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Fouling deposition and localized corrosion on the heat-transfer surfaces of the stainless steel equipments often
simultaneously exist, which can introduce additional thermal resistance to heat-transfer and damage heat-transfer surfaces.
It is a good anticorrosion way to coat a barrier layer of certain materials on the metal surface. In this article, the TiO,
coatings with nanoscale thicknesses were obtained by liquid-phase deposition method on the substrates of AISI304 stainless
steel (ASS). The coating thickness, surface roughness, surface morphology, crystal phase, and chemical element were
characterized with the film thickness measuring instrument, roughmeter, atomic force microscopy, field emission scanning
electron microscopy, X-ray diffraction, and energy-dispersive X-ray spectroscopy analyzer, respectively. Corrosion
behavior of the TiO, coatings was evaluated by potentiodynamic polarization, cyclic voltammograms scanning, and
electrochemical impedance spectroscopy tests with the mixed corrosion solution composed of 3.5 wt. % NaCl and 0.05 M
NaOH. It is shown that the TiO, coating is composed of the nanoparticles with smooth, crack-free, dense, and uniform
surface topography; the roughness of coating surface increases slightly compared with that of the polished ASS substrate.
The anatase-phase TiO, coatings are obtained when sintering temperature being varied from 573.15 to 923.15 K and
exhibit better anticorrosion behavior compared with ASS surfaces. The corrosion current density decreases and the
polarization resistance increases with the increase of the coating thickness. The corrosion resistance of the TiO, coatings
deteriorates with the increase of the corrosion time. The capacitance and the resistance of the corrosion product layer
between the interface of the ASS substrate and the TiO, coating are found after the corrosion time of 240 h. A corrosion
model was introduced, and a possible new explanation on the anticorrosion mechanisms of the TiO, coating was also
analyzed. The corrosion mechanism of the TiO, coating might comply with the multistage corrosion process. © 2011
American Institute of Chemical Engineers AICKhE J, 58: 1907-1920, 2012
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Introduction formed on the heat-transfer surface can introduce a thermal
resistance to heat transfer, and provide nooks and crannies in
which the precipitation of calcium carbonate or calcium sul-
fate fouling is promoted. So, the corrosion of the stainless
steel has attracted much attention from heat-transfer
domains.

The surface coating technology is an alternative to corro-
sion protection of stainless steel due to the formation of bar-
rier over the metal surface to block the interaction between
metal substrate and electrochemical environment.” Titania
coating has been paid widespread attention due to its unique
photocatalytic properties6 as well as its antifouling func-
tions.” The TiO, coatings have low electronic conductance,

Fouling deposition and corrosion on heat-transfer surfaces
of metal materials often exist simultaneously.'” Therefore,
investigations on the anticorrosion characteristics of the
heat-transfer surfaces are as important as those on the anti-
fouling properties. Stainless steel materials are susceptible to
localized corrosion® in the solution with dissolved oxygen
and the chloride or other aggressive ions* although they are
famous for their good corrosion resistance. The corrosion of
stainless steel damages the heat-transfer surface. In addition,
the corrosion products (i.e., in situ corrosion fouling®)
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so it was also widely used for protection against metal
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Titanium dioxide coatings have been prepared by reactive
pulse magnetron sputtering,® cathodic vacuum arc deposi-
tion,14 chemical vapor deposition (CVD),15’16 self-assembled
monolayers (SAMs),"” sol—gellg, and liquid-phase deposition
(LPD) methods.”*!*?° The LPD method was reported earlier
for depositing SiO,*' coatings and subsequently for TiO,
coatings®® on a variety of substrates, such as glaSS,22’23
mica,Z* carbon ﬁber,24 and metals® near room temperature.
The LPD method has many advantages. It requires simple
equipment and lower deposition temperature, and it is appli-
cable to substrates that cannot withstand high temperature as
well as is able to deposit on the large size and complex
shape substrates. Generally, the TiO, coatings can be heated
at different temperature to obtain various crystal forms.?®?’

The electrochemical method to evaluate the anticorrosion
property of the TiO, coatings was widely used in the pub-
lished articles. Gluzek et al.*® studied the corrosion behavior
of the TiO, coating on 316L stainless steel by the plasma-
assisted CVD method in Ringer solution using the imped-
ance spectroscopy and polarization examinations. The results
show that the TiO, coating increases the resistivity of the
316L type stainless steel to pitting corrosion and general cor-
rosion. Szalkowska et al.'® obtained the TiO, coating by
sol—gel technique on the AISI403 type steel surface to exam-
ine the corrosion protecting properties with polarization and
impedance measurements in the solution of 0.5 mol L'
Na,SO, acidified down to pH of 3. The results demonstrate
that the TiO, coating inhibits both the cathodic and anodic
corrosion processes, and the corrosion rate is by two orders
of magnitude lower than that of the bare steel surface. Shen
et al."' prepared the TiO, nanoparticle coating on 316L
stainless steel using sol-gel method and used the Tafel
polarization curves and electrochemical impedance spectros-
copy (EIS) to measure the anticorrosion performance of the
TiO, coatings in 0.5 mol L™" NaCl solution with pH of 4.6.
The results indicate that the TiO, nanoparticle coating exhib-
its an excellent corrosion resistance due to ceramic protec-
tive barrier on metal surface. Hu et al.*> prepared the TiO,
coating for AZ31 magnesium alloy by LPD method and
evaluated the corrosion protection performance in 3.5 wt. %
NaCl solution with Tafel polarization technique. The results
display that the anatase-type phase TiO, coating shows evi-
dent corrosion resistance and with the increase of the anneal-
ing temperature and prolongation of annealing time, the anti-
corrosion property is improved. However, the coating thick-
ness is about 1.0 x 10> m and the annealed temperature is
<653.15 K. Such a thick coating is easily cracked and des-
quamated when it is dried and annealed. Meanwhile, the
coating might have high-additional thermal resistance when
it is coated onto the heat-transfer surface. The durability of
the coating in the corrosion solution with the increase of the
corrosion time and the corrosion mechanism of the coating
need to be explored. Zeng et al.’ prepared the anatase-type
TiO, coating on the 304 stainless steel substrate by the LPD
method with film thickness of greater than 4.5 x 107’ m
under annealing temperature of 673.15 K. The coating is
thick and cracked. Recently, Padhy et al.® studied the corro-
sion performance of the sputter deposited TiO, coating on
the 304L type stainless steel in the oxidizing medium of 1
mol L™" and 8 mol L™" nitric acid. Their results show an
increase in the corrosion resistance in the test solutions and
a surface dissolution at higher concentrations of nitric acid
for TiO,-coated specimens. Wang and Liu® qualitatively
carried out the dipping experiments of the amorphous TiO,-
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coated surface on the red copper substrate in the corrosion
media at room temperature. The experimental results
indicate that the TiO, coating can resist corrosion until
900 h (1 h = 3600 s) in 25 wt. % NaCl solution, and the
coating shows better anticorrosion behavior than the copper
metal in 30 wt. % NaOH solution. However, the coating is
easily corroded in 30 wt. % HCI solution. The corrosion
mechanism needs further extensive and quantitative investi-
gations.

In corrosion studies, the 316L stainless steel as well as
other more costly metal alloy was often selected as the sub-
strates. It is known that the austenitic AISI304 stainless steel
(ASS) is the major constructional material for the fabrication
of vessels, pipes, tanks, and equipments in heat-transfer field
because of its relatively low price. However, little systemati-
cal and qualitative work is available in the literature on the
corrosion performance of the anatase phase of the TiO, coat-
ings with nanoscale thickness prepared by LPD method on
the ASS substrates.

In this study, the uniform anatase-phase TiO, nanoparticle
coatings on the ASS substrates were fabricated by LPD
method, and their corrosion behavior was investigated. The
crystallinity and nanostructural features of the TiO, coating
were characterized by X-ray diffraction (XRD) and field
emission scanning electron microscopy (FE-SEM), respec-
tively. The elemental distribution of the TiO, coatings was
analyzed by the energy-dispersive X-ray spectroscopy (EDS)
analyzer. The surface roughness of the coatings was meas-
ured by the roughmeter and atomic force microscopy
(AFM). The coating thickness was gauged with the measure-
ment instrument of thin film thickness. The potentiodynamic
(Tafel) polarization (PP), cyclic voltammetry (CV), and EIS
technique were used to measure the corrosion performance
of the TiO, coating in 3.5 wt. % NaCl corrosion solution,
and 0.05 mol L™' NaOH was added in the solution to
enhance the corrosion process.zg’30 Meanwhile, the morphol-
ogy of the specimen surface after corrosion was observed by
FE-SEM, and a corrosion model was proposed to help ana-
lyze the corrosion mechanism of the TiO, coating surface.

Methods of TiO, Coating Preparation,
Characterization, and Tests of Corrosion
Behavior

Preparation of TiO, coatings

Hexafluorotitanate ammonium ((NH4),TiFs, Shanghai SSS
Reagent, China) and boric acid (H3;BOj, Tianjin Kemiou
Chemical Reagent, China) were dissolved, respectively, in
deionized water. (NH,4),TiFs and H3;BOs5; solutions were
mixed at various compositions and used as the solution for
deposition of the TiO, coatings. The ASS substrate was
grinded with different size of SiC abrasive papers and pol-
ished with the polishing machine (MINITOR, Japan)
smeared with the polishing paste. Then, the substrates were
degreased and washed ultrasonically with acetone and etha-
nol. After that, they were rinsed by deionized water. The
treated substrates were immersed into the deposition solution
for coating. The temperature of the solution was kept at a
certain temperature. After the appropriate reaction time, the
sample was taken out from the deposition solution and
gently rinsed with deionized water and dried at room tem-
perature. These samples were calcined in the resistance fur-
nace (KSXQ-6-14, Yixing Feida Electric Resistance Furnace,
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Figure 1. Three-dimensional AFM image of the TiO,
coating surface.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

China) at various temperatures with fixed heating rate under
nitrogen flow.

For the hydrolysis (ligand-exchange) reaction of [TiFe)*~
ion in aqueous solution, the following equilibrium scheme
has been proposed by Schmitt et al?!

[TiFg]*~ 4+ nH,0 = [TiFs_,(OH),]*" +nHF (1)

H3BOj; was added into the treatment solution as F~ scavenger.
H3;BOj easily reacts with F~ ion and forms more stable
complex as the following reaction equation.*

H;BO; + 4HF = HBE, + 3H,0 2)

Consequently, titanium dioxide coatings are formed on the
substrates of [Ti(OH)g]*~ species generated by the hydrolysis
reaction of [TiFg]?>~.2%3

Thickness measurement of coatings

The thickness of TiO, coating was gauged with the film
thickness measuring instrument (SGC-10, Tianjin Gangdong
Scientific and Technical Development, China), which uses a
noncontact optical evaluation measurement technology from
the New Span Opto—Technology.34 It is worth noting that the
film and the substrate surface should have smaller roughness
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Figure 2. Effect of the annealing temperature on the
crystalline phases of the TiO, coatings.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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and only the transparent or translucent film is available for
measurement of the film parameters. The film thickness and
its optical constants (refractive index and extinction
coefficient) are measured by fitting the interferometry
spectrum formed by two beams of the reflected light, that
one is from the outer surface of the film, and the other is
from the interface between the film and the substrate. When
the shape of the measurement curve is similar to that of the
fitting curve, the measurement result of the coating thickness
is accurate.

Surface roughness, topography measurements
and chemical element analyses

The surface roughness was measured with the roughmeter
(JB-8C, Guangzhou Guangjing Precision Instrument, China).
The instrument has a natural diamond skid type stylus with
tip radius of 5 x 107° m and tip angle of 90°. The stylus
links with free lead head type sensors, which change the
vertical displacement of the stylus into an electrical signal.

(a) FE-SEM (5000X)

(b) FE-SEM (100000X)
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(c) EDS mapping image

Figure 3. Plan view FE-SEM images of the ASS.
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(a) FE-SEM (5000X)

(b) FE-SEM (100000X)
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(c) EDS mapping image
Figure 4. Plan view FE-SEM images of the TiO, coating
with thickness of 79.1 = 05 x 107° m
annealed at 873.15 K.

The vertical and horizontal displacement signals of the stylus
can be obtained and converted to datum graphs. The parame-
ters of cut-off wavelength were set to 8 X 10~ m, scan
length 4.0 x 10> m, and scan speed 3.2 X 10*ms ' To
ensure the accuracy of the measurement results, no less than
five different locations of the same sample surface were
selected randomly, and the average of the measurement
results was calculated. The maximum height of profile R, is
sum of the height of the largest profile peak and the largest
profile valley depth within one sampling length /,.*> The ar-
ithmetical mean deviation R, is defined as the arithmetic
mean of the ordinate Z(x) absolute value within one /,.>> The
root mean square deviation R, is defined as the root mean
square value of the ordinate Z(x) within one lr.35

The surface topography of the coating was checked by
AFM (D3100M MMAFM/STM, USA). The AFM images
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were taken in a tapping mode with a SizNy tip. AFM topo-
graphic images were recorded over scan areas of 4 x 10~* m?,
each with a resolution of 256 %256 data points, and the scan
rate is 0.9766 Hz.

The morphology and the elemental distribution of the
TiO, coatings were analyzed by the FE-SEM (Nanosem 430,
FEI, USA) coupled with EDS analyzer.

Confirmations of crystal patterns of TiO, coatings

The crystallinity of the heat-treated TiO, thin coatings
was analyzed with XRD (Tokyo Rigaku D/max 2500v/pc,
Japan) using CuK,; (4.0 x 10* V, 0.2 A) radiation and a
graphite monochrometer for the diffracted beam. The 20
values were scanned from 10 to 90°. The step width was
0.02°, and the sample time was 0.15 s.

Electrochemical tests

Three electrochemical analysis methods, PP (Tafel
curves), CV, and EIS measurements were performed using

(a) FE-SEM (5000X)

(b) FE-SEM (100000X)

EnergyiKeV
(c) EDS mapping image
Figure 5. Plan view FE-SEM images of the TiO, coating
with thickness of 2285 + 0.9 x 107° m
annealed at 873.15 K.
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(a) FE-SEM (5000X)

(b) FE-SEM (100000X)

(c) EDS mapping image
Figure 6. Plan view FE-SEM images of the TiO, coating
with thickness of 2889 + 0.8 x 107° m
annealed at 873.15 K.

computer-controlled  potentiostat (PAR273A, Princeton
Applied Research), and the associated PowerSuite package
was used for total control of the experiments, data acquisi-
tion, and treatment. A three-electrode cell configuration was
used for the impedance measurements. A saturated calomel
electrode (SCE) was used as reference and a spiral platinum
wire as auxiliary electrode. The coating specimen serves as
the working electrode. The distance between the reference
electrode and the working electrode was kept same for all
the tests. All the electrochemical tests were performed in the
corrosion medium composed of 3.5 wt. % NaCl and
0.05 mol L™' NaOH under free air condition at constant tem-
perature (295.15 K). The pH value of the mixed corrosion
solution is 13.43, which was measured by the portable pH
meter (PHB-4, Shanghai Precision Scientific Instrument,
China). The solutions were neither agitated nor deoxygenated

AIChE Journal June 2012 Vol. 58, No. 6

Published on behalf of the AIChE

during the experiments. The specimens were embedded in the
mixture of epoxy resin and polyamide resin, with the volume
ratio of 2:1, and exposed one 2.25 X 10~* m? coating surface,
then solidified for 4 h in the digital display blast drying oven
with stainless inner container (101-3BS, Longkou Furnace
Manufacturer, China). Before the specimens being immersed
into the corrosion solution, the coating surface was cleaned
with absolute ethyl alcohol and deionized water.’® Before test-
ing, the samples were previously soaked in the corrosion solu-
tion for 10 min to establish the steady state potential.36 The
electrolytic cell was packed into the modified grounded
microwave oven without power, which acts as a Faraday
cage during each electrochemical test to shield the outside
electromagnetic interference. Repeatability was checked by
making two measurements for one sample. The spectra were

(a) FE-SEM (5000X)

(b) FE-SEM (100000X)

12 3 4 s & 7 8 8 1
Energy/KeV
(c) EDS mapping image
Figure 7. Plan view FE-SEM images of the TiO, coating
with thickness of 3265 = 1.0 x 107° m
annealed at 873.15 K.
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Figure 8. Determination of E.,,, (vs. SCE) and /.., by Tafel’s extrapolation method.

(a) 0 h; (b) 24 h; (c) 158 h.

almost identical, it can be concluded that the measuring sys-
tems did not change during the electrochemical tests.

Two electrical equivalent circuits (ECs) were introduced
to analyze the impedance data. The constant phase element
(CPE), O, was used to replace the capacitance, because it
has hardly pure capacitance in real electrochemical pro-
cess.”” The CPE is expressed in the form of admittance as,>®

0.2
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Figure 9. Tafel curves of W\e IPiOz coating with thick-
ness of 228.5 + 0.9 x 10~° m at different cor-
rosion time.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Y(w) = Yo(jw)" 3)

where j = v/—1. n relates to a non-uniform current distribution
due to surface roughness or inhomogeneity.*® If n = 1, CPE is
an idea capacitor. If n = 0, CPE is a resistor.'©

The software program, ZSimpWin 3.10, was used to fit
the impedance data with the basis of an EC. The program is
based on nonlinear least squares, which is available to the
simulation of a multivariable function.*®

Results and Discussion
Coating characterization

Surface  Roughness  and  Topography  of  TiO,
Coatings. The untreated surface has a maximum surface
roughness with R, of 3.6 £ 0.2 x 107® m and R, of 224.7
+ 222 x 107° m. However, the surface roughness of the
polished ASS substrate decreased significantly with R, of 1.9
+ 0.1 x 10°® m and R, of 44 £ 0.2 x 10> m. When the

Table 1. Different Electrochemical Parameters Obtained by
Tafel Extrapolation

ECOT\' I 0] ﬁ ﬁ R

Corrosion

corr a c P

Time (h) (vs. SCE; V) (Am™ %) (Vdec ™) (Vdec™) Qm?
0 —0.183  0.00272  0.237 0204  17.519
24 —0.222  0.0143 0.496 0.252 5.066
158 —0322  0.0212 0.408 0.236 3.061

The data are normalized by apparent surface area.
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Figure 10. Tafel curves oflcl!ﬁferent samples after the
corrosion time of 158 h.
A-79.1 + 0.5 x 10°° m; B-134.7 + 0.7 x 10~° m; C-
2285 + 0.9 x 10~° m; D-288.9 + 0.8 x 10~° m; E-
3265 + 1.0 x 10° m; F-ASS. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

TiO, nanoparticles were deposited on the ASS substrate, the
roughness is increased (Ra = 3.7 4+ 0.3 X 1078 m and R, =
7.2 £ 0.8 x 1077 m).

Figure 1 presents a typical surface topography image of
the TiO, coatings with three-dimensional AFM measure-
ment. The TiO, coating consists of many particle peaks and
valleys, which distribute randomly on the surface. The val-
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Figure 11. I oo, Ry, and Eco,r (vs. §&E) plots of different

samples after the corrosion time of 158 h.
(@) Icorr and Ry, plots; (b) Ecorr (vs. SCE) plot.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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ues of R,, Ry, and R, are 3.6 x 1078 m, 4.6 x 1078 m, and
3.7 x 1077 m, respectively.

Coating Crystal Structure Confirmation. Figure 2 shows
the XRD patterns of coatings calcined at different tempera-
tures in nitrogen atmosphere. The amorphous TiO, was
obtained at temperature of 573.15 K. At 673.15 K, the
reflection characteristic peak, 20, at 25.28° belongs to the
(101) face of the anatase-phase crystal according to JCPDS
PDF card 21-1272. However, the width of the diffraction
peak shows wider, which indicates the formation of fine
crystallites in the coating. From 673.15 to 923.15 K, the
peak intensity of anatase phase increases and the peak width
becomes narrower, which is due to the coatings gradually
crystallized. Up to 923.15 K, only the anatase-phase TiO, is
found. All samples display only the largest characteristic
peak of anatase-phase crystal (101 face). It is mainly
because that the TiO, coating is very thin and the strength
of other characteristic peaks is very weak and those peaks
do not appear on the figure. The anatase phase is trans-
formed into stable rutile-phase TiO, at 973.15 K (20 =
27.45°) according to JCPDS PDF card 21-1276. In short, the
heat treatment temperature of higher than 573.15 K is
required to obtain anatase-phase crystalline of the TiO, coat-
ing. The temperature equaling to or higher than 973.15 K is
needed to obtain the thermodynamically stable rutile phase
of the TiO, coating. The average particle diameter of the
TiO, nanoparticle coatings annealed at 873.15 K is about
1.69 x 1078 m, which was estimated with the Scherrer equa-
tion*® from the full width at half maximum (FWHM) of the
diffraction peak 20 at 25.28°. Anatase phase has good stabil-
ity and corrosion protective characteristic on metal.'?
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Figure 12. CV curves of the ASS and the TiO, coating
with thickness of 288.9 + 0.8 x 1072 m.

(a) ASS; (b) TiO, coating.
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(a) FE-SEM (200X)

(b) FE-SEM (2000X)

Figure 13. Surface morphology of the pitting corrosion
of the ASS substrate in the corrosion media.

(a) x200; (b) x2000.

Therefore, the TiO, coating with the anatase phase was cho-
sen here as the protective coating layer. The 20 angles at
43.58, 44.46, 50.68, 64.38, 74.62, and 81.90° shown in Fig-
ure 2 are the characteristic diffraction peaks of the ASS sub-
strate.

Morphology and Confirmation of Chemical Elements of
TiO, Coatings. The morphology of the polished ASS can
be observed with the FE-SEM images, as shown in Figure 3.
The surface of the polished ASS substrate is very smooth
with few sandpaper scratches.

The FE-SEM images (Figures 4-6) reveal that the surface
topography of the TiO, coating is smooth, crack-free, dense,
and uniform. The coating is composed of the accumulation
of TiO, nanoparticles with diameters of several nanometers.
The TiO, coatings are transparent and bright. They appear
light blue, yellow, blue, purple, yellow green, and green
with the increase of deposition time when observed with the
naked eyes under natural light.

The thickness of TiO, coating increases when prolonging
the deposition time. However, the coating with larger thick-
ness is easily ruptured. Figure 7 shows the TiO, surface
exhibits “muddy cracks” structure. This cracked morphology
is due to difference of the thermal expansion coefficients
between the TiO, coatings and the ASS substrate when they
were dried, heated, or cooled in the sintering process.‘”’42

The EDS mapping images confirm the existence of Ti
and O elements in the coatings as shown in Figures 4-7.
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Figures 47 show that the TiO, coating surfaces become more
compact, and the content of Ti element increases with the
increase of the deposition time. The mass percentages of Ti
(wt. %) are 1.02, 2.93, 4.67, and 6.77%, respectively, and the
atom percentages (at. %) are 1.00, 2.67, 4.17, and 5.38%,
sequentially. Fe, Cr, Mn, and Ni elements from the ASS sub-
strate are also observed because the depth of electron beam
irradiation is several microns, which is far greater than the
thickness of TiO, coating in EDS analysis. Trace Al and Si
elements in the coating surfaces might come from the polish-
ing paste because the polished ASS substrate used for coating
preparation might not be completely cleaned. The raw materi-
als of Al and Si elements are Al,O3 and SiO, compounds,
which are the main components of the polishing paste. Trace
level of Cu element is also found in Figures 6¢ and 7c, because
the wool polishing wheel was also formerly used to polish
copper substrate for other preparation of coatings. The trace
copper might have been left into the wool wheel and then
entered into the micropores of metal substrates.

Electrochemical corrosion characteristics

PP Curves. PP curves were measured with a scan rate of
1.0 x 1072 V s7! from —1.50 to 0.60 V. To evaluate the
corrosion resistance of the TiO, coating, the corrosion poten-
tial Ecorr (vs. SCE) is directly determined on the figure, and
the corrosion current density /., is determined by Tafel’s
extrapolation method,*® as shown in Figure 8. Polarization
resistance R, was obtained from Ecoy (vs. SCE), I.ory, and
the anodic—cathodic Tafel slopes. The value of polarization

resistance R, was determined from the relationship,3’13’44
g = Bib @
2.303Lcore (o + Be)

Figure 9 shows the scan results of Tafel curves for the TiO,
coating with thickness of 228.5 & 0.9 x 10~° m at different
corrosion time. Table 1 lists the electrochemical parameters
obtained from the Tafel curves.

Figure 9 shows that the shape of Tafel curves is similar at
all corrosion time, which indicates that the corrosion mecha-
nism of the coating has no significant change in the corrosion
solution. The results show that E.,, shifts toward the negative
side from —0.183 to —0.322 V, meanwhile /.., toward the
positive side from 0.00272 to 0.0212 A m ™2 with the increase
of the corrosion time as shown in Table 1. The value of R, at
the corrosion time of 158 h is about one sixth of that at O h.
The results above indicate that the corrosion resistance of the
coating deteriorates with the increase of the corrosion time. It
is worth mentioning that the coating retained original luster
and color although it is corroded for 158 h. However, the cor-
roded ASS surface becomes dull and loses metallic luster.

The Tafel plots obtained for the TiO, coatings with differ-
ent thickness at the corrosion time of 158 h in corrosion so-
lution were also compared with that of the ASS substrate, as
shown in Figure 10.

The value of E o (vs. SCE), Ioor, and R, of the ASS is
—0.454 V, 0.161 A m 2, and 0.209 Q cm?, respectively. The
E o values of all the coatings shift to positive direction, and
the /.o values migrate simultaneously to the smaller corro-
sion current direction compared with those of the ASS. The
potential curves show that the TiO, coating inhibits both the
cathodic and anodic corrosion processes. It results in the
reduction of both the cathodic and anodic current densities
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accompanied by the migration of the corrosion potential
towards positive values. These results mean that the TiO,
coatings demonstrate better anticorrosion behavior under the
corrosion solution.

Figure 11 shows the corrosion current density, polarization
resistance, and corrosion potential plots of different samples
after the corrosion time of 158 h. The corrosion current den-
sity decreases and the polarization resistance increases with
the increase in the coating thickness until the TiO, coating
thickness is 288.9 4+ 0.8 x 107° m, as shown in Figure 11a. It
is probably related to eliminating or decreasing defects of the
TiO, nanoparticle coating with the increase of deposition
time. So, increasing thickness of coating will lead to decreas-
ing of electron transition and rate of electrochemical reac-
tions. The value of R, decreases sharply when the thickness
of the coating increases to 326.5 4+ 1.0 x 107° m. However,
the R, is still higher than that of the ASS, as shown in Figure
11a. According to FE-SEM images as shown in Figure 7, the
coating with thickness of 326.5 + 1.0 x 10~° m is cracked.
These coating crevices might cause localized corrosion sites.”
The densest TiO, coating with thickness of 288.9 + 0.8 x
10~° m has the most noble E.on, the lowest corrosion current
Icorr, and the highest value of R,,. These values are —0.332 V
and 0.017 A m’z, and 3.508 Q m2, respectively. Hence, a
dense and crack-free coating is available to inhibit the reaction
of the corrosion process. Figure 11b shows that corrosion
potentials of different coatings vary inconspicuously.
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There are two main reasons for the TiO, nanoparticle
coatings significantly increasing the corrosion resistance
compared with the ASS. First, the dense TiO, nanoparticles
act as inert physical barriers* to the pitting corrosion and
optimize the nanostructure of the ASS substrate, hence,
improve the corrosion resistance of the coating system.
Another reason is that the TiO, nanoparticles are embedded
in the ASS substrate surface layer to generate the interface
layer by atomic diffusion in the high-temperature sintering
condition. When the corrosion electrolyte diffuses to the
interface layer, the TiO, coating forms many microgalvanic
couples with the ASS substrate that are less noble than the
TiO, panicles.z&30 So, the TiO, coating undergoes strong
cathode polarization, which means that any damage or par-
tial removal of the coating does not cause an increased gal-
vanic corrosion of the ASS substrate.

CV Curves. CV is a potential-controlled “reversal” elec-
trochemical experiment. A cyclic potential sweep is imposed
on an electrode, and the current response is observed. Analy-
sis of the current response can give information about the
thermodynamics and kinetics of electron transfer at the elec-
trode—solution interface, as well as the kinetics and mecha-
nisms of solution chemical reactions initiated by the hetero-
geneous electron transfer.*®

Figure 12 shows the CV curves of the ASS and the TiO,
coating. Peak-shaped cyclic voltammograms for the ASS and
the TiO, coating with thickness of 288.9 + 0.8 x 10™° m
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Figure 15. EC model for the EIS analysis of the TiO, coat-
ing with thickness of 228.5 + 0.9 x 107 ° m
at different corrosion time.

(a) 0 and 24 h; (b) 240 h.

were recorded for two cycles by sweeping the working elec-
trode potential from —1.5 to 0.6 V at a scan rate of 0.05 V
s~ ! in the mixed corrosion solution. All electrode potentials
are reported with respect to SCE.

The CV curves for the ASS in the corrosion solution are
shown in Figure 12a. The results show that the oxidation
peak at potential E,, —0.63 V, and reduction peak at poten-
tial £, —1.01 V, are the characteristic peaks of the ASS.
This means that the redox reaction on the steel surface
occurs during the CV scanning process. However, little cor-
rosion occurs in the TiO,/ASS system (Figure 12b). By com-
parison with the scan results, it indicates that the TiO, coat-
ing has a preservative effect.

In general, the localized corrosion of the ASS in a sodium
chloride and hydroxide environment is classified in pitting
corrosion, which causes destructive pits in very small surface
holes due to the extremely localized anodic reaction sites.
Figure 13 shows FE-SEM morphology of the pitting corro-
sion of the ASS in the mixed corrosion solution. The diame-
ter distribution of the corroded pitting holes is from a few
microns to tens of microns. Generally, the ignition of pits
occurs at localized sites on a metal surface defects, which
may be due to coating failure, mechanical discontinuities, or
microstructural phase heterogeneities. In corrosion solution
containing chlorine CI™ and oxygen molecules (O,), FeCl,
aqueous compound is produced, the initial governing reac-
tions are as follows,3

Fe = Fe>* 4+ 2¢~ 3)

0, +2H,0 +4e~ = 4(OH)~ ©)
Fe’™ +2C1~ = Fe*'Cl; )
Fe’"Cl; + 2H,0 = Fe(OH), + 2H"CI~ ®)

where H'C1™ is the free hydrochloric acid that forms at the
bottom of the pits. At the same time, hydroxyl ions, OH™, in
the bulk solution diffuse into the pinholes and react with the
hydrogen ions.

OH +H" = H,0 )

Equation 9 promotes the Eq. 8 to the right, which accelerates
formation of the metal hydroxide Fe(OH), compound. This
compound is unstable and reacts further with oxygen and
water to form the final corrosion product, iron (III) hydroxide.3
Hence,

2Fe(OH), + 0.50, + H,0 = 2Fe(OH), (10)

Electrochemical Impedance Spectroscopy. It is well
known that EIS testing technique is a powerful tool to inves-
tigate the corrosion behavior of the coatings without deterio-
ration of the coating system. To obtain further information
about the influence of the corrosion time on the corrosion
behavior of the TiO, coating, the EIS experiments were car-
ried out at the open-circuit potential (OCP) by applying sinu-
soidal signal amplitude of £0.010 V. The electrode response
was analyzed in the frequency range from 10° to 0.01 Hz.

Figure 14 shows the Nyquist and Bode plots of EIS spec-
tra for the TiO, coating with thickness of 228.5 + 0.9 x
107 m as the corrosion time increases. The electrical EC
with two time constants is used for the corrosion time of 0
and 24 h, which is expressed with the circuit description
code (CDC) of R(Q(R(QR))),>*" as shown in Figure 15a.
This EC is generally used to describe the localized corrosion
process of coated metals. The EC with three time constants
is used for the EIS test of the TiO, coating with the corro-
sion time of 240 h, and the CDC of R(Q(R(QR)(QR)))'**®
is shown in Figure 15b. The EIS measurement results are
plotted as scattered points, and the simulation data are dis-
played as fine curves, as shown in Figure 14. The simulation
results of the EIS spectra are summarized in Table 2. Good
agreement between the simulated and experimental data, as
evident from a comparison of the experimental and simu-
lated data, is shown in Figure 16.

One semicircle in the Nyquist plot or one phase angle in
the Bode plot generally indicates one time constant of the
EIS spectrum as well as corresponds to one parallel circuit
in the EC diagram. The smaller semicircle (Figure 14a to the
left) in the Nyquist plot or the phase angle in the Bode plots
(Figure 14b to the right) at high frequency represents the
dielectric characteristic of the TiO, coatings.*’ This time
constant is expressed with the parallel circuit (Q, Rpore), in
the EC diagram as shown in Figure 15. R,. depends
strongly on the conductivity of the electrolyte in the pinholes

Table 2. Optimum Fit Parameters of the TiO, Coating with Thickness of 228.5 = 0.9 X 10~° m at Different Corrosion Time

Corrosion Ry x 10* . Rpore % 10°* Ocp R, % Oul Ry ¥

Time (h) (Q m? Q's"m? ne (Q m?) @'sm?  n, 1W0PQW) @ 's'm Y g 100 (Qm?)

0 451 0.0245 0.85 651.1 - - - 0.574 0.51 3.93E4

24 452 0.0838 0.74 632.2 - - - 1.91 0.54 2.92E4

240 4.20 0.266 0.61 4147 1.46 091 297.2 4.45 0.41 2.57E4
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(a) 0 h; (b) 24 h; (c) 240 h. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

of the TiO, coating.”® The schematic diagram of the pinhole
and the corrosion model of the ASS substrate are presented
in Figure 17. The semicircle at lower frequency in the
Nyquist plot is expressed with the parallel subcircuit (Qgj,
R, which is adopted to describe the charge transfer process
at coating/substrate interface at pinholes.*”' At the corro-
sion time of 240 h, the phase angle in the Bode plot at the
intermediate frequency might associate with the development
of the porous corrosion product layer between the interface
of the ASS substrate and the TiO, coating. This time
constant is expressed with the parallels subcircuit (Qcp, Rep),
as shown in Figure 17b.

Figure 14c indicates that the TiO, coating has a relatively
high-capacitance behavior due to Cl™ in the corrosion solu-
tion has not penetrated through the coating in the initial stage
of corrosion. The phase angle in the Bode plot is about 70°.
With the increase of the corrosion time, the IZl vs. f plot
moves toward the low-frequency direction as well as the
phase angle descends, which means that the capacity of the
coating reduced gradually. In addition, for the corrosion time
of 240 h, the increase of the impedance modulus (frequency-
dependent) in the higher frequency range of the IZl vs. f plot
might attribute to a high-corrosion resistance of the corrosion
products.52 As also shown in Table 2, Q. increases and Rpore
decreases with the increase of the corrosion time. The results
show that the corrosion media has permeated into the substrate
through the TiO, coating, leading to the formation of localized
galvanic cells, which results in the localized corrosion.” The
Qg values for the corrosion time of 0, 24, and 240 h are 0.574,
191,and 445 Q' " m 2, respectively, which are close to the
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reported values in the literatures.*®>*>° R , decreases gradually

and Qg increases synchronously with the increase of the corro-
sion time. The value of R remains substantially unchanged,
which indicates that three-electrode electrochemical test system
is relatively stable. However, it is well known that the EIS test
is sensitive to many factors and it is difficult, or even impossi-
ble to interpret all detailed features of the EIS spectra.”®

The corrosion model of the TiO, coating with different
corrosion time is shown in Figure 17. To validate the pro-
posed model, the surface morphology of the TiO, coating
with thickness of 228.5 + 0.9 x 10~ m which has been
corroded for 240 h in the corrosion solution as shown in Figure
18. It is found that the multistage corrosion®® process of the
TiO, coating might have happened. First, the corrosion media
permeates through the pinholes of the TiO, coating and then
arrive at the stainless steel substrate, so the substrate is cor-
roded and hollowed out. With the increase in the corrosion
time, more electrolytes are accessible to the bare stainless steel
and accelerate further corrosion. Finally, the coating around
the pinholes might rupture and split off from the ASS
substrate. So, the pinholes become larger and larger.

Concluding Remarks

The FE-SEM results show that the surface topography of
the TiO, coating is smooth, crack-free, dense, and uniform.
The coating is composed of the accumulation of particles
with a few tens of nanometers. The EDS analyses show that
the TiO, coating surfaces become more compact and the
content of Ti element increases with the increase of deposi-
tion time. The XRD results show that the anatase-phase
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structure coatings are available when the sintering tempera-
ture is between 673.15 and 923.15 K. The peak intensity of
anatase phase increases and the peak width becomes nar-
rower with the increase of the calcined temperature.

The PP and two circles of the CV scanning tests both show
that the coatings demonstrate better anticorrosion behavior
compared with the ASS substrate. The corrosion current den-
sity decreases and the polarization resistance increases in PP
with the increase of the coating thickness until the thickness
reaches to 288.9 & 0.8 x 10~ m. The corrosion resistance of
the TiO, coatings deteriorates with the increase of the corro-
sion time. The anticorrosion performance of the TiO, coating
is due to two aspects: first, the dense, compact TiO, nanopar-
ticles act as the inert physical barriers to prohibit the pitting
corrosion and optimize the nanostructure of the ASS sub-
strate; second, the TiO, nanoparticles are embedded in the
ASS substrate surface layer to generate the interface layer by
atomic diffusion in the high-temperature sintering condition.
When the corrosion electrolyte diffuses to the interface layer,
the TiO, coating undergoes strong cathode polarization,
which means that any damage or partial removal of the coat-
ing does not cause an increased galvanic corrosion of the
ASS substrate.
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Figure 17. The schematic diagram of the pinhole and
the corrosion model of the ASS substrate.
(a) 0 and 24 h; (b) 240 h. [Color figure can be viewed

in the online issue, which is available at wileyonline
library.com.]
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Figure 18. Surface morphology of the TiO, coating with
thickness of 228.5 = 0.9 x 10~° m after the
corrosion time of 240 h.

The EIS tests indicate that the TiO, coating has a rela-
tively high-capacitance behavior in the initial stage of corro-
sion process. The capacity of the TiO, coating has reduced
slightly, and the corrosion electrolyte has penetrated to the
ASS substrate through the pinholes and led to the localized
corrosion with the increase of the corrosion time. The capac-
itance and the resistance of the corrosion product layer
between the interface of the ASS substrate and the TiO,
coating are found after the corrosion time of 240 h. The sur-
face morphology of the TiO, coating after corrosion both
show that the multistage corrosion process might have hap-
pened. Because the TiO, nanoparticles coating has a con-
spicuous corrosion resistance, further work will focus on the
heat transfer and the antifouling performance of the coating
on the ASS in the pool boiling conditions.
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Notation

DI = diffraction intensity of X-ray/counts

E.orr = corrosion potential, V
E, = potential of oxidation peak, V
E, = potential of reduction peak, V
f = frequency, Hz
I.orr = corrosion current density, A m~2
[, = sampling length, m
n = empirical exponent between 0 and 1
Q. = capacitance at the solution/coating interface, Q' m?
O, = capacitance properties of the corrosion layer, Q's"m?
Qa1 = capacitance at the solution/substrate interface, Q' m?
R, = arithmetical mean deviation, m
R, = resistance properties of the interface layer, Q m?
R, = char%e transfer resistance at the solution/substrate interface,
Qm
R, = polarization resistance, Q m?
pore = Tesistance resulted from the coating pores, channels or
cracks, Q m>
R, = root mean square deviation, m
R, = resistance of the electrolzyte between working electrode and
reference electrode, Q m
R, = the maximum height of profile, m
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Yy = admittance constant

7 = impedance in Nyquist plot, Q m?
Zim = imaginary part of impedance of EIS, Q m?
Z. = real part of impedance of EIS, Q m?

1ZI = modulus of Z, Q m?

Greek letters

Ba = anodic polarization constant or Tafel anodic slope, V dec ™"

pe = catholdic polarization constant or Tafel cathodic slope, V
dec™
0 = Bragg X-ray diffraction angle of the crystal, °
¢ = phase angle in Bode plot, °
w = angle frequency, Hz
&z = relative fitting errors of 1ZI, %
A¢@ = deviation of ¢, °

Abbreviations

AFM = atomic force microscopy

ASS = AISI304 stainless steel

CDC = circuit description code

CPE = constant phase element
CV = cyclic voltammetry

CVD = chemical vapor deposition
EC = equivalent circuit

EDS = energy-dispersive X-ray spectroscopy
EIS = electrochemical impedance spectroscopy

FE-SEM = field emission scanning electron microscopy
FWHM = full width at half maximum

LPD = liquid-phase deposition
OCP = open-circuit potential
PP = potentiodynamic polarization
RE = reference electrode
SAM = self-assembled monolayer
SCE = saturated calomel electrode
WE = working electrode
XRD = X-ray diffraction
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