siloxane bonds, however above this the
competition from the increased zirconium concentration is preferen-
tially forming Si-O-Zr bonds. This is also evident when focusing on the
other siloxane bands, located at 1030, 1055 and 1080 cm’l, which are
progressively decreasing, with an increase in ZPO concentration for the
benefit of the band at 940-950 cm ™!, with the highest energy siloxane
band at 1080 cm ! showing the largest decrease. This indicates that the
formation of Si-O-Zr groups is favoured over the formation of
high-energy Si-O-Si groups.

To study the effect of the pH on the hydrolysis and condensation
reactions, Fig. 5 shows series 1, 2 and 3, which only vary by pH and the
zirconium concentrations, 10, 20 and 30 %, respectively, are kept con-
stant within each series. In series 1 it can be seen that as the pH is
decreased, the band located at 940-950 cm ! decreases for the benefit of
the high energy siloxane bands. It is evident that the low-energy siloxane
bonds are formed regardless of pH and the difference is observed in the
bonds that require higher energy to form, in particular the siloxane
bonds which require the highest energy, located at 1080 cm™'. This
shows that, a more acidic environment enhances the formation of more
highly condensed siloxane bonds while decreasing the formation of the
Si-O-Zr bonds. This same effect is observed when a 20 % zirconium
complex is employed in series 2, although slightly less pronounced.
However, when the concentration of the ZPO is increased to 30 % in
series 3, the decrease in the band at 940-950 cm! is still observed but
primarily for the benefit of the formation of the low energy siloxane
bonds located at 1030 cm L. The fact that the formation of the higher
energy siloxane bonds is decreased in comparison with other materials is
probably due to the steric hindrance brought about by the zirconium
atom, where the condensation of Si-O-Zr bonds is favoured.

In summary, the formation of the silicate and silicate-zirconate
groups can be controlled by both the concentration of the ZPO and the
PH of catalysis. When the ZPO concentration is no higher than 20 % the
formation of siloxane bonds can be increased by decreasing the pH and
more particularly the formation of the more highly condensed siloxane
bonds can be achieved. However, when the concentration of the ZPO is
increased to 30 % there is a higher competition in the formation of Si-O-
Zr bonds and regardless of the pH they are preferentially formed over the
higher condensed Si-O-Si bonds. However, it is possible to control the
formation of the lower condensed Si-O-Si bonds and this was shown with
an increase in the band located at 1010 cm™! with a decrease in pH.

3.3. 2°Si-NMR Analysis

In order to understand the influence the pH has on the hydrolysis and
condensation reactions of the ormosils, 2°Si-NMR spectra were recorded
at three different time points during the synthesis. The first was straight
after the catalysed pre-hydrolysis of MAPTMS with varying HNOj3 con-
centrations, ‘Solution A’, secondly after the pre-hydrolysed MAPTMS
and ZPO complex were mixed, ‘Solution C’, and lastly after 24 hours
ageing, ‘Sol-Gel’. The 2°Si-NMR spectra of the pre-hydrolysed MAPTMS
with 0.01, 0.10 and 0.50 M HNOj; are shown in Fig. 6 and the % T species
present are shown in Fig 7. When a HNO3 concentration of 0.01 M was
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species are present in concentrations of 65 and 9 %. Hence, this is direct
proof that the increase in the concentration of the acid catalyst increases
L ) A the kinetics of reaction, resulting in higher concentrations of both

T T T T T T T T T T T T T T T T T T

40 45 50 55 60 -65 -70 -75 -80
f1 (ppm)

Fig. 6. Liquid state 2°Si-NMR spectra of pre-hydrolysed MAPTMS with 0.01,
0.10 and 0.50 M HNOs.

utilised, only peaks in the Ty chemical shift range were observed. Pure
un-hydrolysed MAPTMS exhibits one single sharp peak at -42.8 ppm,
however there are more peaks visible within this region, located at
-41.2, -41.6, -42.1, -43.5 and -44.0 ppm. Indeed, the annotation T in-
dicates that there are no oxo bridges formed between the two inorganic
centres, however there are variations of T groups which can be formed
based on the number of hydroxyl or methoxy groups attached. The
substitution of a methoxy group by a hydroxyl group induces a con-
ventional down-field shift [18] and the shifts observed downfield have
been assigned accordingly and are shown below in Table 2. However,
there are two shifts observed up-field from the pure MAPTMS precursor,
located at -43.5 and -44.0 ppm. These two peaks still correspond to the
structure RSi(OMe)s, which is unreacted, though they are more than
likely within different configurations. In fact, it was seen that there is a
very small concentration of Ty species forming at this stage of the syn-
thesis and the most plausible explanation would be that these unreacted
groups are entrapped within these growing T; nanoparticles and hence
have higher electron densities and are appearing up-field.

When the concentration of the acid catalyst is increased to 0.10 M

hydrolysed and condensed silicate species.

The 2°Si-NMR spectra of ‘Solution C’ for all materials are shown
below in Fig. 8. To quantify the content of the different silicate species
for each material, the signals were integrated and the relative % T
species present in each material are shown in Fig. 9. It can be seen that in
all materials there are no T3 species formed at this stage of the synthesis
regardless of the pH or transition metal concentration utilised. However,
there are differences observed in the relative concentrations of the Ty, T;
and To species. In all series, regardless of the concentration of the
transition metal complex it can be seen that as the pH is decreased to a
more acidic environment there is an observed increase in concentration
of both the T; and T species to the detriment to the uncondensed Ty
species. The same pattern is observed in all series where a decrease of
27, 27 and 41 % is seen in the T, species as the HNO3 concentration is
increased from 0.01 to 0.50 M in series 1, 2 and 3, respectively. It is well
known that acid catalysed sol-gel reactions speed up the hydrolysis of
the silanol groups, hence provoking the condensation of the siloxane
bonds, thus confirming the FTIR results.

Given differences were observed throughout the synthesis in the
hydrolysis and condensation reactions it was important to determine
whether the pH had an effect on the materials after 24 hours ageing,
when the sols are deposited on the Al alloy. Therefore, the 295{-NMR
spectra were also recorded at this time and are shown in Fig. 10. In order
to quantify the relative concentrations of the different silicate species,
the signals were integrated and are shown as a percentage of T species in
Fig. 11. It can be seen in all materials that there are no Ty and T; species
remaining and only Ty and T3 species are present. This indicates the
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Fig. 8. Liquid state 2°Si-NMR spectra of all samples shown as a function of
[MAPTMS/ZPO/MAAH] with three different HNO3 concentrations used for the
pre-hydrolysis of MAPTMS, after mixing of MAPTMS with ZPO.
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Fig. 9. % Tspecies present in all samples shown as a function of [MAPTMS/
ZPO/MAAH] with three different HNO3 concentrations (M) used for the pre-
hydrolysis of MAPTMS, after mixing of MAPTMS with ZPO, as calculated
from 29Si-NMR spectra shown in Fig. 8.
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Fig. 10. Liquid state 29Si-NMR spectra of all samples shown as a function of

[MAPTMS/ZPO/MAAH] with three different HNO3 concentrations (M) used for
the pre-hydrolysis of MAPTMS, after 24 hours ageing.

condensation of the silicate network has taken place, thus explaining the
difference in the signal to noise ratio (SNR) of the spectra in comparison
with those recorded in Fig 8. Indeed, SNR are primarily due to the dif-
ference in the condensation of the materials, which increase the aniso-
tropic character, thus the disorder of the electronic distribution around
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Fig. 11. % Tspecies present in all samples shown as a function of [MAPTMS/
ZPO/MAAH] with three different HNO3 concentrations used for the pre-
hydrolysis of MAPTMS, after 24 hours ageing, as calculated from 29Si-NMR
spectra shown in Fig. 10.

silicon nuclei with respect to the external magnetic field [19]. Series 1
exhibited the highest amount of T3 species with concentrations of 63, 59
and 60 % for materials A, B and C, respectively. The concentration of T3
species in series 2 was 62, 45 and 60 % for materials D, E and F,
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respectively, while series 3 had concentrations of 31, 13 and 46 for
materials G, H and I, respectively. The progressive decrease in the % of
T3 species formed from series 1 to series 3 may be due to the steric
hindrance of the zirconium atom, reducing interaction between the
silicate species. This confirms the FTIR results, as it was observed that
when the zirconium concentration was increased, the formation of the
siloxane bonds was seen to decrease for the benefit of the Si-O-Zr bonds.

Temperature (°C)
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0 T T T
40 60 80

)
3
O
()
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-16 4
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)
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Fig. 12. DSC curves of samples after 24 hours ageing from three different
MAPTMS/ZPO/MAAH proportions in the precursor solution as a function of the
HNO3 concentration (M) used for the pre-hydrolysis of MAPTMS.
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3.4. DSC Analysis

DSC analysis was performed on liquid sol-gel materials between
room temperature and 200°C. Fig. 12 shows the DSC spectra recorded
for all materials in series 1, 2 and 3, respectively. In these spectra, three
different thermal zones can be identified namely, below 100°C, between
100 and 150°C and above 150°C, where typically the evaporation of the
solvents, condensation reactions and glass transition take place,
respectively. The endothermic band observed below 60C is character-
istic of the solvent evaporation formed during the hydrolysis and
condensation reactions as well as contained in the precursors. In all
series it was observed that the materials prepared with 0.10 M HNOs (B,
E and H) presented the largest endothermic band, indicating the largest
amount of solvent entrapment in these systems when compared to the
0.01 M and 0.50 M prepared materials. There is a negative slope
observed between 100 and 150C for all materials; however, the extent of
the slope is seen to decrease with an increasing zirconium concentration,
from series 1 to 3, respectively. This endothermic band is indicative of
thermally catalysed condensation reactions taking place. The fact that
the extent of the endothermic phenomena is decreasing with an increase
in Zr concentration indicates that the zirconium has a direct effect on the
condensation reactions in the liquid phase, which was further confirmed
using FTIR spectroscopy. However, within each series it should be noted
that the variation in the pH had little effect on the endothermic profile
observed in this region. The Tg of the materials is characterised as the
full solidification point of the material and it was observed that within
each series there was only a variation of +1C, indicating that the pH has
no significant influence. On the other hand, when comparing the series
between each other it appears that the solidification point ranges be-
tween 185 and 190C, suggesting the zirconium content has negligible
effect on the full solidification point of all materials. However, as the
characteristic band of the Tg is clearly seen to narrow with the increase
of the zirconium content, this demonstrate that the structures formed are
more homogeneous; therefore, the zirconium having a structuring role
to the silicate matrix, confirming the FTIR results.

3.5. SEM/EDX Analyses

All coatings were found to be homogenously deposited on the
aluminium alloy with coating thicknesses close to 4.6 um + 0.2 pm, as
shown in the example in Fig. 13. EDX analysis of the coatings’ cross-
section (Fig. 14) shows a uniform distribution of the main elements
contained in the sol-gel precursors (oxygen, silicon and zirconium) and
the aluminium alloy seen at the bottom of the image. The uniform dis-
tribution of all chemical species within the coating demonstrates the
homogeneity of the materials prepared.

3.6. EIS

The anticorrosion properties of the coatings on AA2024-T3 alloys
were characterised using EIS. The bode plots were recorded for all
coatings at 24-hour increments for 192 hours and a selection of 0, 72,
and 192 hours are displayed in Fig. 15. At 0 hours exposure, one time

Sol-Gel
Coating

4.63um

AA2024-T3
alloy

SU6600 5.0kV 20.3mm x4.50k SE

Fig. 13. SEM image of coating E (80/20/20 0.10 M HNO3).
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AlKa1l

Electron image SiKa1l Zrlal OKa1l

Fig. 14. EDX analysis of coating E (80/20/20 0.10 M HNO3).

constant can be distinguished at high frequency for all materials, while
materials C, D, E, G and I all exhibit a second time constant in the middle
frequency range, indicating the early penetration of the electrolyte
through the coatings and perhaps the oxidation of the surface of the
metal substrate. All materials exhibit similarities in terms of phase dif-
ferences between 0-, 72-, and 192-hours exposure time, with an
observed shift towards lower frequencies for all materials, suggesting
the occurrence of the corrosion process.

In order to highlight the performances of the coating’s series within
the exposure times, the evolutions of the impedance at 10~2 Hz for all
coatings are displayed in Fig. 16. This representation provides in-
dications on the overall corrosion resistances of the coatings as well as

——Ohrs
——T72hrs

—— 192hrs

- - - - Phase angle
- - - - Phase angle
- - - - Phase angle

A 90/10/100.01 M

B 90/10/100.10 M
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the short- and long-term resistances. It can be seen for all coatings that
this value decreases as a function of exposure time. Indeed, at 0 hours
exposure all coatings had impedance values ranging between 10%° and
1077 Q em?, with series 1 dominating the two other series, thus showing
a better short-term corrosion resistance. However, in order to identify
the long-term corrosion resistance within each series and within all se-
ries, the evolution of % impedance at 102 Hz over 192 hours exposure
would be more representative than the absolute value of the impedance,
as represented in Fig. 17. It can be seen that within each series the effect
of the pH is provoking different behaviours. Indeed, for series 1, the
decrease of the pH enables to reduce the % of impedance. For series 2, it
appears that the pH of 1 would provide the least percentage decrease of
the impedance (material E), while for series 3, the decrease of the pH has
an opposite effect by progressively increasing the variation of the
impedance. This indicates the effect of the pH is strongly related to the
concentrations of zirconium, thus to the structure of the material. When
comparing the three series to each other it appears that material G with a
25 % decrease of its initial impedance would be the coating exhibiting
the highest long-term corrosion resistance. This may be due to the best
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Fig. 15. Bode plots of coatings after 0-, 72-, and 192-hours of immersion in a 3.5 wt. % NaCl solution for materials prepared with different MAPTMS/ZPO/MAAH
proportions in the precursor solution as a function of the HNO3 concentration (M) used for the pre-hydrolysis of MAPTMS.
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Fig. 16. Representation of the evolution of the impedance at frequency 10—2
Hz over 192 hours for materials prepared with different MAPTMS/ZPO/MAAH
proportions in the precursor solution as a function of the HNO3 concentration
(M) used for the pre-hydrolysis of MAPTMS.

compromise between the sol-gel synthesis and the structure of the
hybrid network.

3.7. NSS

NSS was operated according to ISO 9227. The samples were exam-
ined every 24 hours of exposure to salt spray fog for 216 hours and a
selection of images at 24, 72, 120 and 216 hours are shown in Fig. 18. To
quantify the corrosion resistance of the coatings, the number of pits per
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% Decrease Log |Z| from 0 - 192hrs

Material

Fig. 17. Percentage decrease of impedance from 0-192 hours immersion for
materials prepared with different MAPTMS/ZPO/MAAH proportions in the
precursor solution as a function of the HNO3 concentration used for the pre-
hydrolysis of MAPTMS.

72hrs

120hrs  216hrs

A 90/10/10 0.01 M
B 90/10/10 0.10 M
C 90/10/100.50 M
D 80/20/20 0.01 M
E 80/20/20 0.10 M

F 80/20/20 0.50 M
G 70/30/30 0.01 M
H 70/30/30 0.10 M
| 70/30/30 0.50 M

Fig. 18. Images of coatings prepared with different MAPTMS/ZPO/MAAH
proportions in the precursor solution as a function of the HNO3 concentration
used for the pre-hydrolysis of MAPTMS after 24-, 72-, 120-, and 216-hours
exposure to NSS.
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Fig. 19. Number of pits per dm2 from 0 — 216 hours of NSS exposure for
coatings prepared with different MAPTMS/ZPO/MAAH proportions in the
precursor solution as a function of the HNO3 concentration used for the pre-
hydrolysis of MAPTMS.

dm? as a function of exposure time for each coating is presented in
Fig. 19. After 24 hours of exposure, series 1 all presented signs of
corrosion with pits of 20, 18 and 10 observed for materials A-C,
respectively. At the same time, series 2 and 3 all presented less than 3
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pits per dm?, with coatings F, H and I showing none. From 24 to 216
hours of exposure, all coatings showed an increase in the number of pits
per dm?, the lowest increase is observed for materials E, G, H and L
Importantly, unlike all other coatings, coating H showed the least
number of pits with no further increase from 192 to 216 hours, sug-
gesting a better long-term corrosion resistance than all other materials
developed here. Similar to the results obtained by EIS, these results show
that the materials with zirconium content of 20 and 30 % exhibit a
higher corrosion resistance than those containing 10 % and that the pH
has an active role on the corrosion resistance. However, although EIS
and NSS have resulted in different optimum materials (G and H,
respectively), probably due to the techniques themselves, they have
highlighted the materials that showed the highest interconnectivity
between the silicate and the zirconium complex, namely the highest
content of Si-O-Zr bonds as identified by FTIR and 2°Si-NMR analyses. It
is likely that this would result in materials with greater density, thus
acting as more efficient barriers against corrosion in an alkaline
environment.

4. Conclusion

The aim of this work was to identify the effect the catalyst pH had on
the hydrolysis and condensation reactions of the hybrid sol-gel and its
subsequent effects on the anticorrosion performances of the final coat-
ings. The FTIR analysis showed that the formation of siloxane and Si-O-
Zr bonds within the network can be adjusted depending on the pH of the
catalyst used and the zirconium content. Indeed, for 10 and 20 % zir-
conium contents, when the pH was lowered, the relative concentrations
of siloxane bonds were increased at the expenses of the Si-O-Zr bonds.
When the concentration of zirconium is increased to 30 %, there is a
higher competition in the formation of Si-O-Zr bonds and they are
preferentially formed over the higher condensed Si-O-Si bonds as the pH
is increased. These results were supported by 29Gi-NMR character-
isations, confirming that the interconnectivity between the silicate and
zirconium was favoured in a less acidic environment, when the content
of zirconium was fixed at 30 %. The corrosion studies shed light on the
effects of these structural characteristics on the anticorrosion perfor-
mances of the coatings. Indeed, it was found that the materials that
contained the highest concentration of Si-O-Zr bonds exhibited the
highest long-term corrosion resistance in an alkaline environment, due
to the increase in interconnectivity between the two material systems,
resulting probably in more condensed coatings.
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