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Abstract: A study was conducted to develop a protective nano-coating for 304
stainless steel in acidic conditions (1.0 M HCl) using nano-yttrium titanate. The nano-
yttrium titanate (Y2Ti207) was synthesized through a spin coating sol-gel method at
various calcination temperatures. The coated 304 stainless steel samples were
subjected to characterization using different surface analysis techniques, including X-
ray diffraction analysis (XRD), atomic force microscopy (AFM), scanning electron
microscopy (SEM), and energy dispersive X-ray analysis (EDS). The XRD analysis
confirmed the formation of the desired Y2Ti2O7phase at 700 °C, which remained stable
up to 900 °C with the highest intensity. AFM results revealed that the Y>Ti207-coated
steel samples calcinated at 900 °C exhibited lower roughness parameters (R. = 9.4 nm
and Rims = 11.7 nm) compared to the uncoated steel samples treated with HCl (R. =
18.8 nm and Rims = 22.7 nm), indicating effective surface protection. SEM images also
supported these findings. Furthermore, electrochemical techniques such as Tafel

polarization, electrochemical frequency modulation, and electrochemical impedance
spectroscopy were employed. Consistently, all three techniques demonstrated that
increasing the calcination temperature and the presence of the Y2Ti2O7phase improved
the inhibition efficiency (M%) against corrosion in 1.0 M HCI. The inhibition
efficiency reached its maximum value of approximately 99.6% at 900 °C. Overall, the
study's findings highlight the significant enhancement of corrosion inhibition
efficiency in 304 stainless steel achieved through the application of a nano-yttrium
titanate coating. This improvement is attributed to the coating's hydrophobic
properties, as evidenced by contact angle measurements.

Keywords: Nano-coating; Sol-gel; Y2Ti2O7;  Stainless steel;  Corrosion;
Electrochemical frequency modulation; Electrochemical Impedance spectroscopy;
Tafel polarization

1. Introduction

Coating is a valuable method for controlling the corrosion of 304 stainless steel in aqueous
environments (Huh et al., 2005, Lopez et al., 2005, Buyuksagis et al., 2015, Xin et al., 2019, Omar et
al., 2017). 304 stainless steel is the most versatile and widely used stainless steel, with extensive
applications in industries such as aerospace, petroleum, and chemical manufacturing. Despite its
widespread use, it is susceptible to various forms of corrosion in different aggressive environments
(Nazeri et al., 1997, Ivankovic et al., 2016, Samim et al., 2020, Perez et al., 2002, Boudalia et al.,
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2013, Eziuka ef al., 2023). One of the most aggressive environments is hydrochloric acid, which is
commonly used in acid pickling, industrial acid cleaning, and acid descaling processes (Hooshmand
Zaferani et al., 2013, Yue et al., 2023, Li et al., 2005, Li et al., 2008, El-Haddad and Elattar, 2013,
Pantoja et al., 2019, Verma et al., 2020, Onyeachu et al., 2022, Aslam et al., 2022, Itodoh et al.,
2023, Salim et al., 2023, El Ouadi et al., 2017). Ceramic coatings are recommended as effective
barriers against corrosion in aqueous environments. These coatings, especially nano-structured
ceramics, exhibit good passivity, low conductivity, and excellent protection properties (Curkovic et
al., 2013, Movassagh-Alanagh and Mahdavi, 2020, Boukerche et al, 2019, Ramaprakash et al.,
2016). Various ceramic coatings, such as TiO2, SiOz, AlbOs, ZrO, and mixed oxides like ZnO/TiO;
and ZrO>-TiO2 have been used to protect stainless steel in different corrosion conditions (Curkovic et
al., 2013, Perez et al., 2002, Chen et al., 2011a, Di Maggio et al., 1996, Boukerche et al., 2019,
Mohan et al., 2020, Ziouche et al., 2021). Yttrium titanate, an important pyrochlore ceramic with the
formula A;B>0O7, is utilized as a protective material (D'Isanto et al., 2021, Zhao et al., 2020,
Behnamian et al.,, 2017) in thermal barrier coatings (TBCs) widely used in various industries
(Nguyen et al., 2020).

In this study, we aimed to investigate the corrosion resistance ability of nano-structured
Y:Ti207-coated 304 stainless steel, specifically in relation to its application in the petroleum industry.
The petroleum industry involves various processes, including acid pickling, industrial acid cleaning,
and acid descaling, where 304 stainless steel is exposed to hydrochloric acid (HCI) as a corrosive
medium. As an attempt to protect the steel from the corrosive effects of hydrochloric acid, we applied
a nano-structured Y»Ti2O7 coating and evaluated its corrosion resistance using electrochemical
techniques, including electrochemical frequency modulation (EFM), electrochemical impedance
spectroscopy (EIS), and Tafel polarization. For this initial investigation, a concentration of 1.0 M
HCI was used to assess the coating's ability to resist corrosion. This serves as a starting point, and
further studies can be conducted to explore the performance of the coating in more aggressive
environments and assess its potential for extended protection.

2. Experimental Details
2.1 Sourcing and preparation of Y:Ti:O7 coated stainless steel

Austenitic stainless steel plates (304) with dimensions of 10 x 25 x 1 mm were employed as
the substrates. Prior to the application of the coating, the substrates underwent a series of mechanical
polishing steps utilizing SiC abrasive papers of various grit sizes, namely 320, 400, 600, 800, 1200,
1500, and 2000. Afterward, the substrates were subjected to ultrasonic cleaning for 10 minutes each,
using acetone, ethanol, and distilled water, respectively, and followed by thorough drying.

The Y:Ti207 film was prepared by using yttrium nitrate (0.250 g) and titanium tetra
isopropoxide (TTIP; 0.300 mL) as precursors for Y and Ti, respectively. These precursors were
dissolved in a mixture of methanol (5.00 mL), water (0.130 mL) and HCI1 (0.016 mL) (Saif et al.,
2015). The mixture was stirred for 10 minutes and immediately spin-coated onto the surface-prepared
stainless steel 304 substrates at 3000 rpm for 1 minute. The coated substrates were subsequently
dried at 80 °C for 45 minutes. To investigate the impact of calcination temperature on the anti-
corrosion behavior of the prepared coatings, the coated substrates were subjected to calcination at
various temperatures (400, 500, 600, 700, 800, 900, 1000 °C) for 2 hours. Titanium tetra
isopropoxide (TTIP) with the chemical formula Ti[O(C3H7)]s was obtained from ACROS (USA),
while Y(NO3); was prepared by reacting Y203 obtained from Aldrich with nitric acid from Merk.
Methanol, hydrochloric acid, and acetic acid were purchased from Sigma-Aldrich.
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2.2 Electrochemical measurements

Samples of 304 stainless steel, both coated and uncoated, were mounted in Teflon holders,
exposing a surface area of 1 cm?. Electrochemical measurements were performed using a standard
three-compartment glass cell setup. The stainless steel specimen served as the working electrode
(WE), while a platinum mesh was used as the counter electrode (CE). The experiment employed a
saturated calomel electrode (SCE) as the reference electrode. Fritted glass was used to separate the
counter electrode from the working electrode compartment, and a Luggin capillary was connected to
the reference electrode to minimize IR drop effects. Prior to initiating the measurements, the
electrode potential was allowed to stabilize for 60 minutes at room temperature (25°C +1). All
electrochemical measurements were carried out wusing a Gamry 3000 Instrument
Potentiostat/Galvanostat/ZRA, which was connected to a personal computer for data collection. Data
analysis and visualization were performed using the Echem Analyst 6.33 software, along with
specific Gamry applications such as EFM140 for EFM, EIS300 for EIS, and dc105 for dc corrosion
(Tafel) measurements. Electrochemical frequency modulation (EFM) was performed using two
frequencies: 2.0 and 5.0 Hz, with a base frequency of 0.1 Hz, and a perturbation signal amplitude of
10 mV for both frequencies. Electrochemical impedance spectroscopy (EIS) measurements were
conducted by applying a small alternating voltage perturbation with a peak-to-peak amplitude of 10
mV over a frequency range of 100 kHz to 20 mHz. For Tafel measurements, the electrode potential
was scanned from -250 to 250 mV at the open circuit potential, using a scan rate of 5mV/s
(Abdelshafi et al., 2022a, Abdelshafi et al., 2022b, Salhi et al., 2016, Almashhdani and Alsaadie,
2018, Sikine et al., 2018). The inhibition efficiency of the Y,Ti»O; coated steel at different

calcination temperatures was calculated using the EFM and Tafel techniques, represented as #7erv %
and 1 1. %, respectively. These efficiencies were calculated by the following equation:
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are corrosion current density in the absence and presence of the coating, respectively.
The inhibition efficiency calculated from EIS technique, represented as #£is % followed the equation:
R
Nes% =(1 — —) x 100
RP

R} and R, are the polarization resistances in the absence and presence of the coating, respectively.

2.3 Surface analysis

X- ray diffraction patterns of coated samples were recorded using a Pert Philips X-ray
diffraction (XRD) instrument with Cukaa radiation, operating at 40 kV and 30 mA and scan rate of
50 min!. The surface topography was investigated using atomic force microscopy (AFM) technique
with a Nano surf C3000 instrument (Nano surf AG, Graubernstr 12, CH-4410 Liestal — Switzerland).
The images were acquired in phase contrast mode using NCLR cantilever type with a spring constant
of 0.15 N/m at a resonance frequency of 13 kHz. All images were recorded under ambient air
conditions at room temperature (25°C +1). The surface morphology of yttrium titanate film was
examined using high-resolution scanning electron microscopy (SEM) with an energy dispersive
spectroscopic (EDS) microanalysis system. The SEM analysis was performed using a Quanta FEG
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250 instrument with a field emission gun from FEI Company in the Netherlands. In contact angle
method, water droplets were deposited on the surfaces of the thin films. The contact angle
measurements were performed using a Shape Analysis System model DSA258 instrument from
KRUSS GmbH. The drop images were captured over time using a video camera, and an image
analysis was conducted to determine the contact angle.

3. Results and Discussion
3.1 Characterization of Y:Ti;O7 coated Steel
3.1.1. X-ray diffraction (XRD)

The X-ray diffraction patterns presented in Figure 1a-b show the evolution of the Y>Ti207
phase on the coated steel at different calcination temperatures. Figure la demonstrates the
emergence of the Y>Ti207 phase, while Figure 1b displays the substrate peaks. The dominance of
substrate peaks in XRD patterns at different calcination temperature can be attributed to the porous
nature of the coatings (Nagarajan and Rajendran, 2009). The crystal data of the prepared Y>Ti2O7-
coated steel are listed in Table 1.

Table 1. XRD analysis of the prepared Y,Ti2O7 coated steel substrate at different calcination
temperatures.

Cal. Temp. (°C) 20 (degree) FWHM Crystal size Lattice parameter
(nm.) (A°)
700 30.7 0.6298 13.7 10.07832
800 30.6 0.1920 44.8 10.11489
900 30.4 0.1968 43.7 10.17399
a) b)
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Figure 1. XRD pattern of Y>Ti207 coated steel substrate at different calcination temperatures.

At calcination temperatures of 400, 500 and 600 °C, only steel substrate pattern was
dominated with phase transformation (Mumtaz et al., 2003, Yang et al., 2008, Chen et al., 2007).
When the calcination temperature increased to 700 °C, characteristic Y2Ti2O7 reflection peaks
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appeared at 20 = 30.7° (PDF#89- 2065), in addition to the steel peaks (Lavanya et al., 2021, Yu et
al., 2022, Yu et al., 2021). The main peak of Y,Ti,O7 shifted to a lower angle as the calcination
temperature increased from 700 to 900 °C. The crystal size values of Y2Ti207 on the surface of the
coated steel samples, calcinated at 700, 800, and 900 °C, were calculated using the Scherrer formula
(Saif et al., 2015) to be 13.7, 44.8, and 43.7 nm, respectively. Additionally, the maximum full width
at half maximum (FWHM) values for Y>Ti»O7-coated steel samples decreased as calcination
temperature increased (Table 1). This suggests that calcination treatment significantly influences the
crystallinity of Y,Ti207 (Chen et al., 2011b). Moreover, the lattice parameter slightly increased as a
function of calcination temperature (Chen ef al., 2011b, Nagarajan and Rajendran, 2009) (Table 1).
These results indicate that the formation and crystallization of the Y2Ti2O7 phase on the steel surface
commence at an annealing temperature of 700 °C (Figure 1).

3.1.2 Atomic Force Microscopy (AFM)

The surface topography of the steel under different experimental conditions was studied using
AFM technique. Figure 2 displays the 2D and 3D AFM images for both uncoated and Y>Ti>O7-
coated steel substrate calcinated at 900 °C before and after exposure to 1.0 M HCI as a corrosive
medium for 24 hours. The surface roughness parameters, including mean roughness (Ra) and root
mean square roughness (Rims) (Nagarajan and Rajendran, 2009) were calculated and are shown in
Figure 2.

The uncoated steel surface exhibited a few scratches with low roughness values (R, = 2.9 nm,
Rims = 2.2 nm) due to the polishing treatment (Figure 2a-b). However, after exposure to the corrosive
medium, the steel surface became rough with numerous bumps and cavities (Figure 2¢c-d). The
roughness parameters of steel surface after exposure to 1.0 M HCl were measured as R. = 18.8 nm
and Rims = 22.7 nm which are higher than those of uncoated steel (Abdelshafi et al., 2022a). On the
other hand, the AFM images of the Y>Ti207-coated steel substrate before and after exposure to 1.0 M
HCl revealed a uniform and homogeneous distribution of the smoothed Y>Ti20O7 film on steel surface
(Figure 2f-i). The roughness parameters of the Y>Ti2O7-coated steel substrate were higher than those
of the uncoated steel (Abdullahi et al., 2021) (Ra =10.7 nm and Rums = 13.2 nm). This can be
attributed to the adhesion and growth of the Y2Ti2O7 film on the surface. A slight decrease in the
roughness parameter of the Y>Ti2O7-coated steel substrate was observed after exposing the Y>Ti207
film to the corrosive medium (Ra = 9.4 nm and Rins = 11.7 nm). The low roughness parameter of the
HCl-treated Y,Ti2O7-coated steel substrate, compared to the HCl-treated uncoated steel, indicates
that the surface was protected. This confirms that the Y>Ti2O7 coating acts as an efficient barrier,
protecting the steel surface from corrosion.

3.1.3 Scanning Electron Microscopy (SEM)

Figure 3 illustrates low-resolution and high-resolution SEM images of both uncoated and
Y. Ti2O7-coated steel substrate calcinated at 900 °C, before and after exposure to 1.0 M HCI for 24
hours as a corrosive medium. Prior to the corrosion test, the steel surface exhibited a few small pits
(Figure 3a-b). However, after immersion in the corrosive medium, extensive corrosion in the form of
shallow micro-pits was observed (Figure 3c-d). In contrast, the coated steel surface displayed a
uniform distribution of Y>Ti2O7 grains, forming a smooth, porous, and dense coating on the steel
surface (Figure 3e-f).
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Figure 2. AFM images of uncoated steel and Y2Ti20O7-coated steel substrate calcinated at 900°C
before and after exposure to 1.0 M HCl as a corrosive medium.
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The Y;Ti,0O7 grains had a small average size of 35 nm. Interestingly, the same morphological
structure and grain size of the Y>Ti207 thin film were maintained after immersion in the corrosive
medium (1.0 M HCI for 24h). No noticeable cracking, pits, or open grain boundaries were observed
on the Y,Ti2O7 thin film after exposure to the corrosive medium (Figure 3g-h). The uniform
distribution of small grains contributed to the formation of a compact and dense thin film, which
effectively prevented corrosive species from reaching the interface between the Y, Ti,O7 thin film and
substrate. This unique thin film structure enhanced the corrosion protection properties of the coating.

EDS analysis was conducted to determine the surface elemental composition (Figure 4a-c).
The EDS spectrum of uncoated steel has characteristic peaks corresponding to the elemental
composition of steel (Fe, Cr, Mn, Ni) (Figure 4a). The EDS results of the Y,TixO7-coated steel
substrate (Figure 4b) confirmed the presence of titanium, yttrium and oxygen in addition to steel
elements. A significant decrease in the atomic percentages of steel elements was observed after
coating with Y>Ti2O7, indicating the presence of Y2Ti20O7 on the steel surface and the preparation of a
highly pure coating. No changes were observed in the elemental composition and atomic percentages
of the Y,Ti2O7-coated steel surface before and after exposure to 1.0 M HCI (Figure 4b-c). This
observation was further supported by EDS elemental mapping analysis (Figure Sa-b), which
revealed a uniform distribution of coat elements on the steel substrate before and after exposure to
the corrosive medium.

3.2 Hydrophobicity character of the Y:Ti>07 coated steel substrate

To assess the impact of the Y2Ti2O7 thin film on the hydrophobicity of the steel substrate
under different experimental conditions, a contact angle (CA) measurements were conducted using
the sessile drop technique (John et al., 2019). Figure 6 presents photographs illustrating the water
contact angles of the steel substrate coated with Y2>Ti,0O7 at various calcination temperatures, showing
higher angles compared to the uncoated substrate. Furthermore, no significant difference was
observed in the contact angle of the coated steel substrate before and after immersion in the corrosive
medium (1.0 M HCI for 24 hours) (Figure 6). These findings indicate an improvement in the
hydrophobic nature of the steel substrate in the presence of the Y2Ti2O7 thin film. The hydrophobic
character of the thin film plays a crucial role in impeding the diffusion and interaction of corrosive
molecules and ions (H2O, O, CI) with the steel substrate (Nazeer and Madkour, 2018). Therefore,
the Y2Ti207 thin film enhances the hydrophobic properties of the steel substrate, which is vital for
protecting it from corrosion.

3.3 Electrochemical measurements
3.3.1 Electrochemical frequency modulation measurements

Electrochemical frequency modulation (EFM) is an AC electrochemical technique widely
used for corrosion studies and evaluating the efficacy of protective coatings. It provides valuable
insights into the electrochemical behavior of materials, including corrosion rate, coating impedance,
and capacitance. EFM involves applying a small-amplitude alternating voltage perturbation to the
working electrode at various frequencies while monitoring the resulting current response. This non-
destructive and real-time approach enables the investigation of corrosion protection properties and
the assessment of coating performance in different environments (Ali et al., 2019, Abdel-Rehim et
al., 2006).
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Figure 3. SEM images for of uncoated steel and Y>Ti207-coated steel substrate calcinated at 900°C
before and after exposure to 1.0 M HCI as a corrosive medium.

Soliman et al., Mor. J. Chem., 2023, 14(3), pp. 780-801 787



210

Atomic
Element Weight% %

CrK 173 18.41

FeK 7277 72.09

20

Lsec: 300 0lats Q000 ke Det: Octane Pro

Fe Ka

Atomic
Element Weight% %

oK 9.03 2578

NIK 6.16 48
00 20 40 6.0 80 100 120 140 160 180
Lsec: 30.0 0 Cnts 0.000 keV Det: Octane Pro Det Reso
. 0) Atomic
e Element Weight% %
P OK 8.52 2461
. TN

516

430

TiK 1.56 15

MnK 1.52 128

NiK 86 6.77

120

140 60 180

Lsec 822 OCms 0200 ke

Figure 4. EDS spectra of uncoated steel (a), Y2Ti20O7 coated steel substrate calcinated at 900°C
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EDS layered image
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Figure 5. EDS elemental mapping of Y2Ti207-coated steel substrate before (a) and after (b) exposure
to 1.0 M HCI
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Figure 6. The static contact angle photographs of uncoated and Y2Ti2O7 coated steel at different
calcination temperatures.

The electrochemical parameters, including corrosion current density (i, ), Tafel constants

(Ba and B.), the causality factors (CF-2 and CF-3) and corrosion rate (CR), were calculated using the
EFM140 application of the Gamry 3000 instrument through the equations listed below. These
parameters, along with the coating’s inhibition efficiency neryv % are listed in Table 2.

i _ (la)l -, )2 ﬂ — lwl @, U
corr . . . a . . . ( )Z
2\/81501 -, 126()2 o, 3(10)1 -, )Z la)z T, + \/8la)l -, 12w2 o, 3 lwl -,
Iy -o,U : Lyt
= e Causality factor 2 (CF-2)=-2-"2 =2
¢ . .. . i
- lwz to, + \/8la)l 0, lZa)Z EO) - 3(10)1 @, )Z 20,

o & CR _=0.13i . (e/
Causality factor 3 (CF-3) = l2“’1—“"2 =3 e e/ p)

3w,
where icorr 1S corrosion current density, where w2 and o1 denote the applied frequencies {w> >
o1; (@ = 2nf)}, and U represents the amplitude of the sine wave perturbation, i,, is the measured

harmonic components, correspond to angular frequencies of2w,. Similarly, i,,is the measured

harmonic components, correspond to angular frequencies of 3. Additionally, the intermodulation
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components, i and i,,., . represent current responses measured at angular frequencies

w0, Tw, isziwl 4
ot o, 20, *wand 2@, + @,, respectively. CRypy is the corrosion rate (mils/year), (e) is the
equivalent weight of the metal and (p) is the density of the metal.

Table 2. Electrochemical kinetic parameters obtained by EFM technique for uncoated 304 stainless
steel and coated samples with yttrium titanate calcinated at different temperature in 1.0 M HCI at

25°C +£1.

Tcal' Jcorr B B CR CF-2 CF-3 9
(‘f,‘(‘:‘i" (A.cm?)  (mV/dec) (mV/dec) (mpy) i § NEFM 70
Blank  461.10 92.94 115.50 210.70 1.67 168 -
400 153.20 78.04 155.10 70.00 1.75 2.28 66.78
500 488.00 59.90 84.98 223.00 1.29 257 e
600 579.90 85.59 254.70 265.00 1.91 17—
700 12.45 54.30 74.70 5.69 1.95 2.28 97.29
800 3.23 84.52 133.30 1.48 1.90 1.48 99.30
900 1.38 80.32 172.50 630.60 1.83 1.83 99.70
1000 50.81 55.16 73.79 23.22 1.24 1.44 88.98

The intermodulation spectra presented in Figure 7 and Table 2 show a decrease in corrosion
current density at 400 °C compared to the blank sample, with an inhibition efficiency of 66.78%.
This behavior can be attributed to the initiation of a protective layer (mainly consisting of Y203, TiO:
and Cr203) on the steel surface due to phase changes in the steel at 400 °C. This protective layer acts
as a barrier against the corrosion process, leading to a decrease in corrosion current density (icon=
153.20 pA.cm2). However, at higher calcination temperatures (500 and 600 °C), the steel surface
may undergo phase transformations or structural changes (as indicated by the XRD pattern in Figure
1), which can affect its protective properties. For instance, the coating may become more porous or
develop cracks, allowing hydrochloric acid to reach the underlying steel surface. This results in an
increase in the corrosion current density, from icor = 488.00 pA.cm™ at 500 °C to icor =579.90
nA.cm? at 600 °C, accompanied by a significant reduction in the inhibition efficiencies of -5.83%
and -25.76%, respectively. These negative values of nzmv % only indicate corrosion acceleration and
are therefore omitted from the table.

At higher temperatures (700, 800, and 900 °C), the XRD pattern reveals the formation of a
yttrium titanate coating, which improves the protective properties of the steel. The coating may
become denser or develop a more uniform microstructure, acting as a barrier against the corrosion
process and resulting in a decrease in the corrosion current density. In summary, the corrosion
resistance of the steel coated with yttrium titanate is significantly influenced by the calcination
temperature and the resulting microstructure and composition of the coating. Yttrium titanate exhibits
enhanced protection when calcinated at temperatures of 700, 800, and 900 °C (inhibition efficiencies
of 97.29%, 99.30%, and 99.70%, respectively), as evidenced by the decrease in corrosion current
density (icorr = 12.45, 3.23, and 1.38 pA.cm™, respectively). These results are consistent with the
XRD analysis in Figure 1. However, the decline in corrosion resistance after 900 °C can be
attributed to several factors. At such high temperatures, the yttrium titanate coating may undergo
decomposition or react with the underlying steel substrate, compromising its protective properties.
This could result in the formation of a layer of yttrium oxide (Y203) on the coating surface, which
may not be as effective at preventing steel corrosion as the original yttrium titanate layer.
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Additionally, exposure to high temperatures can lead to the formation of defects or cracks in the
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corrosion current density. Moreover, the formation of specific crystal phases of yttrium titanate at

1.2

0.2 0. 4 0.6 08
Frequency (Hz)

1.6

10-4 L

10% |

—*— 500°C

WM

00 02 04 06 08 10 12 14 16

Frequency (Hz)

]0-0 .

—*— 700 °C

i

00 02 04 06 08 1.0 12 14 1.6

Frequency (Hz)

—*— 900 °C

el

00 0.2 04 06 0.8 10 I.2 1.4 1.6

Frequency (Hz)

Current density (A/cmz)

§

Current density (A/cmz)

?

Current density (A/cmz)

Current density (A/cmz)

§

10°

10

105 |

10¢

104

]0-5 L

106 |

10°

10

104 ¢

10°¢

—*— 400 °C

00 02 04 06 08 10 1.2 14 16

Frequency (Hz)

—*— 600 °C

0.0 02 04 06 0.8 1.0 1.2 14 1.6

Frequency (Hz)

—*— 800 °C

3

00 02 04 06 08 1.0 12 14 1.6

Frequency (Hz)

—*— 1000 °C

04 06 08 10 12 14

Frequency (Hz)

0.0 02 1.6

Soliman et al., Mor. J. Chem., 2023, 14(3), pp. 780-801



higher temperatures may reduce its chemical stability and protective ability. Therefore, while the
behavior of the yttrium titanate coating at high temperatures is complex and can enhance corrosion
resistance in certain cases, it is crucial to thoroughly investigate the underlying mechanisms involved
to ensure its effectiveness as a protective layer.

3.3.2 Electrochemical impedance spectroscopy measurements

In this study, the corrosion inhibition properties of a yttrium titanate coating on steel surfaces
immersed in 1.0 M HCI solutions were evaluated and compared with those of uncoated surface. The
corrosion mechanism in 1.0 M HCI solutions typically involves the dissolution of iron ions from the
steel surface and the formation of iron chloride compounds. The corrosion rate can be controlled by
the formation of a protective oxide layer on the surface or by the application of a protective coating.
We investigated the effect of calcination temperature on the protective performance of yttrium
titanate coating electrochemical impedance spectroscopy using (EIS).

The Nyquist (Figure 8) and Bode (Figure 10) plots obtained from the impedance data
exhibited different behaviors at varying calcination temperatures. At 400°C, the polarization
resistance (Rp) of the coating was higher than that of the blank, indicating better inhibition efficiency.
However, at 500 and 600°C, the Nyquist plots showed lower polarization resistance compared to the
blank, suggesting a lower inhibition efficiency of -20.01% and -36.54%, respectively. These negative
values of inhibition efficiency indicate corrosion acceleration and are omitted from the table. At
higher temperatures (700-900°C), the formation of yttrium titanate coating increased the polarization
resistance and hence the inhibition efficiency, as indicated by the higher R, values in the Nyquist
plots. The analysis of the equivalent circuit (Figure 9) revealed that the protective performance of the
coating was related to the formation of a compact and homogeneous yttrium titanate layer on the
surface, which effectively blocked the diffusion of H" ions and reduced the corrosion rate. However,
above 900°C, the inhibition efficiency decreased, as shown by the lower R, values in the Nyquist
plots. This decrease could be attributed to the formation of cracks and defects in the coating,
exposing the underlying steel surface to the corrosive environment (HCI) and promoting the
corrosion rate.

The results highlight the critical role of the calcination temperature in determining the
protective performance of the yttrium titanate coating and emphasize the need for careful
optimization of the coating process parameters to achieve the desired inhibition efficiency.

The proposed equivalent circuit used to describe the studied system consists of solution
resistance (Rs), a resistor (R;) in parallel with a constant phase element (CPE), and a resistor (Ry) in
parallel with an inductor (L). The Nyquist plot displays a semicircle and an inductive loop, where the
semicircle represents the charge transfer resistance and double layer capacitance of the coating, while
the inductive loop indicates the presence of inductance in the coating. The electrochemical
parameters obtained from EIS, such as Rs, CPE with its heterogeneity (n), Ry, and L with its
resistance (Ri), were calculated by fitting the impedance spectra to the equivalent circuit model
shown in Figure 9 and presented in Table 3.

The analysis of the equivalent circuit revealed that the polarization resistance (Rp) of the steel
electrode increased at 400°C (R, =0.463 kQ.Cm?) and then sharply decreased between 500 and
600°C. As the calcination temperature increased from 700 to 900°C, the polarization resistance
sharply increased, reaching its maximum at 900°C (R, = 44.40 kQ.Cm?), along with an inhibition
efficiency of 99.6%. At a calcination temperature of 1000°C, the polarization resistance decreased
(Rp=1.27 kQ.Cm?), accompanied by an inhibition efficiency of 86.0%.
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The presence of inductive loops in Nyquist plots and the use of constant phase elements in
equivalent circuits are common when describing the studied system. The inductive loop represents
physical inductance in the system, while the constant phase element represents non-ideal behavior.
The inductive loop can influence EIS data by contributing to the low-frequency response, resulting in
an increase in impedance magnitude with increasing frequency. The constant phase element can also
affect EIS data by representing non-ideal behavior, often observed as a depressed semicircular arc in
the Nyquist plot, indicating a more complex electrochemical process. Unlike a pure capacitor or
resistor, the CPE does not maintain a constant phase angle over a wide range of frequencies. Instead,
it exhibits a power law frequency dependence, which can lead to a depressed semicircular arc in the
Nyquist plot
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Figure 8. Nyquist plots uncoated 304 stainless steel and coated samples with yttrium titanate
calcinated at different temperature in 1.0 M HCl at 25°C +1.
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Figure 9. Equivalent circuit used to model impedance data for uncoated 304 stainless steel and
coated samples with yttrium titanate calcinated at different temperature in 1.0 M HCI at 25°C =£1.
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Table 3. Electrochemical kinetic parameters obtained by EIS technique for for uncoated 304 stainless
steel and coated samples with yttrium titanate calcinated at different temperature in 1.0 M HCI at

25°C +1.
Cal.
Rs Rw R, CPE . , .
T(‘f,‘g;" @.Cm}) (kQ.Cm) (kQ.Cm?) (@Qlcmzsy X110 L (kH.em’) s %
Blank 6.527 0.066 0.178 19.400 8.470 0152
400 1.438 0.198 0.463 26.000 7.960 0.067 61.688
500 1.356 0.109 0.148 113.000 7.050 0.051 e
600 0.694 0.072 0.130 68.400 7.000 0.155 e
700 20.390 3.040 5.920 1.880 7.320 7.630 96.999
800 109.300 11.500 17.800 1.230 8.640 56.700 99.000
900 77.630 14.100 44.400 0.098 7.330 36.700 99.599
1000 6.116 0.515 1.270 4.180 8.470 1.080 86.002

3.3.3 Tafel polarization measurements

Table 4 presents the electrochemical parameters extracted from Figure 11, which includes
corrosion current densities (icor-), corrosion potential (Ec.), anodic Tafel slope ( Ba), cathodic Tafel
slope (B¢) and, corrosion rate (CR).

Table 4. Electrochemical kinetic parameters obtained by Tafel polarization technique for blank and
coated steel in1.0 M HClI at 25 + 1 °C at various calcination temperatures.

Cal. Temp. (*C) (p,Alf(glrn‘z) -EMFSEH;Z\)] v (m\?/?iec.) (mVp/flec.) CR (mpy) el %o
Blank 571.0 428.0 84.2 88 260 e
400 233.0 424.0 86.6 1122 106.4 59.19
500 708.0 427.0 156.0 109.8 3233 -
600 874.0 428.0 222.3 120.4 3909.2  eeee-
700 18.2 421.0 83.1 105.0 8.314 96.81
800 4.84 365.0 86.00 156.4 2.213 99.15
900 1.98 379.0 48.6 99.3 0.9067 99.65
1000 86.6 423.0 184.1 91.7 39.56 84.83

In this study, we investigated the corrosion behavior of Y>Ti>O7-coated steel calcinated at different
temperatures in 1.0 M HCI. The experimental data showed that the corrosion current density initially
decreased at 400 °C (izon= 233.0 pA.cm) compared to the uncoated steel. This can be attributed to
the formation of a passive film on the steel surface. However, at 500 and 600 °C, the corrosion
current density increased (icon= 708.0 and 874.0 pA.cm™, respectively), indicating a higher rate of
metal dissolution (CR= 323.3 and 399.2 mpy, respectively). The high CR was accompanied by
negative values of inhibition efficiency (1741 %) of -23.99% and -53.06%, respectively. These values
were omitted from the table because there is no meaning to inhibition efficiency with negative sign.
This corrosion acceleration may be due to the transformation of the steel phase at these temperatures,
as observed in the XRD pattern. At 700, 800, and 900 °C, the corrosion current density sharply
decreased (icon=18.2, 4.84, and 1.98 nA.cm2, respectively), reaching maximum inhibition efficiency
(M1ater Yo = 99.6%) at 900 °C. This can be attributed to the formation of a protective yttrium titanate
phase on the steel surface. Above 900 °C, the corrosion current density increased again (icor= 86.6
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uA.cm2), and the inhibition efficiency decreased (7741 % = 84.83% at 1000 °C), potentially due to
the degradation of the protective coating.

300 20
*
.0
250 R
> 0 ‘5‘
200 F -
< 4
[~ 20 T
o 150 | =
i 2
< 3
— 100 40 =
N 2
50 g
*  Blank (Bode) -60 B
0 +  Blank (Bode Phase)
Fit
= = = = -80
00100 10 10 100 10t 10t 10t 1t 10t
Frequency (Hz)
200 10
10
150 | ™
‘0@
o )
o1
120 2
£ 100 =
3 L
g 1-30 g
Si ¥
NS0 140 3
_— w
=
150 =
ol e R
+ 500 °C (Bode phase) 1-60
Fit 5
" . u . . . -70
107107 10t 10 0t 100 108 10¢ 105 10°
Frequency (Hz)
10000 20
8000 1o o
2
& 6000 | g
E 120 =
H k3
S 4000 f ®
: {-40 =
— 2000 | 2
=
of * 700°C (Bode) 1-60 B
+ 700 °C (Bode phase)
Fit
" L " " " " -80
1 107 10t w10t 10t 1t 100 108 100
Frequency (Hz)
60000 20
50000 F
°3
. 40000 | =
NE *
< 30000 F -20 %
=3 A =3
— 20000 F 4 a0 &
Ll o
10000 E
° 900 °C (Bode) 4-60 B
OF + 900 °C (Bode phase)
Fit
-80
00107 et 100 100 1t 10f 100 108 10e

Figure 10. Bode plots for uncoated 304 stainless steel and coated samples with yttrium titanate

Frequency (Hz)

600 20
500
1? 0 E‘
a Of # &
£ " g
~ =
S 73
= 0 =
2 40 ®
al 2
100 =
® 400 °C (Bode) 60 B
OF 4 400°C (Bode phase)
Fit 80
100107 100 100 100 100 107 104 105 10
Frequency (Hz)
200 20
150 40
_
E
L d 2
g o 20
=
= of {40
0 °  600°C (Bode) 1-60
* 600 °C (Bode phase)
Fit
. " " L at " n -80
05107 100 100 100 10t 108 10t 105 108
Frequency (Hz)
30000 20
25000
0
20000
E
2
S 15000 .
<)
; 10000 40
5000
o 800°C (Bode) 1760
800 °C (Bode phase
Fit 80
104100 100 10 10t 100 100 10t 105 10°
Frequency (Hz)
1800 20
1600 F S
1400 | 1o
—~ 1200 F
o~
F <
§. 1000 20
G 800
=
w600 F 40
T a00 f
200 F © 1000 °C (Bode) o 1-60
0F * 1000 °C (Bode phase) ¥ e
Fit 80

10 102 10 100 0t 10t 10t

Frequency (Hz)

calcinated at different temperature in 1.0 M HCI at 25°C =£1.

10*

10°

10°

Phase angle (degree) Phase angle (degree)

Phase angle (degree)

Soliman et al., Mor. J. Chem., 2023, 14(3), pp. 780-801

796



XRD analysis confirmed the formation of the yttrium titanate phase on the steel surface at
700, 800, and 900 °C, contributing to the decrease in corrosion current density. At 500 and 600 °C,
the transformation of the steel phase may be responsible for the increase in corrosion current density.

On the other hand, the Tafel slopes remained nearly constant across the range of calcination
temperatures, indicating a consistent anodic and cathodic reaction mechanism for the corrosion
process. This information can be valuable for designing protective coatings that target specific
reaction mechanisms.

In conclusion, the Tafel polarization technique is a valuable method for evaluating the
corrosion behavior of steel in different environments and provides important insights into the
effectiveness of corrosion inhibitors. The experimental data from this study emphasizes the
significance of controlling the calcination temperature for the formation of protective coatings with
enhanced corrosion resistance.
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Figure 11. Anodic and cathodic Tafel polarization curves for blank and coated steel in1.0 M HCl at
25 £ 1 °C at various calcination temperatures.

Conclusion

A protective nano-yttrium titanate (Y2Ti207) coating was developed for 304 stainless steel under
acidic conditions (1.0 M HCl). The Y2Ti20O7 coating was synthesized using the spin coating sol-gel
method and calcined at different temperatures (400, 500, 600, 700, 800, 900, 1000 °C) for 2 hours.
The coated steel samples were characterized using various surface analysis techniques, including X-
ray diffraction analysis (XRD), atomic force microscopy (AFM), scanning electron microscopy
(SEM), and energy dispersive X-ray analysis (EDS). XRD analysis confirmed the formation of the
Y:Ti207 phase starting at 700 °C, which remained stable up to 900 °C with the highest intensity.
AFM measurements showed that the HCl-treated Y>Ti2O7-coated steel substrate calcined at 900 °C
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had lower roughness parameters (R. = 9.4 nm and Rims = 11.7 nm) compared to the HCl-treated
uncoated steel (R = 18.8 nm and Rims = 22.7 nm), indicating improved surface protection. SEM
images further supported these findings. The Y>Ti207 thin film exhibited a homogeneous distribution
of small grains, low roughness parameter, and hydrophobic properties.

Electrochemical techniques, including electrochemical frequency modulation (EFM), electrochemical
impedance spectroscopy (EIS), and Tafel polarization (dc technique), were employed to evaluate the
corrosion inhibition performance. All three techniques consistently demonstrated that increasing the
calcination temperature and the presence of the Y;Ti,O7 phase improved the inhibition efficiency
against corrosion in 1.0 M HCl. The maximum inhibition efficiency of approximately 99.6% was
achieved at 900 °C. The results obtained confirm that the Y.TiO7 coating efficiently acts as a
protective barrier, safeguarding the austenitic 304 stainless steel surface against corrosion especially
under acidic condition.

Acknowledgement: The authors would like to express their gratitude to the National Research Center, Desert
Research Center, Petroleum Research Institute in Cairo, and Environmental Studies and Research Institute at
Menoufia University in Sadat City for providing the characterization equipment.
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