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ABSTRACT. The objective of this work was to develop new TiOz based coatings
for producing an effective barrier as well as an appropriate support for inhibitors
in corrosion protection of zinc. For this purpose, compact and mesoporous titania
coatings on zinc substrates were prepared by sol-gel method (dip coating). For
preparing mesoporous layers, cationic (cetyltrimethylammonium bromide, CTAB)
or non-ionic (Pluronic PE 10300) surfactant templates were applied. The corrosion
behaviour of the coatings was evaluated by open circuit potential measurements
and Tafel interpretation of the polarization curves. The best corrosion resistance
was noticed in the case of TiO2 coated samples prepared in the presence of
Pluronic surfactant.
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INTRODUCTION

The development of new effective anticorrosion pre-treatments for
zinc substrates is an issue of great importance for corrosion technology due
to the fact that hexavalent chromium conversion coatings are nowadays
banished and efforts are made to replace them with other effective, but less
toxic protective coatings [1].
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Oxide coatings such as TiO, and SiO- act very efficiently as corrosion
protectors of metals under different temperatures being environmentally -
friendly and exhibiting excellent barrier properties as anticorrosive layers [2].

There are several techniques for the deposition of ceramic films and
coatings on metal substrates, such as chemical / physical vapour deposition
[3], plasma electrolytic oxidation [4], electrolytic deposition [5] and sol-gel
process [1].

The sol-gel method is an environmentally friendly technique of
surface protection resulting in high corrosion inhibition efficiency that can
be used to prepare non-toxic conversion coatings on metals [6]. It involves
conversion of small molecules (precursors) into a colloidal solution (sol)
and then into an integrated network (gel) consisting of discrete particles
and/or inorganic polymers [7].

TiO2 can be prepared, for example, starting from precursor sols
containing alkoxides (e.g., tetrabutylorthotitanate) and diethanolamine
dissolved in ethanol [8] and mixing them with water (with or without additives)
in a certain ratio.

SiO2 coatings can be prepared starting from a precursor solution
consisting of tetraethylorthosilicate (Si(OC2Hs)s), H20, CoHsOH, and HCI,
mixed at a certain molar ratio [9]. Different compounds (inhibitors, pigments,
etc.) can be added in order to improve the physico-chemical properties of the
coating.

Irrespective of the nature of the film, the two main techniques used
to apply a sol-gel coating on the surface of a metallic substrate are dip-
coating (the substrate is progressively dipped into and is extracted from the
sol at a controlled rate) and spin-coating (an amount of sol is placed on the
substrate that is rotated at high speed in order to spread the fluid by
centrifugal force). In both cases, after the evaporation of the solvent, a thin,
homogeneous film is formed on the metallic surface.

Continuing our previous researches in this field [10,11], the objective
of this work was the development of new titania based coatings designed to
produce an effective barrier as well as an appropriate support for inhibitors
in corrosion protection of zinc. For this purpose, compact and mesoporous
titania coatings on zinc samples were prepared by dip-coating. For preparing
mesoporous layers, cationic (cetyltrimethylammonium bromide, CTAB)
or non-ionic (Pluronic PE 10300) surfactant templates were applied. The
corrosion behaviour of the coatings was evaluated by open circuit potential
measurements and Tafel interpretation of the polarization curves and
their performances were compared to those of previously reported SiO-
coatings [11].
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RESULTS AND DISCUSSION

The various types of TiO; layers on Zn substrates were obtained by
dip-coating method from different precursor sols. The correlations of the
coatings with their symbols are presented in Table 1.

Table 1. Summary of sample preparation, the used symbols (P: Pluronic PE 10300;
CTAB: cetyltrimethylammonium bromide)

Number Layer thickness™* [nm] Type of sample/
Symbol .

of layers templating agent
TiOz_K2 2 134 +4 .
Ti0; K5 5 ~330 Compact TiO2
TiOz_C1 1 104 +4 Porous TiO2/
TiO2_C4 4 ~410 CTAB
TiO2_P1 1 134 +8 Porous TiO2/
TiO2_P3 3 ~400 Pluronic

¢ values estimated from UV-VIS spectra as shown below

Some mono- and multilayered coatings were also deposited on
glass substrates for their optical characterization. Figure 1 shows the
representative transmittance curves of the double-layered compact TiO;
coating, the monolayered CTAB and Pluronic PE 10300 templated porous
TiO2 coatings, and their bare glass substrate.
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Figure 1. Transmittance spectra of the uncoated glass substrate, of the double-
layered TiO2 (TiO2_K2), and monolayered CTAB (TiO2_C1) and Pluronic (TiO2_P1)
templated porous TiO2 coated samples.

All types of titania coated glass slides show lower transmittance
values than their uncoated glass substrates (Figure 1). It can be observed
that the Pluronic PE 10300 templated porous coating shows higher
transparency then the titania coating prepared without using surfactant
additive, in the whole studied wavelength range (Figure 1).
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The obtained transmittance curves were analysed in terms of thin
layer optical models. Transmittance spectra were fitted with a homogeneous
layer model [12] supposing identical homogeneous coatings on both sides
of the transparent substrate and perpendicular angle of incidence. The
fitting procedures provided coating thickness and effective refractive index
values. As the glass substrate had weak absorption, the transmittance
spectra were corrected before fitting to eliminate this effect [12-13]. The
fitting procedure used a Levenberg—Marquardt algorithm [14]. Porosity of
coatings was estimated using the Lorentz-Lorenz formula [15-17]:
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where the meaning of the used symbols are:
ﬂﬁf #- effective refractive index of the layer

n,-refractive index of anatase TiO: (estimated as 2.520, [18]
n,-refractive index of the air (estimated as 1.00)

as-volume fraction of the TiO, component
The results of the fitting procedure and the calculated porosity
values are presented in Table 2.

Table 2. Fitted effective refractive indices, layer thicknesses, and the calculated
porosity values of the double-layered TiO2 (TiO2_K2), and monolayered CTAB
(TiO2_C1) and Pluronic (TiO2_P1) templated porous TiO2 coatings on glass
estimated from UV-VIS spectra

- - ——
Sample Layer thickness [nm] Effectnilﬁc;':;ractlve (L(I:r")e’;?; '-?/o[r /;L 2)
TiO2_K2 134+ 5 1.945 £ 0.016 25+0.9
TiO2_C1 104 £ 4 1.662 £ 0.009 42+0.6
TiO2_P1 134+ 8 1.590 £ 0.004 47+0.3

It can be observed that the thickness of monolayered porous
coatings with Pluronic is about the same like that of the double-layered
compact ones prepared on the same way, from a precursor sol without
surfactant additive. On the other hand, Pluronic templated coatings porosity
is slightly higher than that obtained with CTAB. It is worth mentioning that
TiO2 coatings prepared without surfactant additive (the so-called “compact”
layers) show also a considerable porosity (25%) that was further increased
by 17% and 22% by using surfactant in the case of CTAB and Pluronic
templated porous TiO; coatings, respectively.

The titania coated silicon wafers were studied with Field Emission
Scanning Electron Microscopy (FESEM) and cross-sectional images were
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made in order to determine the thickness of the layers (Figure 2). For
compact coatings the monolayer thickness was found to be 54 nm. The same
parameter for the CTAB templated coating was found to be 94 nm and for the
Pluronic templated one 144 nm. These thickness values are in good agreement
with those calculated for the layers obtained on the microscope glass slides from
UV-VIS spectra. According to our experience the structure of sol-gel coatings
doesn’t depend on the type of solid substrate (glass, silicon, zinc etc.).

Electrochemical investigations were started with the determination of the
open circuit potential (OCP), and were continued with recording of polarization
curves in an interval of £ 20 mV vs. OCP (linear polarization) in order to estimate
the polarization resistance (R,). These values are presented in Table 3.

From these values it can be concluded that porous multilayers have
the best protection capabilities caused on the one hand by their greater
thickness and on the other hand by the better wetting properties of
precursor liquid of templating agents.

Figure 2. The FESEM images of the compact (a), CTAB templated (b) and
Pluronic templated (c) TiOz layers on silicon substrate.

The OCP values of these samples were found to be slightly more
positive compared to the reference Zn wafer (without coating) suggesting a
possible better corrosion protection.
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Table 3. The open circuit potential (OCP) and polarization resistance (Rp) for the
TiOz layers deposited on Zn

R ocP

Sample [Qcm?] | [V vs. AG/AGCIKClea] RN

Zn 98.5 -0.994 0.9991/ 28
Tio, K2 93.1 1.013 0.9985/28
Ti0;_K5 208 1,001 0.9980/38
Ti0,_C1 469 -0.948 0.9990/36
Ti0,_C4 352 -0.979 0.9940/74
Ti0,_P1 384 -0.974 0.9990/37
Tio,_P3 448 -0.968 0.9990/40

Polarization curves were also recorded in the potential range £ 200
mV vs. OCP and are presented in Figure 3 for the compact coatings. The
curves for the porous layers are presented in Figure 4.
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Figure 3. Polarization curves for the compact TiO2 multilayered coatings on zinc
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Figure 4. Polarization curves for the porous TiO2 multilayered coatings on
zinc templated with Pluronic (left) and CTAB (right).
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The Tafel interpretation was used in order to extract the
characteristic corrosion parameters (Ecor, icor, Tafel slopes ba and b,
presented in Table 4).

From the corrosion current densities one can conclude, that compact
and CTAB templated coatings practically do not modify the corrosion
behaviour of the Zn substrate, presumably due to the permeability of coatings.
FESEM images revealed previously a granular structure of compact titania
coatings [19, 20]. It was also observed that the CTAB template cannot modify
the morphology of compact layers significantly [21]. Better results were
obtained, however, for porous coatings templated with Pluronic (a triblock
copolymer in which the central polypropylene glycol group is flanked by two
polyethylene glycol groups); in this case the decrease of the corrosion
current density was considerable, possibly due to the improved coating
ability of precursor sols containing this surfactant and to the higher
thickness of the layer. The lower permeability of Pluronic templated
coatings may also be interpreted in terms of the irregular shaped pores in
the coating. Using CTAB, the formation of cylindrical shaped pores is
expected having a better permeability.

Table 4. The corrosion kinetics characteristic parameters for the TiO2 coated Zn
(Ecor-corrosion potential, icor-corrosion current density, b and ba- cathodic and
anodic Tafel slopes)

Ecorr icorr -bc ba

Sample V) (Alcm?) | (mVidec) | (mVidec)
Zn 20.99 12.15£3.9 36 20
Ti0,_K2 1.005 16.362.3 23 37
Ti0, K5 -0.999 12.62£0.6 14 1
Ti0,_C1 20.870 13.63£1.0 16 10
Ti0,_C4 -0.860 15.45:1.2 12 1
Ti0,_P1 -0.906 8.0820.47 10 8
Ti0,_P3 20.925 7.8720.41 12 1

All TiO2 coatings were less protective than SiO» coatings prepared
in similar conditions [11] revealing the higher permeability of titania coatings
in comparison to the silica ones. For example, icorr in the case of compact
SiO; coating of 2 layers was almost ten times smaller (1.819 pyA/cm?) than
in the case of compact TiO, coating of 2 layers (16.36 yA/cm?). Aimost the
same finding is noticed in the case of Pluronic templated coatings: porous
SiO- coating of 1 layer (3.832 pA/cm?) comparing to porous TiO- coating of
1 layer (8.08 yA/cm?). When CTAB was used the corrosion current density
is 2.76 yA/cm?and 13.63 pA/cm?) for porous SiO; coating of 1 layer and for
porous TiO; coating of 1 layer, respectively.
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CONCLUSIONS

Among the investigated titania coatings only the Pluronic templated
ones showed slight corrosion protection of Zn presumable due to the less-
permeable structure and better coating ability of their precursor sols.

As expected, multi-layered coatings were found to be more efficient
than single ones. However, the results are inferior to those obtained with
SiO2 coatings on zinc prepared in similar way and reported elsewhere [11].

EXPERIMENTAL

Materials

Titanium (IV) butoxide (TBuOTi, for synthesis, = 98%, Merck), ethanol
(EtOH, a.r., > 99.7%, Reanal), nitric acid (HNOs,special grade, 65%, Lach-
Ner), cetyltrimethylammonium bromide (CTAB, cationic surfactant, 99+%,
Acros Organics), Pluronic PE 10300 triblock copolymer (non-ionic surfactant,
BASF, Ludwigshafen Germany) and distilled water (H20, 18.2 MQ cm,
purified with a Millipore Simplicity 185 filtration system) were used as
starting materials for precursor sol synthesis.

Distilled water (18.2 MQ-cm, purified with a Millipore Simplicity 185
filtration system), hydrochloric acid (HCI, purum, 37%, Fluka) and 2-propanol
(2-PrOH, a. r., > 99.7%, Reanal) were used for cleaning the surface of the
solid substrates.

Zinc wafers (Zn, 76x26x0.65 mm, Bronzker Bt, Hungary), silicon (Si)
wafers and microscope glass slides (76x26x1 mm, Thermo Scientific,
Menzel-Glaser) were used as solid substrates of the coatings.

In order to obtain the titania coatings three types of precursor sols
were prepared. Titania precursor sol of compact coatings was prepared via the
acid catalyzed controlled hydrolysis of titanium (IV) butoxide in ethanolic media
[19]. Nitric acid was used as catalyst during the synthesis of precursor sol. The
molar ratios for TBuOTi:EtOH:HNO3:H,O were 1:27.95:0.49:0.82. For
obtaining mesoporous titania coatings surfactant containing precursor sols
were prepared by adding CTAB or Pluronic PE 10300 surfactant into the
mixture of precursor sol. The molar ratios were 1:27.95:0.49:0.82:0.125 for
TBuOTi : EtOH : HNO3 :H>O :CTAB, and 1 : 27.95 : 0.49 : 0.82 : 0.03 for
TBuOTi : EtOH : HNOs : H20 : Pluronic PE 10300. The obtained mixtures
were stirred for 2 hours at 60 °C.

For electrochemical investigation 0.2 g/L Na,SO. (Riedel-de Haén,
Germany) solution (pH=5) was used.

Apparatus and methods

In some cases titania coatings were deposited onto glass substrates
and the optical properties were investigated by UV-Vis spectrometry. An
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Analytic Jena Specord 200-0318 type spectrophotometer was used for taking
the transmittance spectra of the bare glass substrates and of the samples at
normal incidence. All transmittance spectra were recorded in the range of 400-
1050 nm with 1 nm resolution and scanning speed of 5 nm/s.

For the electrochemical investigations a computer controlled
potentiostat AUTOLAB, PGSTAT302N (Eco Chemie BV, Utrecht,
Netherland) was used. Data registration/interpretation was carried out by a
GPES programme. For measurements a classical three-electrode-cell was
used, including the Zn wafers (coated and uncoated) as working
electrodes, the reference Ag/AgCI/KCI saturated electrode and the Pt wire
counter electrode.

Coatings prepared onto silicon wafers were studied with Field
Emission Scanning Electron Microscopy (FESEM) as well. Top view and
cross-sectional images were taken using a LEO 1540 XB Field Emission
Scanning Electron Microscope applying 5.00 keV acceleration voltage.
Cross-sectional images were used for the determination of layer
thicknesses.

Preparation of TiO; coatings

The layers were deposited on microscope glass slides, Zn and Si
wafers. Prior to the layer deposition the substrates were preliminarily
prepared; Zn wafers were polished with emery paper (grade 1200) and
subsequently treated with 0.1 M HCI solution, rinsed with 2-PrOH and
Millipore distilled water. The microscope glass slide and Si wafer was
cleaned with 2-PrOH impregnated cotton than rinsed with 2-PrOH and
distilled water. All the substrates were dried at room temperature.

The sol-gel fiims were deposited on the above mentioned solid
substrates by the dip-coating method. The substrates subsequently their
preliminary preparation were immersed in the precursor sols and pulled out
with a constant 12 cm/min withdrawal speed. All the deposited films were
kept in a drying oven and annealed at 410°C (coated Zn wafers) and at
450°C (coated glass substrates).

Multilayer coatings were obtained by the repeated immersion of the
wafers in one of the precursor sols. The heat treatment was applied only
after the last withdrawal from the precursor sol.

Electrochemical characterization

For the electrochemical characterization in each case the open
circuit potential was registered during one hour reaching stabilization..
Subsequently the polarization curves were recorded and Tafel
interpretation was made in order to obtain corrosion current density,
corrosion potential and Tafel slopes.
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