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Abstract—TiO, nanoparticle coatings possess good thermal and electrical properties and they are resistant to
oxidation, corrosion, erosion and wear in high temperature environments. This property is very important factor
in the applications such as pipelines, castings and automotive industry. In this investigation a uniform TiO,
nanoparticle coating has been applied on mild steel, using sol-gel method. The coating was deposited on mild
steel substrate by dip coating technique. The morphology and structure of the coating were analyzed using
SEM, AFM and X-ray diffraction. The anticorrosion performances of the coating have been evaluated by using
electrochemical techniques. It is worthy to note that the film uniformity was retained in high temperatures and
no crack and flaking off from the substrate was observed. The Tafel polarization measurements provide an
explanation to the increased resistance of TiO, nanoparticle coated mild steel against corrosion and i, was

decreased from 18.621 to 0.174 uA/cm?.
PACS numbers:
DOI: 10.1134/S2070205109030071

1. INTRODUCTION

Nanostructured TiO, thin films use in a wide range
of applications. These applications consist of ultravio-
let filters for optics and packing materials [1, 2], antire-
flection coatings for photovoltaic cells and passive solar
collectors [3], photo catalysts for purification and treat-
ment of water and air [4, 5], anodes for ion batteries [6],
electro chromic displays [7], transparent conductors,
self-cleaning coatings of windows and tiles [8], humid-
ity sensors [9], gas sensors [10] and barrier layer for
corrosion protection [11]. It has been shown that some
applications greatly benefited from a nanostructured
phase for TiO,. Indeed production of nanostructured
TiO, thin films has been recently carried out by several
methods [12-14]. Several techniques have been used
for the preparation of transparent TiO, thin films, which
include sputtering [15] chemical vapour deposition [16,
17], pulsed laser deposition [18], laser molecular-beam
epitaxy method [19], and sol-gel technique [20, 21].
The sol-gel technique has distinct advantages over the
other techniques due to excellent compositional con-
trol, homogeneity on the molecular level due to the
mixing of liquid precursors, and lower crystallization
temperature. Moreover, the microstructure of the film
deposited, i.e. the pore size, pore volume and surface
area, by the sol-gel process can be tailored by the con-
trol of process variables [22] and a more generic
approach to enhance corrosion resistance is to apply

! The article is published in the original.

protective films or coatings without crack. The pres-
ence of cracks and defects in coating, with increasing
current density, will lead to localized corrosion [23].

Recently, sol-gel based alumina coating has been
developed and characterized on stainless steel and mild
steel substrate to improve its abrasion and corrosion
resistance properties [24, 25]. Due to many applications
of mild steel in industry, this work shows an attempt to
increase the corrosion resistance properties of mild
steel substrate by applying TiO, nanoparticle coating
using the sol-gel method. Structural and micro-struc-
tural characterizations of thin films have been realized
by X-ray diffraction (XRD), scanning electron micros-
copy (SEM) and atomic force microscopy (AFM). The
Tafel polarization curves were employed to measure
anticorrosion performance of the TiO, coatings in 3.5%
NaCl solution and to discuss the mechanism of corro-
sion resistance for the coatings.

2. EXPERIMENTAL

The reagents were used in as received conditions.
Since the water content of the sol has a critical role in
the hydrolysis and polycondensation reactions, abso-
lute ethanol (Merck 99%) was used as the solvent, ethyl
acetoacetat (EAcAc) (Merck 99%) used as chelating
agent, tetra n-butyl orthotitanate (TBT) (Merck 98%)
was used as the precursor. TiO, sol was prepared from
tetra-n-butyl titanate (TBT), ethanol, ethyl acetoacetate
(EAcAc) and distilled water were mixed at room tem-
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perature following Fig. 1. In the experiment, the
hydrolysis reaction was carried out by drop wise addi-
tion DI water to prepared solution, while stirring for
obtaining yellow and transparent solution. Other speci-
fications of coating process can be found on ref [26].

Plate samples (20 x 10 X 2 mm) of mild steel were
used as substrates in this study. After polishing to about
R, 2 um using an Al,O; slurry, the samples were first
cleaned with acetone and then ultrasonically cleaned in
ethanol. Samples were dip coated in the specific solu-
tion with 0.5 mm/s dip coating rate by a dip coater rig
and then pulled out from the solution by the same dip
coating rate. Samples were dried in a drying rig by
decreasing humidity from 85% to common laboratory
atmosphere. Heat treating was done after drying in a
common tube resistance furnace. The X-ray diffraction
(XRD) pattern for the TiO, coating was obtained with
X-ray diffraction system with CuKa radiation (A =
1.5406 A°) at ranging from 10 to 60°.

The “quality characteristic” of concern is the corro-
sion resistance of the coatings that was assessed by tafel
polarization tests carried out at 298 K using an EG&G
273A Potentiostat/galvanostat with 352 SoftCorr soft-
ware. A three electrode cell with the coated samples as
a working electrode, saturated calomel electrode as a ref-
erence electrode, and a platinum plate as a counter elec-
trode was used in the tests. The ratio of the volume of
3.5 wt % NaCl solution / sample area was 200 ml/cm?.
After the electrochemical testing system became stable
(about 1 hour), scans were conducted at a rate of
0.1 mV/s. The surface morphology, uniformity, homo-
geneity, and its cracks for coated samples were exam-
ined by XL-30 (PHILIPS) scanning electron micros-
copy (SEM) and atomic force microscopy (AFM).

3. RESULTS AND DISCUSSION
Selection of Precursors

The precursors used in this study were selected due
to their specific physical / chemical properties. In this
work, the alkoxide precursor was selected because the
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precursors containing the long-chain hydrocarbon
groups comprise hydrophobic, enable better mixing of
the organic functionalities at the molecular level, and
promote formation of nonporous gels and the final film
will reach good properties. When appropriate chemical
composition and processing conditions applied, rela-
tively dense organic-inorganic hybrid coatings can be
achieved for applications including sensors, antireflec-
tion coatings, wear resistance and corrosion protection
[13]. The preparation steps of this sol were as follows:

(1) EAcAc as chelating agent was added to absolute
ethanol and stirred for 10 min.

(2) TBT precursor added to the above solution and
stirred for 30 min.

(3) The water added drop wise and carefully to the
solvent and the solution stirred for 6 hours.

(4) Prepared solution aged for 6 hours.

Coating Characterization

There are many ways to reduce the percentage of
cracks on final coat performed with sol-gel method:

(1) Usage of polymeric agents such as Polyethilen
Gelicol, Poly Vinyl Alcohol, Poly Vinyl Propylene.

(2) Usage of Acetic Acid.

(3) Usage of ethyl Aceto Acetate and controlling the
heat treatment cycle.

(4) Usage of Hybridation process.

In first and second way, the velocity of evaporation
for volatile organic agents from coating will decrease
significantly. Also increasing porosity and specific area
of coating will lead to significant decreasing of percent-
age of cracks in coating.

In third way chemical agents act like a binder and
adsorb titanium compounds around their selves. When-
ever the sample rinse in the solution, these compounds
will bind toward the sample and hence the percentage
of coated area will increase.

After evaporation of organic agents the cracks per-
centage will decrease. The evaporation rate and
obtained stress in coating will be controlled by control-
ling the heat treatment conditions.

In fourth way, performed coating will expose to a
heat treatment by 550°C and 10 to 30 minutes, then due
to its thickness it will expose to distilled water with the
temperature of 100°C and then the sample will expose
to a low temperature heat treatment cycle. In this
method, forming the hybrid compounds will lead to
significant decrease in cracks.

The difference of thermal expansion coefficients of
steel and TiO, nanoparticle coating is one of the main
reasons of crack initiation on coating. In this article for
decreasing this difference and increasing the quality of
final coating, an initial coat were applied (with sol-gel
method) on the surface of raw sample and it exposed to
a heat treatment cycle with 550°C. This coat has a lot of
cracks on it, but converts the steel substrate to a ceramic
Vol. 45
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one with the same thermal expansion coefficient with
raw substrate which was shown schematically in Fig. 2.
Then the second nanoparticle coat was applied on the
surface of sample, However with usage of Ethyl Aceto
Acetate and controlling the heat treatment parameters
that have shown in Fig. 3, the evaporation rate of vola-
tile organic agents from coating and cracks growth,
were decreased significantly.

The presence of defects in final coat significantly is
dependent on heat treatment cycle. Choosing critical
temperatures and treatment times for heat treatment
cycle is very important to obtain final coat with high
quality, especially for steel in this investigation. Figure
3 schematically illustrates heat treatment cycle for
achieving TiO, nanoparticle coating with high quality
on steel substrate. The temperature changing rate on
this cycle is 1°C/min. At first the coated sample heated
at 40°C for 5 hours for evaporation of its moisture with
minimum evaporation rate. Then temperature increased
to 120°C for evaporation of remained organic agents
and the sample heated for one hour in this temperature.
Then the temperature increased up to 550°C and the
sample remained at this temperature for 1 hour for
obtaining maximum anatase phase of TiO, and finally
the sample cooled by cooling rate of 1°C/min to ambi-
ent temperature.

The XRD spectrum indicates strong diffraction
peaks of anatase phase. It shows anatase is the major
phase in coating and there is not any another phase in
the coating, so there is not any stress in the structure and
anatase (101) and rutile (110) reflections can be seen at
25.4 and 27.4° in Fig. 4.

These results are in good compliance with thermo-
dynamic and heat treatment properties of titanium
oxide in 550°C. Anatase phase has good stability and
corrosion protective characteristic on metals. In addi-
tion, quality control of anatase phase was easier com-
pared with rutile phase at 800°C. Therefore, in this
paper anatase phase was chosen as the protective coat-
ing layer.

Important factors in corrosion protection of coated
samples are high quality of coating such as, thickness,
crack and uniformity. Moreover, in sol-gel process,
essential factors such as relevant factors of sol-gel prep-
aration process and heat treatment rate are contributing
in obtaining coatings with high quality and each of
them has specific effect in coating quality. The molar
ratio of precursors to other additives in solution is
important. The yellow transparent sol with high stabil-
ity provides the desired properties for thin film coating.

Figure 5 illustrates SEM and OM micrograph from
interlayer and final TiO, nanoparticle coating. Quality
and percentage of cracks for interlayer coating can be
seen in this figure. Interlayer coat due to its high differ-
ence in thermal expansion coefficient with raw sub-
strate has a lot of defects. These cracks and defects are
beneficial for adherence of final coat because the adher-
ence nature in sol-gel method is physical, not chemical.
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Intermediate TiO, coating —>
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Fig. 2. Intermediate layer and final layer of TiO, nanoparti-
cle coating on mild steel.
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Fig. 4. XRD diffraction curve of TiO, coating on mild steel.
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Fig. 5. (@) OM micrograph of sol-gel intermediate TiO,
coated steel surface. (b)) SEM micrograph of sol-gel inter-
mediate TiO, coated steel surface. (c) OM micrograph of
sol—gel final TiO, coated steel surface. (d) Micrograph of
sol—gel final TiO, coated steel surface.
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Fig. 6. AFM nanograph of TiO, nanoparticle coating on mild steel by sol-gel method: (a) morphology of surface (b) cross section,
(c) relationship between roughness of TiO, nanoparticle coating and its thickness obtained by AFM.

It also exhibits a uniform and complete coating with
no cracking and results in corrosion resistance
improvement of metals. Homogeneous, crack-free,
optically transparent and uniform coatings (as shown in
Fig. 5) with thicknesses on the order of 500-700 nm
were produced in this investigation.

AFM figures from performed coats indicate their
homogeneity and roughness. Stainless steels due to
Cr,05 presence on their surface (and their low differ-
ence with TiO, thermal expansion coefficient) are more
suitable than mild steel for substrate of sol-gel method.
In this article by performing an interlayer on the surface
of sample, the difference of thermal expansion coeffi-
cients between substrate and coat has been reduced.
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Fig. 7. Tafel polarization curves of the substrate mild steel
and TiO, nanoparticle coating.
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Final coating was studied with AFM and its roughness
was in nanometric scale. Figure 6 illustrates AFM result
of final coat. The TiO, nanoparticle sizes were about 40
to 60 nm obtained from XRD and AFM.

The thickness of performed TiO, nanoparticle coat-
ing on steel substrate has been calculated by AFM
topography illustrated in Fig. 6 and by DualScope soft-
ware.

The calculation of the corrosion resistance of sam-
ples is based on the corrosion potential, the corrosion
current density, and the anodic/cathodic Tafel slopes (3,
and B,) which were derived from the measured polar-
ization curves. Based on the approximately linear
polarization at the corrosion potential (E_.,,), the value
of corrosion resistance (R,) was determined from the
relationship:

_ BB
P 2'3icorr(Ba + BC)

where i, is the corrosion current density.

The results of the Tafel polarization corrosion tests
for the different coatings on mild steel are given in
Table 1, which also includes data for the substrate for
the purpose of comparison. Figure 7 shows Tafel polar-
ization curves for six samples in 3.5 wt % NaCl solu-
tion. The electrochemical parameters obtained from
Tafel curves are given in Tablel. From anodic current
densities (i.,,) and corrosion resistances (R.,,), it is
evident that coated mild steel has good tendency of cor-
rosion resistance behaviour. Applied TiO, nanoparticle
coating decreases i.,, by nearly 100 times which is
apparent that poor corrosion resistance of mild steel in

6]
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Table 1. Different electrochemical parameters obtained by Tafel extrapolation and impedance analysis
Thickness of TiO, coating, nm| OCP, mV icor WA/cm? B, mV/decade B, mV/decade R,
Mild steel -824.9 18.621 137.2 168.9 1767.623
Intermediate layer 193 —754 8.3652 154.8 294.7 5274.936
328 —632.7 7.7096 149.2 268.6 5409.371
419 -583 2.4831 198.9 223.8 18439.136
561 =501 0.17378 234.8 321.1 339323.6229
704 =570 2.1668 118.5 291.4 16903.759

Note: Rp (Corrosion resistance) (Ohm C m2).

3.5 wt % NaCl have intensively promoted due to forma-
tion of stable and inactive TiO, coating.

Figure 8 shows relationship between thicknesses of
TiO, nanoparticle coating and its corrosion potential.
This figure indicates that open circuit potential of TiO,
nanoparticle coating is more noble than bare steel. The
TiO, nanoparticle coating with thickness of 561 nm has
the most noble open circuit potential. Changing the
kinetics of cathodic and anodic reactions will lead to
different open circuit potentials. TiO, nanoparticle
coating changes the slope of anodic and cathodic
branches of Tafel curve and as its result the kinetic of
cathodic and anodic reaction will change, so OCP of
the coated sample will shift to positive direction.
Cathodic polarization will occur immediately when
TiO, nanoparticle coating expose in 3.5 wt % NaCl
solution. Also anodic reaction will change and the cor-
rosion rate or i.,, will decrease due to applied TiO,
nanoparticle coating on steel. Cathodic reaction is
water reduction but anodic reaction is related to TiO,
nanoparticle coating for coated samples and it is related
to steel for uncoated samples. TiO, nanoparticles
increase contact between coating and NaCl solution, so
the intensity of anodic reaction will increase. This
aspect has two sides, first, nanoparticles will increase
intensity of anodic and cathodic reactions, and second,
nanoparticles will increase homogeneity and unifor-
mity of coating and also will decrease defects of coat-
ing. Therefore nanoparticles control defects on mole-
cule’s level and will lead to high increasing corrosion
protection properties. Presence of nanodefects in the
nanoparticle coating probably will isolate anodic reac-
tions as a filter and also decrease intensity of reactions.

Figure 9 shows relationship between thickness of
TiO, nanoparticle coating and corrosion current (i,.,). In
this figure i, has been decreased about 100 times com-
pared with bare steel when TiO, nanoparticle coating
applied on steel. The thickness of this coating is 561 nm.

This figure shows that i, decreases when the thick-
ness of TiO, nanoparticle coating increases. It is proba-
bly related to eliminating or decreasing defects of first
layer of TiO, nanoparticle coating by upper layers.
Increasing thickness of coating will lead to decreasing
of electron transition and rate of electrochemical reac-
tions.

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

Adhesion of coating will decrease when TiO, nano-
particle coating grow more than 561nm. Adherence of
coating in sol gel process has physical nature and
depends on defects of surface, therefore adherence of
coating decrease when thickness of coating grow up
and also brittle ability of TiO, nanoparticle coating will
increase. Decreasing adherence of coating to bare steel
and generation stress in TiO, nanoparticle coating are
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Fig. 8. E_; vs. Thickness of TiO, coating on mild steel.
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Fig. 9. Relativity between thickness of TiO, coating on mild
steel and corrosion current density.
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results of pressure made by exiting volatile organic
compositions during heat treatment. Increasing the
stress from critical amount will produce cracks and
defects in final coating. Therefore presence of defects
and cracks in coating will increase corrosion rate of
coating. This result has been seen for coating with
thickness of 704 nm in Fig. 8. Corrosion resistance (R,
as a result of corrosion current density (i) can be seen
schematically in Fig.10.

Figure 11 shows Tafel polarizations of TiO, nano-
particle coating which was performed at 1, 24, 48 and
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Fig. 11. Tafel polarization curves of TiO, nanoparticle coat-
ing at different exposure times.
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Fig. 13. Typical Nyquist diagram (a) mild steel (b) TiO,
nanoparticle coating.

168 hours of immersion time. The details of this figure
summarized in Table 2 which were used for comparing
corrosion properties of coating at different immersion
times. According to Fig. 12, after 24 hours of immer-
sion, corrosion current density will remain constant that
indicates good stability of this coating.

Increasing of R (coating resistance) in Fig. 13 con-
firms the improvement of corrosion resistance of sam-
ples by this coating process. The mechanism of corro-
sion resistance improvement of these coatings is acting

Table 2. Different electrochemical parameters obtained by Tafel extrapolation of TiO, nanoparticle coating with thickness of
561 nm for different exposure times on to 3.5 wt % NaCl solution

Time, h OCP, mV Lo Alcm? B,, mV/decade B., mV/decade R,, KOhm Cm?
1 =501 1.7378E-7 234.8 321.1 33932.362
24 —475 3.9652E-6 191.6 301.9 11674.532
48 -513 4.1863E-6 205.4 316.4 11313.711
168 -531 4.3624E-6 200.8 287.5 6622.028
Note: RP—Corrosion resistance, KOhm Cm?.
PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES Vol. 45 No. 3 2009
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Fig. 14. Equivalent electrical circuit (EES) of TiO, nano-
particle coatings

of these coatings like capacitive coating and delaying
anodic reactions.

Equivalent electrical circuit (EES) of these coatings
has been illustrated in Fig. 14. In this figure R, and C
are related to perfect TiO, nanoparticle coating over
mild steel and R, is for resistance of solution in contact
by coating. Capacitance is related to coating thickness
and the percentage of defects on it.

CONCLUSIONS

TiO, nanoparticle coating has been performed on
mild steel by sol-gel method. TiO, nanoparticle coating
with properties such as homogeneity and crack-free
increase E_, and cathodic slope and result in highly
improvement corrosion resistance of mild steel in
3.5 wt % NaCl solution. A uniform and complete TiO,
nanoparticle coating without any cracks improve corro-
sion resistance of metals, such as stainless steel, alumi-
num and titanium, as a barrier layer.

Achieving high quality coating is related to different
parameters of solution and heat treatment. So the tem-
perature of 550°C choose to obtain the best coating
quality in high temperatures. Anatase was determined
by heat treatment at 550°C on the surface of sample.
TiO, nanoparticle coating with thickness of 561 nm
will shift the open circuit potential about 320 mV.
Increasing the coating thickness up to 561nm will
improve corrosion properties of coated sample. Corro-
sion resistance of mild steel by performing this coating
will improve about 190 times better than raw substrate.
Increasing the coating thickness more than 561 nm will
decrease physical and corrosion properties of coated
sample than coated samples with coating thickness less
than 561 nm. TiO, nanoparticle coating with capacitive
properties will decrease corrosion current density of
mild steel.
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