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Introduction
In Oil & Gas industry, the total loss due to Corrosion and Erosion 

(Wear) is calculated approx US $500 Billion. The protection problem 
arises from rain rapidly saturating the outer skin, particularly through 
mortar joints, and wetting the exposed steelwork Figure 1. The design 
should ensure adequate drainage the steelwork. Various parts of 
connections need to be protected by a coating system including high 
performance paint systems. Many factors contribute to the complexity 
of designing efficient pipeline coating formulations; climate, 
properties of the substrate traveling through the pipeline, product 
flammability and rate of flow to name a few. In addition it must be 
taken into consideration if the pipeline is laid underwater, underground 
or above ground and the coating must be formulated to provide long 

term internal and external durability, the coating must be formulated 
with some basic tenets in mind. Epoxy coatings for oil and gas 
applications offer excellent resistance to high temperatures, chemicals 
and corrosion. Cathodic protection and polymeric coatings are usually 
employed to protect metallic constructions against the corrosion, but 
isolating the metal from corrosive agents is still the most conventional 
method to prevent corrosion.1–3 In this regard, polymeric coatings can 
provide protection either by a barrier action from the layer or from 
active corrosion inhibition supplied by pigments in the coating, which 
give protection to the underlying substrate.4 However all polymeric 
coatings are permeable to corrosive species such as oxygen, water and 
ions to some extent.5–8 Water molecules at the metal/coating interface 
may reduce the coating adhesion, thus favoring corrosion of the metal 
underneath the film.
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Abstract

The effect of introducing nano-tinania (TiO2) particles to the epoxy coatings on mild steel 
in natural seawater was analyzed using Scanning Electrochemical Microscopy (SECM) 
and Electrochemical Impedance Spectroscopy (EIS). Line profile and topographic image 
analysis were measured by applying -0.70 V and +0.60 V as the tip potential for the 
cathodic and anodic reactions, respectively. The tip current at -0.70 V for the epoxy coated 
sample with TiO2 nanoparticles decreased rapidly due to cathodic reduction of dissolved 
oxygen. The EIS measurements were conducted in natural seawater after wet and dry cyclic 
corrosion test. The EIS measured the film resistance (Rf) and charge transfer resistance (Rct) 
values which were increased by the addition of TiO2 nanoparticles in the epoxy coating. 
SEM/EDX and FIB-TEM analysis showed that complex oxides of titania were enriched 
in corrosion products at the scratched area of the coated steel and confirmed the presence 
of the nanoscale oxide layers of titania in the rust of the steel. The formation of complex 
oxides of titania had a beneficial effect on the corrosion resistance of coated steel.
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 Nanoparticles, owing to high specific surface area and small particle 
size, can enhance the corrosion resistance of the organic coatings 
by increasing the electrolyte pathways length. Inclusion of metal 
nanoparticles to the organic coating provides cathodic protection to the 
underlying substrate. They also provide barrier and passive protection 
by generating oxides at a later stage. The importance of nanomaterials 
compared to conventional micro sized pigments is mainly due 
to their small size and large specific surface area. The decrease in 
size of the particles causes mechanical properties enhancement of 
the coating. There are a large number of reports indicating that the 
anticorrosion properties of the polyurethane coatings can be markedly 
improved in the presence of nanoparticles.9–16 Titanium oxide is 
highly corrosion resistant and provides a barrier protection which 
is stable over a wide pH range. It is not classified as dangerous for 
human health and for environment. This has shown interest in using 
titanium oxide in organic coatings in the corrosion protection of 
steel. SECM has been introduced to evaluate the localized corrosion 
process, since it provides electrochemical activity and topographic 
information about the surface reactions at the micrometer scale in 
aqueous environments.17–21 The application of SECM has facilitated 

experiments on the solid/liquid interface because of its high spatial 
resolution and electrochemical sensitivity.

In this study, SECM was used primarily to evaluate the effect of 
TiO2 nanoparticles on the corrosion protection performance of an 
epoxy coating over mild steel in natural seawater. The tip current was 
detected during the corrosion of the sample at open circuit potential 
to evaluate the suppressing effect of the coating on the corrosion 
around a defect area. Additionally, electrochemical behavior of coated 
steel without and with TiO2 nanoparticles was investigated by the 
electrochemical impedance spectroscopy (EIS).

Experimental procedure
Preparation of the sample

The chemical composition of the JIS-SM CS specimen in mass % 
is given in Table 1. The steel specimens were abraded mechanically 
with different grades of silicon carbide papers (400-1200) and washed 
with double distilled water. Further the samples were degreased with 
acetone using ultrasonicator and thoroughly washed with double 
distilled water and dried in air

Table 1 Chemical composition of Mild steel specimen.

Sample Elements (mass %)

C Si Mn P S Al N O Fe

Mild Steel 0.1 0.4 0.6 0.02 0.002 0.04 0.002 0.002 Bal.

Preparation of coatings

Epoxy resin based on diglycidal ether of bis-phenol-A was used. 
It is a fast drying type and the curing agent was based on aliphatic 
amines. The mass ratio of the epoxy resin to the curing agent was 2:1. 
The sample was washed with distilled water and acetone before the 
application of coating. Using a wire-wound draw down bar, no. 18 
from RDS specialties, epoxy was coated at a constant speed and then 
kept at room temperature for 24 h. A uniform coating of thickness 
about 40μm was achieved. Commercially available TiO2 nanoparticle, 
obtained from Tokyo Chemical Industry Co. Ltd, sizes ranging from 
50 to 100 nm were used. The TiO2 nanoparticles were added to the 
epoxy resin to produce a 10 mass percentage of TiO2 in the mixture. 
The sample was coated with the mixture by the same procedure. 
Artificial scratches with an approximate diameter of 100-150µm were 
produced in the coated samples. The electrolyte used was the natural 
seawater collected in a sterilized brown flask at Marina beach on the 
southern coast of Chennai, India.

Scanning electrochemical spectroscopy (SECM) 
measurements

SECM was conducted over a scratched surface area of coated steel 
as a function of immersion time. The schematic representation of 
SECM experimental set up is shown in Figure 2. All the experiments 
were conducted at room temperature in a naturally aerated cell 
containing natural seawater. As reduction of oxygen is dominant 
for the cathodic process in corrosion, change in the concentration of 
dissolved oxygen due to corrosion reactions was the primary factor. 
SECM was performed in order to measure the concentration of 
oxygen in the scratched area of the coated sample as a function of 
time. Oxygen could be monitored at the tip of the SECM by setting the 
potential of the tip at -0.70 V vs. the Ag/AgCl/saturated KCl reference 
electrode. Then, the diffusion limited current of oxygen at the tip was 

able to be determined at this potential. The main anodic reaction for 
corrosion of iron in natural seawater is dissolution of iron. By setting 
the tip potential at +0.60 V vs. Ag/AgCl, Fe2+ ions dissolved in the 
solution can be detected through their oxidation to Fe3+ at the tip. 
Since no Fe2+ was originally present in the test solution, it can only be 
originated from corrosion processes at the steel inside the scratch. In 
this way, soluble Fe2+ ions would diffuse away from the scratch and 
would be eventually detected at the tip through oxidation.

Figure 2 Schematic representation of SECM experimental set up.

In this study, SECM was conducted in natural seawater to estimate 
the corrosion performance of the epoxy-TiO2 coated mild steel. 
Platinum microelectrodes with a diameter of 10μm were employed 
as SECM tips. The movement of the tip was controlled in the x, y 
and z directions using optically encoded inchworm piezo motors. The 
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Pt tip was scanned at a constant height above the sample while all 
experiments were performed. A bipotentiostat designed for SECM was 
used to control the potentials of the sample and tip separately. A video 
microscope mounted above the cell was used to aid in positioning the 
microelectrode over the sample. All measurements were performed 
using an Ag/AgCl reference electrode and a Pt wire as a counter 
electrode. The coated sample was mounted horizontally at the bottom 

of a micro flat cell. The sample of coated steel was examined at the 
OCP in all SECM experiments. A line scan was observed across the 
scratched area in the coated sample at a scan rate of 20μm s-1 in the 
x direction. SECM maps were obtained on the coated steel in order 
to detect the continuous change in corrosion at a constant height of 
20µm. Detailed experimental conditions for SECM are shown in 
Table 2.

Table 2 Experimental conditions for SECM

Mode Redox 
couple

Potential, V Vs. 
Ag/Agcl (V)

Distance bet. sample 
& UME (Mm)

Scan 
rate 
(μms-1)

Reference 
electrode

Counter 
electrode Working electrode

Redox 
competition

O2/OH- -0.7 20 20 Ag/AgCl Platinum 
wire

Scratched Epoxy/Epoxy-
TiO2 coated steel

Redox 
competition

Fe2+/Fe3+ 0.6 20 20 Ag/AgCl Platinum 
wire

Scratched Epoxy/Epoxy-
TiO2 coated steel

Electrochemical impedance spectroscopy 
measurement

A wet/dry cyclic test was conducted under the condition (12 
h immersion in natural seawater and 12 h in the dry) for 15 days. 
EIS measurements were taken periodically in natural seawater 
for electrochemical characterization. The EIS was performed 
in a conventional three-electrode cell, using coated steel as the 
working electrode and a saturated calomel electrode (SCE) as the 
reference electrode. A frequency response analyzer was used for EIS 
measurements with amplitude of 10 mV over a frequency range of 40 
kHz to 1 mHz. All measurements were carried out at the open circuit 
potential at room temperature (25˚C). The EIS experimental data were 
analyzed using curve fittings.

Surface characterization

The surface state of the corrosion product on the coated steel 
was observed by FE-SEM (Field Emission Scanning Electron 
Microscope) and FIB-TEM (Focused Ion Beam-Transmission 
Electron Microscope, JEM-2100F) analysis. After the cyclic corrosion 
test, the coated steel was cast in resin and polished using emery paper, 
followed by diamond paste. Carbon was then evaporated on the 
sample in order to compensate for charging effects. A cross section 
of the rusted steel was examined using FE-SEM at an acceleration 
voltage of 20 kV and irradiation current of 10μA. The concentrations 
of Fe and TiO2 in the rust were measured by EDX (Energy Dispersive 
X-Ray Spectroscope). TEM observation was performed with EDX 
analysis. The rust was cut from the inner rust by FIB, and line profile 
analysis was carried out in order to identify the concentrations of Fe 
and TiO2 in the rust.

Results and discussion
Scanning electrochemical microscopy (SECM) analysis

SECM images for the epoxy coated mild steels without and with 
nano-titania particles in natural seawater with scratches at the tip 
potential at +0.60 V (vs. Ag/AgCl/saturated KCl) are depicted in 
Figure 3, Figure 4 respectively. The variation in color in the SECM 
images represents the local anodic and cathodic area in the scratched 
sample. The current measured at the scratch is significantly higher than 
that of other places. The tip current at the scratch of the epoxy coated 
mild steel increases with increase in test time from 4.7 nA (orange) to 
14.8 nA (pink). This shows that dissolution of Fe2+ increases with test 

time. The electrochemical behavior of epoxy-TiO2 coated mild steel is 
same as that of the mild steel. However, the tip current at the scratch 
increases very slowly as compared with the epoxy coated mild steel 
from 4.2 nA (orange) to 9.6 nA (cyan). Thus, the dissolution of Fe2+ 
at the scratch is reduced in epoxy-TiO2 coated mild steel as compared 
with epoxy coated mild steel.

Figure 3 SECM topographic images of scratched epoxy coated mild steel in 
natural seawater in different hours at the tip potential of +0.60 V vs. Ag/AgCl/
KCl reference electrode.

Figure 4 SECM topographic images of scratched epoxy-TiO2 coated mild steel 
in natural seawater in different hours at the tip potential of +0.60 V vs. Ag/
AgCl/KCl reference electrode.
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SECM images of epoxy and epoxy-TiO2 coated mild steel in 
natural seawater for different time at -0.70 V are depicted in Figure 
5, Figure 6 respectively. The tip current in epoxy coated mild steel 
decreases with increasing test time at the scratch from 4.7 nA to 3.1 
nA. This is shown by an increase in the red color. The intense red 
color near the scratched area implies that the dissolved oxygen current 
is very less where it is consumed by the iron from the scratched 
area. It shows high current for dissolved oxygen in other areas 
where the surface is covered with the resin. Therefore, the increase 
in the red color is due to a increase in the cathodic reaction at the 
scratch. However, in the case of epoxy-TiO2 coated mild steel, the tip 
current measured at the scratch is significantly smaller (2.8 nA) than 
that over the coated surface (7.9 nA). This behavior shows that the 
consumption of oxygen occurs at the scratch. As anodic dissolution of 
Fe2+ occurs, concentration of oxygen is decreased by the consumption 
as cathodic reaction at the scratch. It is evident from the measurement 
that the presence of TiO2 particles in the epoxy coating reduces the 
dissolution of iron from the metal surface by covering the surface by 
forming complexes. The formation of complexes on the metal surface 
provides additional barrier protection to the surface apart from the 
film resistance.

Figure 5 SECM topographic images of scratched epoxy coated mild steel in 
natural seawater in different time at the tip potential of -0.70 V vs. Ag/AgCl/
KCl reference electrode.

Figure 7, Figure 8 show the SECM line scan of the tip current 
near the scratches on the epoxy and epoxy-TiO2 coated mild steels 
respectively when the tip potential was +0.60 V vs. Ag/AgCl/

saturated KCl and -0.70 V vs. Ag/AgCl/saturated KCl Figure 7b, 
Figure 8b respectively. The tip was moved over the scratched area 
(S) and unscratched area (R) during the scan as shown in Figure 7, 
Figure 8. It can be seen form Figure 7a, Figure 8a that the tip current 
at +0.60 V is very high at point S and shows a decrease towards point 
R from the initial test time. This behavior is due to the dissolution 
of Fe2+ at the scratch (S). Moreover, the tip current at point S was 
smaller in the epoxy-TiO2 coated mild steel than in the epoxy coated 
mild steel. It suggests that the dissolution of Fe2+ is suppressed at the 
scratch on the epoxy-TiO2 coated steel due to the formation of the 
corrosion products of TiO2 complexes present in the scratch. It is seen 
from Figure 7b & 7b that the tip current at -0.70 V (vs. Ag/AgCl/
saturated KCl) around point R is very high and shows a decrease in 
the tip current toward point S. This behavior is due to the consumption 
of oxygen by the cathodic reaction at the scratch, where anodic 
dissolution of Fe2+ occurs. However, the diffusion current of oxygen 
from the bulk solution to the scratched surface is too small that the 
cathodic current for the epoxy coated mild steel as well as epoxy-TiO2 
coated mild steel was found to be more or less same. This is due to the 
result of higher residual current and very small value of tip current. 
From this analysis, it was concluded that the rate of corrosion of the 
epoxy coated mild steel is much higher than that of the epoxy-TiO2 
coated mild steel. These results are in good agreement with the SECM 
imaging results.

Figure 6 SECM topographic images of scratched epoxy-TiO2 coated mild 
steel in natural seawater in different time at the tip potential of -0.70 V vs. Ag/
AgCl/KCl reference electrode.

Figure 7 SECM lines scan near the scratch of coated mild steel (Fig. 7a and 7b) and when the tip potentials were +0.60 V vs. Ag/AgCl/KCl reference electrode 
and -0.70 V vs. Ag/AgCl/KCl reference electrode respectively at different immersion time in natural seawater.
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Figure 8 SECM lines scan near the scratch of epoxy-TiO2 coated mild steel (Fig. 8a and 8b) and when the tip potentials were +0.60 V vs. Ag/AgCl/KCl reference 
electrode and -0.70 V vs. Ag/AgCl/KCl reference electrode respectively at different immersion time in natural seawater.

Steel and stainless steel are widely used in different industrial 
fields because of their mechanical and corrosion properties. However, 
they still tend to corrode in the presence of aggressive medium. The 
corrosion resistance behavior of different nanoparticle coatings or 
coating films deposited onto steel substrate has been extensively 

studied,22–26 as summarized in Table 3. TiO2 has excellent chemical 
stability, heat resistance and low electron conductivity, making it an 
excellent anti-corrosion material. But pure TiO2 film is mostly used in 
catalyst chemistry. Some TiO2 films have been reported as protective 
coatings on steel substrate.27

Table 3 Corrosion protective nanoparticle coatings on steel substrates.

Composition/ Nanoparticle Type of steel Method of coating Thickness (µm) References and year

ZnO phosphated steel panels Dip-coating 0.2-1.6 22[2013]

Organoclay-ZrO2 Mild Steel Dip-coating 0.4-1.2 23[2011]

Silane-SiO2 Mild Steel Dip-coating 0.3-1.4 24[2009]

CaO-P2O5 316L SS Spin-coating 1.0-1.4 25[2007]

SiO2-PMMA 304 SS Dip-coating 1.0-2.0 26[2004]

ZrO2 Carbon steel Dip-coating 0.3-1.8 27[2001]

Al2O3 316L SS Dip-coating 2.0-3.0 28[1999]

Electrochemical impedance spectroscopy (EIS) 
measurements

The Bode plots for epoxy coated mild steels without and with 
nano-titania particles in natural seawater are depicted in the Figure 9, 
Figure 10 respectively. It was possible to fit all the impedance spectra 
using the equivalent circuit model shown in Figure 11. The spectra 
for the two samples exhibit two time constants corresponding to the 
resistance and capacitance behavior of the coating film. It is evident 
from the Figure 9, Figure 10 that the EIS spectra of the scratched 
sample show two resistances. The resistance in the high frequency 
region is the resistance of the film (Rf) that explains the coating 
behavior. On the other hand, the resistance in the low frequency region 
is the charge transfer resistance (Rct) that corresponds to the corrosion 
reaction occurring on the steel. Moreover, the EIS spectrum suggests 
the presence of two capacitances. The capacitance at high frequency 
region corresponds to the film capacitance (Cf), since it shows a lower 
value. On the other hand, the capacitance in the low frequency region 
is due to the double layer capacitance (Cdl), because it shows a higher 
value of 10-5 ~ 10-7 F cm-2. The high resistance and low capacitance 
values in the high frequency region can be attributed to the polymeric 

phase. The low resistance and high capacitance values in the low 
frequency region can be attributed to the corrosion reaction taking 
place at the substrate surface.

Figure 12 shows the charge transfer resistance (Rct), film resistance 
(Rf) and double layer capacitance (Cdl) obtained by curve fitting 
using the equivalent circuit model shown in the figure. The epoxy-
TiO2 coated steel showed relatively higher resistance than the coated 
mild steel during the wet/dry cycles. A decrease in Rct shows that the 
corrosion process takes place at the coated samples. A low Rct value 
of 58 kΩ cm2 is initially observed and decreased further to 15 kΩ cm2 
after 15 days in the case of the epoxy coated mild steel. On the other 
hand, a high Rct value of 120 kΩ cm2 is observed for epoxy coated 
mild steel with TiO2 nanoparticles and reaches a constant value of 69 
kΩ cm2 after 9 days. In addition, the Rct value of epoxy coated mild 
steel with TiO2 nanoparticles at 15 days is significantly higher (65 
kΩ cm2) than that of epoxy coated mild steel (16 kΩ cm2). The Rf 
value of the mild steel decreased from 9.2 to 1.7 kΩ cm2 during the 
test time of 15 days. Rf value describes the ionic transport through 
the coating film. Thus, the decrease of Rf during the first few days 
of the test corresponds to the penetration of the solution through the 
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coating. The decrease of Rf during the test time indicates a loss of the 
barrier properties of the film. However, Rf of the epoxy coated mild 
steel with TiO2 nanoparticles decreases more slowly during the 15 day 
period from 18.0 to 10.5 kΩ cm2. Thus, Rf of epoxy coated mild steel 
with TiO2 nanoparticle shows a higher value than that of epoxy coated 
mild steel. The slow decrease in film resistance of epoxy-TiO2 coated 
sample is due to the formation of corrosion product of the oxides of 
Ti complexes which prevent the drastic decrease in film resistance 
of the sample. Apart from the film providing barrier protection, the 
formation of the oxides of Ti complexes on the surface also provides 
additional barrier protection extending the lifetime of the coating.

Figure 9 Bode plots of scratched epoxy coated mild steel after wet/dry 
cycles test in natural seawater for various days.

The Cdl value of epoxy coated mild steel was low value in the order 
of 2.2 ×10-7 F cm-2 initially and then these values increased gradually 
to 6.8 × 10-6 F cm-2 with increase in immersion time. The Cdl values 
of epoxy-TiO2 coated mild steel showed a lower value of 1.5 x 10-6 
F cm-2 at 15th day. The value of Cdl depends on the corrosion area 
under the film. Thus, the lower value of Cdl of epoxy coated mild steel 
with TiO2 nanoparticles means a smaller area of corrosion under the 
film as compared with epoxy coated mild steel without nanoparticles. 
Thus, an increase of Rct and decrease of Cdl occurred in the epoxy 
coated mild steel with TiO2 nanoparticles during the corrosion test. 
The enhancement of corrosion resistance of epoxy coated mild steel 
with TiO2 nanoparticles is due to the formation of corrosion products 
containing TiO2 in the scratched surface of the mild steel.

Thus, the coating resistance decreased continuously with 
increasing the immersion time due to the diffusion and penetration of 
water and movement of ionic species through the coating film.28 This 
causes the coating conductivity to increase. The electrolyte diffuses 
in the coating film and arranges conducting paths at various depths 
through the coating film.29 This can be attributed to the increase in the 

rate of corrosion reactions, possibly through the presence of further 
pores in the coating or an increase in the area exposed at the base of 
the existing pores or flaws.

Figure 10 Bode plots of scratched epoxy-TiO2 coated mild steel after wet/
dry cycles test in natural seawater for various days.

Figure 11 Equivalent circuit diagram for scratched epoxy coated and epoxy-
TiO2 coated mild steels after wet/dry corrosion test in natural seawater for 
various days.

Surface characterization

FE-SEM analysis: In order to identify the corrosion products of coated 
steel after 15 days of wet/dry cyclic corrosion test, the SEM analysis 
was carried out. The cross section of SEM image and EDX results for 
epoxy-TiO2 coated carbon steel are shown in Figure 13. EDX analysis 
confirmed the presence of TiO2 in the inner rust of carbon steel. This 
is due to the formation of complex iron oxides containing TiO2 during 
the corrosion test. This result implies that complex oxides are formed 
during the cyclic corrosion test, which enhances the barrier protection 
properties of the epoxy coated steel.

TEM analysis: TEM observation was performed to investigate the 
nanostructure of the rust as shown in Figure 14. The inner rust was cut 
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by FIB and then examined by TEM. Other elements except iron was 
shown as a little white color in the bright field image of the TEM. Thus, 
it was possible to select the rust containing TiO2 by EDX analysis. 
The spot position of the micrograph analysis is shown in Figure 14a, 
Figure 14b shows the elemental composition of TiO2 and O in mass % 
corresponding to each spot in Figure 14a. This figure clearly shows an 
enrichment of TiO2 from spot 1~6 and also a decrease of Fe. Actually, 
these layers are said to be made by the oxide containing Ti that could 
increase the corrosion resistance of epoxy-TiO2 coated steel.

Figure 12 Impedance values of Rct, Rf and Cdl for scratched epoxy coated and 
epoxy-TiO2 coated mild steels after wet/dry cycles test in natural seawater.

Figure 13 SEM image and EDX mapping of the rust formed on the epoxy-
TiO2 coated mild steel after wet and dry cyclic corrosion test.

Figure 14 (a) Bright field image and (b) Line profile of EDX according to the 
spots in Figure 14a for the epoxy-TiO2 coated mild steel in natural seawater 
(after wet/dry cycles test). A small portion of the rust was cut by FIB from the 
SEM rust part and was analyzed by TEM. 

Corrosion inhibition mechanism of the TiO2 
nanoparticles

It has been shown that the epoxy coating on metal showed 
enhanced anticorrosion properties. However, the improvement was 
most pronounced in the case of surface when TiO2 nanoparticles were 
added to the epoxy coating. The TiO2 nanoparticles could enhance 
the corrosion protection properties of the coating through two main 
mechanisms. Both barrier and active protection mechanisms are 
expected using this nanoparticle. The TiO2 nanoparticles are slightly 
soluble in water releasing inhibitive species such as Ti4+ cations. 
The Ti4+ cations released reaches to the coating/metal interface 
and react with hydroxyl ions produced on the cathodic regions. As 
a result, a protection layer is precipitated on the cathodic regions 
causing cathodic sites blockage against corrosive species access. 
This results in less under film corrosion and coating delamination. 
The second mechanism is the high barrier protection properties of 
the nanoparticles. The nanoparticles produce high barrier protection 
properties due to their smaller size and greater surface area. Thus, 
the addition of TiO2 to epoxy coating increases specific surface area 
and inhibits corrosion. Moreover, the addition of TiO2 nanoparticles 
to the epoxy coating produces strong bonds with the coating 
matrix. Therefore, the coating damage is not significant as a result 
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of electrolyte diffusion into the coating matrix. It can be seen that 
as the nanoparticles were added to the epoxy coating, the corrosion 
protection properties of the nanoparticles increased.

In EIS, epoxy-TiO2 coated steel which contains TiO2 in the epoxy 
shows increased value of Rct and Rf after the wet/dry corrosion test. 
The presence of TiO2 in epoxy coat on steel surfaces increases Rct 
of the steel substrate itself because the anodic reaction is suppressed 
by this element. Actually, Rct of epoxy-TiO2 coated steel displayed a 
much higher value of 120 kΩ cm2 as compared with that of epoxy 
coated mild steel of 58 kΩ cm2 at 1 day of the wet/dry corrosion test. 
Moreover, the formation of the complex oxide layer containing TiO2 
suppresses the anodic reaction. The anodic current is suppressed 
significantly by the formation of this oxide layer. In the actual results, 
Rct of epoxy-TiO2 coated steel was higher at 65 kΩ cm2 as compared 
with the epoxy coated mild steel of 15 kΩ cm2 after 15 days of the 
wet/dry test. Thus, the effect of epoxy-TiO2 coated on the steel is 
also considered significant by forming corrosion products at defects 
and scratches in the film, which suppress the anodic reaction. In the 
case of Rf, the Rf of epoxy-TiO2 coated mild steel shows a slightly 
higher value as compared with coated mild steel. The film of epoxy-
TiO2 coated steel has little damage because the rust is much smaller. 
Thus, Rf of epoxy-TiO2 coated steel shows a higher value. The Cdl of 
epoxy-TiO2 coated mild steel shows a lower value as compared with 
coated mild steel. Since the value of Cdl depends on the corrosion area 
under the thin film, the lower value of Cdl of epoxy-TiO2 coated on 
steel indicates a smaller area of corrosion under the film as compared 
with epoxy coated mild steel. These analyzes demonstrated that 
the presence of TiO2 nanoparticles in the epoxy on the steel had a 
beneficial effect on corrosion resistance of coated steel by forming 
corrosion products in wet/dry cyclic test.

Conclusion
The effect of introducing nano-titania to the epoxy coating on 

mild steel has been investigated using SECM and EIS techniques. 
It has been concluded from the line profile and topography analysis 
of SECM technique, the dissolved oxygen and iron dissolution tip 
current decreases implying that the TiO2 nanoparticles plays a role in 
protecting the metal surface. The dissolution of Fe2+ in nano-titania 
on epoxy coated steel was lower than that in epoxy coated mild steel, 
resulting in a lower anodic current of steel. It has been shown from EIS 
studies, the increase in film resistance and the charge transfer resistance 
implies that the nano-titania and the complex oxide formation provide 
barrier protection to the coating as shown from the EIS studies. In other 
words, the high resistance of anodic dissolution of Fe in nano-titania 
coated on steel showed that the dissolution at the scratch was deeply 
suppressed in the epoxy coated steel with nanoparticle. Therefore, 
TiO2 nanoparticles enhanced the barrier protection performance of the 
epoxy coating compared to other nanoparticles in the organic coating 
on steels. Thus, titania nanoparticles can be introduced into the epoxy 
coatings for the corrosion protection of mild steel. 
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