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ABSTRACT

The goal of this work was to combine the physical barrier properties provided by the sol-gel network with an active-chemistry protection against corrosion
provided by corrosion inhibitors and cross-linking agents. Sol-gel coatings, organic-inorganic hybrid materials were prepared by hydrolysis and condensation of
(3-glycidylox-ypropyDtrimethoxysilane (GPTMS) and tetraethylorthosilane (TEOS) in an ethanol/water solution. This coatings were satisfactorily modified by
adding an inhibitor of the corrosion, namely hexahydrate cerium nitrate, and a cross-linking agent, namely tris(trimethylsilyl)phosphite (TMSP). The synergetic
effect of these two compounds was evaluated by means of electrochemical characterization. The evolution rate of the hydrolysis-poly-condensation reaction was
monitored by Fourier-transform infrared spectroscopy and viscosity. Once the hy-drolysis-polycondensation rate was reached, sols were deposited on titanium
fabricated by powder metallurgy. The morphological characteristics and elemental distribution of the coatings were studied using scanning electrochemical
microscopy (SEM). The solid-state of Si-NMR spectroscopy and thermogravimetric analysis (TGA) was employed in order to identify the cross-linking state of the
coating by ensuring the creation of enough siloxane bonds. Impedance measurements were carried out to study the effect of cerium and TMSP on the corrosion
resistance. It was observed that the coating with additions of cerium presented stable and good barrier features against 5 mM NaCl solution. The synergy between
the cerium inhibitor and the TMSP cross-linking agent was found not to exert a positive effect because the electrochemical behaviour was dominated by the

phosphorus compound over the cerium.

1. Introduction

Due to its high strength, low density, excellent corrosion resistance
and biocompatibility with the human body, titanium is an attractive
structural material considerably used in several sectors such as aero-
nautical, aerospace, automobile industry and medical applications
[1-3]. The main issues concerning the use of titanium are the costs
associated with the mineral extraction and the complex procedure to
avoid its contamination. Several works are currently developing alter-
native procedures for titanium. Amherd Hidalgo, A. et al. [4] provided
an extended review of how to enhance the sintering step of titanium by
alloying titanium with copper, nickel or iron. Neves, R. G. et al. [5]
designed powders of titanium by combining a conventional powder
metallurgy procedure with colloidal techniques. Due to the strong af-
finity that Ti has to oxygen, nitrogen and carbon, sintering is performed
under high vacuum to avoid the precipitation of intermetallics [4,6,7].

In order to protect, maintain and prolong the properties of metals,
hybrid organic-inorganic sol-gel coatings have been source of attention
from the past decades [8-10]. This materials represent an en-
vironmentally friendly alternative for chromate coatings, which have
been forbidden in Europe since 2007 due to their highly carcinogenic
effect [11]. Hybrid organic-inorganic coatings can act as a barrier layer
to isolate metallic substrates from its environment [12], however,
sometimes they fail to protect substrates once the coating is damaged.
The challenge in this field is to combine the physical barrier properties
provided by the sol-gel network with an active-chemistry protection
against corrosion provided by corrosion inhibitors, cross-linking agents
or both of this substances [13].

Sol-gel technology is a chemical synthesis process that creates an
organic-inorganic coating that can effectively accommodate different
protective substances against corrosion for the performance of mate-
rials [8,14]. However, introducing this corrosion inhibitors/cross-
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Table 1
Summary of the sol-gel doped.

Nomenclature =~ Component Silanes:component/ wt.% of
molar ratio component

Control - - -

Ce Ce(NO3)3:6H,0 - 0.2

TMSP tris(trimethylsilyl) 200/1 -
phosphite

Ce + TMSP Ce(NO3)36H,0 + tris 200/1 0.2
(trimethylsilyl)
phosphite

linking agents could compromise the stability of the sol-gel matrix, and
also create cracks on the coating surface during the drying step. In order
to avoid or minimized these issue, the optimization of the sol-gel pro-
cedure must be done by modifying different parameters of the proce-
dure (i.e., the weight percentage of the substances added, the synthesis
time, the viscosity of the sol prior to deposition, the curing time and
temperature).

In this work two alcoxysilanes (GPTMS and TEOS) were used to
prepare a sol-gel coating. Two strategies were employed to provide the
coating with (1) physical barrier feature by adding a cross-liking agent
and (2) active-chemistry protection with a controlled deliver of an in-
hibitor. Cross-linking agents are compounds that contribute to the
formation of the sol-gel network. They can react with the alcoxysilanes
and form covalent bonds. Cross-linking agents improve the adhesion
between incompatible inorganic surface and/or organic polymers
through intra or intermolecular reaction [15]. Several articles [16-18]
confirm the improvement on the corrosion protection of magnesium
alloys by applying a sol-gel coating doped with tris(trimethylsilyl)
phosphite. This improvement on the corrosion protection is associated

T T T T
300 - A 1187cm’’
© E, _
8 ﬂ
j =
S \
£ 150 |- M f «/\\q ]
2 48h LN’“N J: b
9 VA =
< 100 S
1 1 1 | | P
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
: T : T : T : T :
300 _C 1187cm’’
250 m
200 :
[0} B -
o L 4
g A
£ sof VAN
§ [ 24h w T
< 100
50
0
" 1 " 1 " 1 " 1 " 1 " 1 "

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Table 2
Assignment of FTIR peaks of Fig. 1.

Wavenumber (cm ™ 1) Assignment
3100-3700 v(0O—H)
3000-2900 v(C—H)
1636 8(0—H)
1500-1300 8(C—H)
1250-1000 0(Si—OH)
v(Si—C)
1187 0(Si—0—Si)
1100-1070 v (§i—0—-C)
Table 3
Mean viscosity values calculated for each synthesis.
Reaction time (h) Viscosity (mPas)
Control Ce TMSP Ce + TMSP
1 4.6 = 0.2 4.3 = 0.4 41 = 0.2 51 = 0.3
8 4.4 = 0.4 43 = 0.7 4.9 = 0.3 4.8 = 0.3
24 5.6 = 0.5 59 = 0.3 9.3 = 0.4 8.0 = 0.4
48 9.4 = 0.4 109 = 0.5 252 = 1.2 18.5 = 0.9
72 40.0 = 2.0 45.8 = 2.0 130.8 = 8.0 57.6 = 3.0

with the formation of hydrolytically stable Mg—O—P chemical bonds.
Concerning inhibitors, a wide range of substances has been employed to
inhibit the corrosion of metals such as aluminum [19] and steel
[13,30]. An excellent alternative for replacing Cr(VI) consist on the
addition of rare earth elements. Lanthanide ions such as Ce3*, Y37,
La®*, Pr**, Nd®* seem to fulfil the basic requirements as alternative
corrosion inhibitors by providing remarkable adhesion promotion, good
barrier properties and self-healing properties [16,11,21].
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Fig. 1. FTIR spectra of synthesis: (A) Control, (B) Ce, (C) TMSP and (D) Ce + TMSP at different reactions times (from 1h to 72h).
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Fig. 2. Relation between viscosity and time of sols from synthesis Control, Ce, TMSP and
Ce + TMSP.
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Fig. 3. TGA and TGA derivate curves of dry gels of Control, Ce, TMSP and Ce-TMSP.
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Fig. 4. Solid state 2°Si NMR spectra of gels from synthesis Control, Ce, TMSP, Ce + TMSP.

The main objective of this project is to prove the hypothesis about
the positive synergic effect on a sol-gel coating doped with an inhibitor
and a cross-linking agent. As inhibitor of the corrosion a cerium salt,
namely a hexahydratated cerium nitrate, was employed; and as cross-
linking agent a phosphorus compound, namely tris(trimethylsilyl)

phosphite. Four sol-gel coatings were prepared: 1) the undoped coating;
2) the coating doped with the inhibitor; 3) the coating doped with the
cross-linking agent; and 4) the coating doped with both, the inhibitor
and the cross-linking agent.

2. Experimental
2.1. Materials and sample preparation

Titanium substrates were prepared by a conventional powder me-
tallurgy route applying a cold uniaxial charge of 14.4 ton/cm? followed
by a sintering step under high vacuum (10~ °mbar) at 1100 °C for
60 min as we have done in previous works [6,7]. The starting titanium
powders with a particle size below 63 pm were supplied by GfEMe-
talleund Materialien GmbH. Prior to the application of the sol-gel
coating, the metallic substrates were ground with SiC paper up to 180
grit and cleaned ultrasonically in alcohol and dried.

Sols were prepared starting from a mixture of 2 mol of (3-glycidy-
loxypropyDtrimethoxysilane (GPTMS, 98% from Sigma-Aldrich) and
1 mol of tetraethylorthosilane (TEOS, 98% from Sigma-Aldrich). This
molar ratio has been selected based on a work [22] where Kim EK.,
et al. reported that higher contents of GPTMS than TEOS avoided cracks
on the coatings. Ethanol and water were added in a molar ratio silane/
ethanol/water of 1/3/3. Sols were stirred until the viscosity of the so-
lution was such that it was adequate to coat the titanium by dip-
coating. Four different sol-gel coatings were prepared as listed in
Table 1. All the species were mixed before the addition of water. The
latter is the reactive that starts the hydrolysis-condensation reaction.
Cerium nitrate Ce(NO3)36H,O and tris(trimethylsilyl)phosphite
(TMSP) were used as received from Sigma-Aldrich.

Once the sol-gel synthesis was optimized by FTIR, substrates were
coated on the metallic substrate, the protective layer was applied on the
titanium samples by dipping them into the solutions at a speed of
100 mm min™* for 15 s and retracting them with the same speed. Finally
samples were dried at room temperature for 60 min, followed by
thermal treatment at 60 °C for 17 h inside an oven.

2.2. Instruments

The evolution of the hydrolysis-condensation reaction was mon-
itored by FTIR spectral analysis. Each sample was prepared by adding a
sol-gel synthesis’s drop to a pressed KBr disc. Spectra were recorded
with a Perkin Elmer spectrum GX FT-IR System at room temperature
covering the wave number range of 4000-500cm ™! and with a re-
solution of 4 cm ™.

The viscosity of sols was measured using a HAAKE ViscotesteriQ
from Thermo Scientific with a parallel plate geometry and profiled
surfaces. First, the viscosity was obtained by controlling the shear rate
from 1 to 600s~ . And second, the viscosity was recorded for 30's at
fixed shear rates of 100, 200, 300, 400, 500 and 600 s~ !. Similar and
stable values were obtained with the different share rates applied and a
mean viscosity value from all the tests was calculated.

Gels were dried at room temperature for 7 days and ground in an
agate mortar prior to the characterization by TGA and >°Si-NMR. TGA
were performed using the model Pyris™ 1 TGA from PerkinElmer.
Around 20 mg of the dry gel was placed on alumina crucibles and he-
ated at a 10°C/min rate from 30 to 900°C in air atmosphere.
Measurements were made by duplicated. The 2°Si-NMR spectra were
recorded in a Bruker AVANCE 400 spectrometer equipped with fast
Fourier transform unit. Frequency used was 79.48 MHz (9.4T). Samples
were spun at 10 kHz around an axis inclined 54°44’ with respect to the
external magnetic field. Spectra were acquired with a pulse length of
5us (90° pulse), a relaxation delay of 10s was used and 6000 accu-
mulations were acquired. Spectra were referenced to TMS.

Thickness of films was measured using an ultrasonic thickness
NEURTEK instrument. Electrochemical impedance spectroscopy (EIS)
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Table 4
Relative proportions of T and Q species obtained from Fig. 4.

Synthesis Relative proportion (%) Ratio(%)

T2 TS QS Q4 Tn Qn
Control 49.7 50.3 55.0 44.9 82.8 17.2
Ce 57.6 42.3 61.5 38.5 79.9 20.1
TMSP 50.7 49.3 75.6 24.3 75.4 24.6
Ce + TMSP 63.8 36.2 100 - 81.5 18.4

measurements were performed in the conventional three-electrode cell
arrangement, using an Ag/AgCl/KCl (3M) electrode as reference
(Eq = +0.210V vs. NHE), and a platinum wire as counter electrode. A
surface area of 0.38 cm? of the working electrode was exposed to the
electrolyte. Impedance spectra were recorded using an
AutolabPGSTAT302N potentiostat/galvanostat. The cell was placed in a
Faraday cage to avoid external interferences from electromagnetic
fields and wandering currents. Upon immersion in naturally aerated
5mM NaCl solution at ambient temperature (20.5°C + 2°C), the
samples were left unpolarised for 24 h to attain a stable Open Circuit
Potential (OCP) in the test solution. Impedance measurements were
subsequently performed at regular intervals for 24 h using an amplitude
of 10mV with respect to OCP, and a frequency scan ranging from
10 kHz to 10 mHz, the values spaced logarithmically with 10 points per
decade. OCP was recorded for 10 min before and after each impedance
measurement in order to monitor the stability of the coatings. EIS data
were fitted and analysed in terms of equivalent circuits (EC) using
ZView software (Scribner Associates, Charlottesville, VA, USA) to ob-
tain the relevant impedance parameters.

3. Results and discussion
3.1. Characterization of hybrid sols
FTIR is sensitive analytical method for identifying functional groups

related with the hydrolysis and condensation reactions that occurs
during the sol-gel process [23]. Fig. 1 shows FTIR spectra for the four

500 pm

syntheses analysed at different reactions times and Table 2 summarizes
the most relevant bond-type signals associated with the hydrolysis and
condensation reactions. During hydrolysis Si-OH bonds are (Table 3)
created however, is not possible to distinguish its formation because a
broad band related to the vibration modes of OH groups from water,
silanols and ethanol overlap the Si-OH signal [24]. Strong bands be-
tween 1000 and 1200 cm ™' appeared in all spectra at different times
depending on the synthesis. According to bibliography this facts evi-
dence the creation of Si-O-Si bonds corresponding to condensation
[23].

Synthesis doped with TMSP and Ce-TMSP has the fastest con-
densation rates. At 48h it is possible to appreciate the condensation
signals at 1185 cm ™. On the other hand Control and Ce syntheses re-
quired 72h to achieve this stage. The viscosity evolution of sols from
the different synthesis is depicted in Fig. 2. Sols showed a gradual in-
crement in viscosity until a critical point was reached at 72h. At that
point (72 h) the viscosity of TMSP sol increased one order of magnitude
and it is associated with the condensation reaction of the gel process
[25]. Ce-TMSP shows, however, a slightly shift similar to Control and
sols containing cerium. TMSP acts as a cross-linking agent accelerating
the condensation process, therefore the gelification time is shorter (less
than 72h) comparing to Control and Ce sols. Table 2 summarizes the
mean viscosity values at different share rates (300, 400, 500, 600 and
700s™ ).

3.2. Characterization of xerogels

Thermogravimetric analysis and their derivate of dry gels are shown
in Fig. 3. Three different degradation stages for the four gels are re-
vealed. The first stage was observed around 220 °C with similar mass
losses (0.08-0.09%) for all gels. This degradation is associated to the
separation of organic compounds of TEOS and GPTMS and volatile
compounds such as CO, and H,O [26-28]. The second degradation
stage was observed at 407-409 °C with mass losses of 44.2 and 41.3%
for Control and Ce respectively and 51.1% for TMSP and Ce-TMSP this
signal is associate to the volatilization of unreacted oligomers and
precursors of the silane (i.e., Si—OH uncondensed groups). Finally the
third degradation step is at 519 °C which is ascribed to the degradation

Fig. 5. Micrographs of coatings A) Control, B) Ce, C) TMSP, and D) Ce + TMSP.
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of remaining organic groups from the starting precursors of the sol-gel
network. The total mass left from synthesis control after achieving
850 °C was 51.2%. The addition of cerium to the sol-gel didn’t affect the
thermal stability of the network. However, the addition of TMSP and
Ce + TMSP presented higher total mass loss.

The Si?>-NMR in the solid state has been used in order to characterize
the inorganic structure of the four syntheses. This technique allows the
determination of the environment of the silicon atoms and therefore it can
provide details on the degree of hydrolysis and polycondensation [29].
According with the silane precursors used, two species can be identified:
T" peaks signals are attributed to GPTMS with three hydrolysable groups
(R-Si-(OH)3), and Q" signals from TEOS with four hydrolysable groups
(Si-(OH)4), where n can have values of 0, 1, 2, 3 or 4 depending on the
amount of siloxane bonds created from the hydrolysable groups [30]. T"
signals, derived from organoalkoxysilanes, appear in the range —40 to
—80ppm and Q" signals from TEOS appear between —80 and
— 120 ppm. Hydrolysis and further condensation is achieved when signals
T2 and Q* appear in the 2°Si NMR spectrum [29]. Non-hydrolysable
species (i.e., T° or Q% were identified meaning a good cross-linkage of
sols was obtained. Fig. 4 shows the spectra for each synthesis and Table 4
summarizes the contribution of T and Q species to the siloxane bond of
each synthesis. Regarding the control, GPTMS presented a higher con-
tribution to the siloxane network than TEOS; 82.8% against 17.2%. It
seems that even though the molar quantity of GPTMS is double the one of
TEOS, the organic chain of GPTMS allowed a better hydrolization of the
species. The addition of Cerium, TMSP and Ce + TMSP did not compro-
mised the nature of the sol-gel cross-linkage. It is worth to remark that the
addition of both, Ce + TMSP decreased Q* contributions. This might be
due to the creations of new bonds (P—O—Si) between the silane pre-
cursors and the P compound as a result of a reaction of the different
reactive.

3.3. Characterization of the hybrid sol-gel coatings

Fig. 5 shows the surface and the composition of the coatings pre-
pared before EIS tests. All the coatings reveal a surface without cracks

Table 5

and completely covered by the coating. However some dark spots were
observed on the surface of Control, Ce, TMSP and Ce + TMSP. These
are agglomerations of particles during the drying step of the sol-gel
process meaning that further optimization of the drying step is required
to obtain a more homogenous surface. However, for a preliminary
electrochemical study having a full surface covered with the coating is
enough.

3.4. Evaluation of the corrosion resistance of coatings

The synergetic electrochemical effect of TMSP and cerium has been
evaluated by electrochemical impedance spectroscopy. Tests were re-
corded at their corresponding open circuit potential (OCP) after 24 h
immersed in 5 mM NaCl solution. Before and after each impedance test,
OCP was recorded and differences between the starting and final OCP
remained smaller than 50 mV in all cases. Fig. 6 depicts EIS data for all
the coatings prepared where Nyquist (complex vs real impedance) and
Bode (impedance modulus and phase angle vs frequency) plots are
shown. Coatings are classified into first or second set of coating de-
pending on the electrochemical data recorded and 2 different equiva-
lent circuits were proposed to fit each set of coatings. Thus, equivalent
circuit of Fig. 7A was used to fit data of the 1st set of coatings, while
equivalent circuit of Fig. 7B was used to fit the second set of coatings.
Both set of coatings showed two time constants but the second set of
coatings also presented a diffusion process, which was taken into ac-
count by adding a finite element Warburg (W). The good agreement
between fitted and measured data is shown in table with a chi-square
smaller than 103, At first glance it can be observed 2 different elec-
trochemical behaviors.

Control and Ce coating (1st set of coatings) had the same features
(Fig. 6A-D) showing two time constants. The time constant identified at
high frequencies is represented by the ideal capacitor of the silane
coating (C¢) and its resistance (Rg). The second time constant is re-
presented by a constant phase element (CPE,) and a resistance (R,)
which is associated to the interface electrolyte/metal response due to
the presence of pores or degradation of the coating. It is worth to re-
mark the stability of these coatings within the exposed time to the
electrolyte: control remained almost unaltered whereas Ce showed a
slightly decrease on the barrier properties of the coating. The decrease
on the barrier properties of Ce was evidenced by the decrease on both
the impedance modulus (Bode plot) and the amplitude of the arc (Ny-
quist plot). Even though Ce reduced its barrier properties with time, the
impedance obtained was always above the one recorded by the control.

TMSP and Ce + TMSP data, the 2nd set of coatings, was sa-
tisfactorily fitted using the equivalent circuits shown in Fig. 7B, which
describes the barrier characteristics of an unsealed non-homogenous
film [31]. The equivalent circuit of these systems correspond to the
interaction metal/electrolyte due to presence of pores in the film, and

Parameters of the equivalent circuit for silane coated titanium immersed in 5mM NaCl for 72h.

Samples 1st set of coating 2nd set of coating
Control Ce TMSP Ce + TMSP

Time (h) 24 48 72 24 72 24 48 72 24 48 72
Log |Z|ir 5.86 5.85 5.85 5.96 5.88 5.86 5.17 5.04 5.11 5.18 5.15 5.17
R¢ X 10%/Qcm? 2800 3100 3200 6600 4500 3700 1.6 0.54 0.52 1.1 0.90 0.30
C¢/CPErT; x 10~ °/Fem ™2 0.100 0.103 0.111 0.072 0.072 0.081 14 7.26 12 131 33 505
CPEqP, 0.80 1 0.92 0.63 0.77 0.62
R, X 10%/Qcm? 5500 9200 13000 11000 6600 8080 7.4 8.7 18 1.8 1.3 4.4
CPE,-T, X 10~ °/Fem ™2 1,1 1,3 1,5 1.8 . 1.7 5.5 6 6.2 4.2 4.3 4.7
CPE,-P, 0.71 0.71 0.76 0.78 0.80 0.81 0.80 0.74 0.78 0.81 0.78 0.79
WeR x 10°/cm® - - - - - 5.7 2.9 6.9 14.1 6.4 6.7
W,-T/Fem ™2 - - - - - 13.4 9.5 15.3 57.7 31.8 27.8
Wi-Pgs - - - - - 0.82 0.77 0.79 0.78 0.73 0.80
Chi-Sqr x 10 ~3 0.91 0.86 1.6 0.66 0.26 0.93 4.4 1.9 1.1 0.85 1.6 4.1




an unsealed outer layer due to the silane contribution [32], [33]. It is
also remarkable that with the immersion time, the second set of coat-
ings revealed the third time constant more clearly indicating that the
electrolyte reached the titanium oxide. This phenomenon was taken
into account by adding the Warburg element. The corrosion resistance
of the 2nd set of coatings, which is represented by the impedance
modulus, is almost one order of magnitude below the impedance re-
corded by the 1st set of coatings.

In order to understand better the electrochemical behaviour of the
coatings, the uncoated Ti was also studied. Fig. 61-J shows plots for Ti
and data was fitted using equivalent circuit of Fig. 7A.

Table 5 summarizes the parameters evaluated from the equivalent
circuit. It was observed that the second set of coatings have lower
barrier resistance properties than the uncoated titanium (Log |Z|if ti-
tanium: 5.56; 5.61; 5.33 for 24h, 48h and 72h respectively). This
decrease on the electrochemical behaviour may be caused by the pre-
sence of pores on the coating that increases the heterogeneous elec-
trochemical response induced by the TMSP component. The first set of
coatings however, showed an improvement on the impedance values.

Concerning the 1st set of coatings, which showed a more solid and
homogenous surface, an ideal capacitor C; was satisfactory introduced
in the first time constant rather than a constant phase element. These
coatings presented insulating features as it can be confirmed with the
low value obtained in Cg, with an order of magnitude of 10 ~*'. The 2nd
set of coating presented a higher value (with values between 107 and
10~ °) with lower insulating features due to the presence of porous in
the coating surface. C; and CPE¢T; slightly increased with the immer-
sion time indicating an uptake of water, which is related to the first
stage of a coating degradation. Comparing the resistance of the coating
(Rp), the 1st set of coating showed a value 2-3 orders of magnitude
higher than the second set of coatings. Again, this supports the fact that
Control and Ce coatings were denser and more insulating than TMSP
and Ce + TMSP coatings.

Regarding the second time constant there are remarkable differ-
ences between the 1st and 2nd set of coatings on the resistance (R,). Ro,
which represents the resistance between the interface metal/electro-
lyte, is 3-2 orders of magnitude up in the case of the 1st set of coatings,
meaning that titanium is completely covered by the sol-gel coating. The
lower R, values obtained in the 2nd set of coatings, revealed that the
coating was started its degradation and that part of the substrate is
already in contact with the electrolyte. This statement is supported by
the addition of the Warburg element on the second set of coatings.

4. Conclusions

Due to hybrid sol-gel characterization by FTIR and viscosity we
could concluded that small quantities of TMSP accelerate the con-
densation reaction due to it is possible to appreciate the Si-O-Si bands at
48h and the increment on the viscosity through time.

Thermal characterization of xerogels showed that addition of Ce-
TMSP, TMSP and Ce decrease the thermal stability behaviour of the sol-
gel network. 2°Si-NMR results showed that addition of TMSP and Ce
decrease Q* signals contributions until Ce-TMSP where non Q* signals
has been found. It might be due to the creations of new bonds (P—0—Si)
between the silane precursors and the P compound as a result of a re-
action of the different reactive. The electrochemical characterization
showed that the Control coating presented stable barrier properties
within 72h immersed in 5mM NaCl. Two times constants were iden-
tified and data was fitted using an equivalent circuit that corresponds to
dense, insulating and homogenous coatings. The addition of Cerium
Nitrate as inhibitor to the sol-gel (Ce coating) followed the same elec-
trochemical features than the Control coating however it remains less
stable with time. The addition of tris(trimethylsilyl)phosphite (TMSP
coating), however, showed remarkable differences if compared with the
Control. Three times constants were identified and the equivalent cir-
cuit proposed to fit the data corresponds to unsealed coatings. The

phosphorus compound decreased considerably the good electro-
chemical properties obtained with the undoped coating. Finally, the
synergy between the Cerium inhibitor and the TMSP cross-linking agent
(Ce-TMSP coating) was not positive because the electrochemical be-
haviour was dominated by the phosphorus compound over the Cerium.
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