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Abstract

In various industries, the susceptibility of T91 steel to corrosion often necessitates the adoption of highly efficient surface coatings. Despite
significant interest in developing a stable, cost-effective, and efficient graphene coating for T91 steel, achieving this goal has been challenging.
To address this, electrodeposition was employed to apply Ni-reduced graphene doped with Ni/GO/TiO, and GO/Fe-TiO, nanocomposite
coatings onto T91 steel substrates. Notably, the graphene nanocomposite coatings formed strong bonds with the T91 steel surface via Cr-C
bonding, ensuring exceptional durability. Gravimetric, potentiodynamic polarization (PP), and cyclic voltammetry (CYV) experiments were
conducted to evaluate the coatings' electrochemical response in a 3.5% NaCl solution. The Ni/GO/Fe-TiO; coating exhibited a corrosion rate
(CR) of 0.854 mm/y on T91 steel at room temperature, markedly lower than the untreated T91 steel CR of 2.321 mm/y. The method outlined
in this study for producing graphene doped nanocomposite coated on the T91 steel is straightforward. The properties of deposition-coated
surfaces were determined using XRD, SEM, and EDX analysis. Optimization studies are crucial in coating systems, with ANOVA being a
commonly employed statistical technique. RSM was utilized to optimize the corrosion rate of T91 steel, measured using the weight loss method.
Additionally, response optimization for CR identified a maximum fit of 74.39% after 24 h, with a weight loss of 0.00513 for Ni/GO/Fe-TiO,.
The predicted R2 (97.55%) and adjusted R2 (99.25%) values are closely aligned, indicating the model's accuracy.
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1. Introduction

Corrosion, a gradual and expected deterioration of steel structures, significantly impacts the economy [1, 2]. Effective corrosion
management techniques can impede or delay this process [3, 4]. Shielding coatings, widely employed across various contexts,
offer a practical means of protection, encompassing paints, galvanized layer films, or organic layers [5, 6, 7, 8, 9, 10]. However,
the substantial depth of these coatings can alter the chemical and physical properties of the metals they protect, thereby
diminishing their thermal and electrical conductivity. Moreover, organic coatings may allow the penetration of corrosive
electrolytes onto the metal's surface underneath, leading to adhesion loss, cathodic delamination, and the generation of corrosive
byproducts. These factors accelerate the degradation of the metal substrate [11]. Hence, reducing coating thickness while
enhancing adhesion is crucial for developing effective anti-corrosive coatings. Steel grade 91 (T91), also known as 9Cr-1Mo-
V steel, is a type of low alloy steel primarily used in high-temperature and high-pressure applications, particularly in power
plants for components like boilers and piping systems. Piping systems in marine environments need to withstand corrosive
seawater and high pressures. T91 steel's corrosion resistance and strength make it a viable option for piping systems, ensuring
durability and reliability in marine conditions [12].

Since its inception in 2004, graphene has been composed of a single layer of hexagonal carbon atoms and has attracted
considerable interest across numerous fields due to its vast potential applications. It is widely acknowledged that graphene acts
as the fundamental building block of graphitic materials in all dimensions except one [13]. The tightly organized graphene's
(two-dimensional (2D)) atomic structure allows it to produce a strong diffusion barrier (perfect impenetrability) against the
movement of any atom or molecule. Theoretically, this may create a physical barrier that keeps corrosive species away from
the metal below. Graphene also possesses other desirable qualities, such as strong electrical and thermal conductivities [14],
special optical transparency [15, 16], as well as innate mechanical properties [17, 18]. When combined with its impermeability
and chemical stability, graphene is recognized as a viable option for a new anticorrosion nanomaterial. Researchers around the
world are diligently working to develop graphene coatings for metal substrates as thin, anticorrosion layers [19]. In general, by
incorporating graphene nanosheets into a polymer matrix, graphene might be used as a protective covering on any metallic
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surface [11]. As an alternative, a graphene coating created by chemical vapor deposition (CVD) or wet transfer over Ni or Cu
foil has exceptional antioxidation and anticorrosion properties in harsh conditions. The corrosion rate (CR) values of metals
coated in graphene are notably lower than those of the original, uncoated metals [20, 21]. Despite early signs of success, several
obstacles persist in the practical adoption of graphene anticorrosive coatings within the corrosion control field. A notable
challenge has been the creation of high-quality graphene coatings directly on commercial steels and other alloys, such as
magnesium and aluminum alloys. Furthermore, the typical CVD technique's growth temperature was around 1000 °C, which
was too high for steel and other alloys to tolerate and might have adverse effects including segregation and carburization during
the process of cooling [22, 23]. Furthermore, neither CVD nor wet-transfer graphene coatings could offer high interfacial
adhesion because of capillary forces and/or van der Waals. As a result, the metal substrate might be penetrated by the corrosive
electrolyte [24, 25]. Furthermore, the application of coating with graphene may expedite the electrochemical corrosion process,
as graphene's semi-metallic nature creates a battery circuit at the interface with the metal [26, 27].

Several investigations have examined the use of graphene or graphene oxide (GO) for protecting metals, yielding varying results.
Raza et al. [28] demonstrated that NdFeB magnets coated with GO displayed improved corrosion resistance in a 0.6M NaCl
solution. Behunova et al. [29], on the other hand, found that Cu electrophoretically coated with GO showed approximately 6
times reduction in corrosion rate compared to uncoated Cu. In contrast, Park et al. [30] investigated GO coatings produced by
electrophoretic deposition (EPD) on mild steel and found no significant impact on its corrosion properties. Kirkland et al. [31]
assessed graphene coatings' corrosion performance relative to the underlying substrate and concluded that the effectiveness
varied depending on the metal substrate. Concerns persist regarding the anti-corrosive efficacy of GO coatings on mild steel,
underscoring the need for further research to gain a comprehensive understanding of their anti-corrosion properties.

The study successfully employed the electrodeposition approach to deposit a layer of Ni-reduced graphene doped with
Ni/GO/TiOz2 and Ni/GO/Fe-TiOz onto the surface of T91 steel. Throughout the electrodeposition process, the graphene sheets
were uniformly deposited onto the surface of T91 using the electrochemical deposition method. It was observed that the
graphene layer could react with the T91 substrate, leading to the formation of CrxCy due to the "mechanochemical effect," with
chromium being the predominant element in the steel for carbide generation. Subsequently, the T91 surface continued to receive
graphene coatings due to the presence of mechanical force and/or strong van der Waals force. Figure 1 illustrates the relevant
schematic of the preparation procedure. Thus, the graphene doped nanocomposite coated on the T91 steel served as a model
system to evaluate the corrosion-resistant properties. An investigation was conducted to assess the corrosion resistance of
graphene in 3.5% NaCl using various electrochemical techniques. This study introduced a novel and straightforward approach
for fabricating graphene doped nanocomposite coated on the T91 steel, demonstrating exceptional performance. A Ni-reduced
graphene material was synthesized via electrodeposition, with the incorporation of Ni/GO/TiOz and Ni/GO/Fe-TiO2 coatings.
The corrosion behavior of this material was then examined in a 3.5% NaCl solution. Surface morphology analysis of the various
coating baths was performed using scanning electron microscopy (SEM), while energy dispersive X-ray analysis (EDX)
determined the elemental composition. Additionally, after corrosion occurred, SEM and EDX were employed to assess the
corrosion products present on the coated T91 steel. The experiments for ANOVA analysis were designed and analyzed using
the statistical software MINITAB 18.

2. Experimental work

2.1. Materials

The chemicals used in this experiment were obtained from Sigma Aldrich. Distilled water (DW) was utilized consistently
throughout the experiment. Titanium tetraisopropoxide (TTIP), Hydrochloric acid (HCI), and 2-propanol were used to prepare
nano-TiO2. NiSO4.7H20, Na2SO4, and H3sBOs were used for electrodeposition baths. Ammonia solution and sulfuric acid were
used to adjust the bath pH. The GO was fabricated by modified Hummer’s method as reported by M. Fathy et. al [32], GO/TiO2
and GO/Fe-TiO2were prepared as reported in our previous work [33, 34]. A solution of NaCl from Sigma Aldrich was utilized
for both chemical and electrochemical tests. A solution with a high pH, containing sodium hydroxide (NaOH), sodium carbonate
(Na2CO0s3)), and sodium phosphate (NasPOs), was used for immersing the T91 steel to eliminate grease. The material utilized is
steel grade 91 (T91). The chemical constituents are provided in Table 1. Five readings of the Vickers hardness were conducted
using a 10 kg force for 10 seconds, and the average value was calculated. The mean Vickers hardness value is 206.

Table 1. The chemical constituents of T91 steel in wt.%.
C Mn Si S P Cr Ni Mo \Y Ti Nb
0.11 0.51 0.32 0.005 0.012 8.55 0.15 0.88 0.21 0.002 0.08

2.2. Preparation of nano-TiOz

The nanopowder of TiO2 was synthesized using the sol-gel method with titanium tetraisopropoxide (TTIP). To control the
hydrolysis process, a small amount of hydrochloric acid (HCI) was added to 10 ml of 2-propanol to adjust the pH to 1.89.
Gradually, 11.7 ml of TTIP was added to form the solution, followed by refluxing at 70°C. To produce nanoparticles, the
solution was briefly heated after adding 11.5 ml of distilled water. The resulting gel was dried at 70°C for 16 h to remove the
solvent through evaporation. Finally, the material underwent calcination at 500°C to yield nano-TiO2 [35].

2.3. Electrodeposition process

The cathode utilized for obtaining coatings on T91 steel substrates has dimensions of 2x2x0.1 cm?®. An electrodeposition method
was employed to fabricate coatings of nickel and its composites. The Ni bath consisted of NiSO4.7H20 [26.26 gL], Na2SO4
[56.81 gL'], and H3BOs3 [18.54 gL™!]. The utilizing coating bathes contain Ni, Ni/TiOz, Ni/GO/TiOz, and Ni/GO/Fe-TiO2. The
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electrodeposition process involved using Ti-7Cr-4Fe alloys as the anode and T91 steel as the cathode. Figure 1 illustrates a
schematic diagram illustrating the electrodeposition procedure. The operating settings were as follows: a current density of 7
mA/cm2, a temperature of 30°C, a pH of 5 (adjusted using an ammonia solution and sulfuric acid), a deposition period of 60
minutes, and a stirring speed of 150 rpm.

Before the electrodeposition process, several preparation procedures were carried out on the steel surface. The initial stage
involved a mechanical procedure, using various grades of emery paper to achieve a smooth surface. The second step involved
degreasing, where a solution containing NaOH, Na2COs, and NasPO4 was used to eliminate any grease, with the sample
immersed in the solution for 5 minutes. After each procedure, the sample underwent thorough rinsing with deionized water and
subsequent drying. Before electrodeposition, the deposition solution containing Ni/TiO2, Ni/GO/TiO2, and Ni/GO/Fe-TiO2 was
stirred for 2 h to ensure that the nanoparticles of Ni/TiO2, Ni/GO/TiOz, and Ni/GO/Fe-TiO2 were uniformly distributed and well
mixed in the solution.

Anode
Ti-7Cr-4Fe Cathode
191 Steel

[
=

=]
\
— |Coating
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Power Supply

/"
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Fig. 1. Schematic representation of electrodeposition process for coatings on T91 steel.

2.4. Corrosion of T91 steel

Electrochemical studies were conducted using the Voltalab 40 Potentiostat PGZ301 (Germany) and Volta Master 4 software to
measure and analyze corrosion. The four materials tested were Ni, Ni/TiO2, Ni/GO/TiOz, and Ni/GO/Fe-TiO2 bathes which
served as the working electrodes. A solution of sodium chloride (NaCl) with a concentration of 3.5% (purchased from Sigma
Aldrich) was utilized for both chemical and electrochemical experiments.

The weight loss (WL) findings of T91 steel samples, after the deposition of nanoparticles, were tested in a 3.5% NaCl solution
for 120 h. The T91 steel CR value, following the deposition of nanoparticles in a 3.5% NaCl using the WL technique at a
temperature of 25°C, was determined using Eqg. 1 [36, 37]:

AW X K
C.R. (mmly) =——— 1
( ) AXTxD @

The equation incorporates several variables, each with specific definitions: K, a constant set at 8.76x10% T, denoting the
exposure time in h; A, representing the area measured in cm?, AW, indicating the mass loss in grams; and D, signifying the

density in g/cmd. The surface coverage (0) was calculated using Eq. 2.

0 = Wo - Wi @)
Wo

The Wi represents the WL value of T91 steel after nanoparticle deposition, while Wo represents the WL value of T91 steel after
treatment with a Ni bath. The percentage of inhibitory efficiency IE% is calculated using Eq. 3 [38]:

IE% =0 x 100 ®3)
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Following that, potentiodynamic polarization (PP) plots were employed to assess both the corrosion current density and
corrosion potential. The working electrode underwent a voltage sweep ranging from -0.6 to +0.1 V at a scanning rate of 2 mV/s.
The inhibitory efficiency (IE %) was determined using Eq. 4:

CRinn

IE=(1-
( CR,

)x 100 “4)

The CRo represents the CR value in the absence of the nanocomposite, while CRinh represents the CR value when the
nanocomposite is present.

Finally, T91 steel was subjected to cyclic voltammetry (CYV) experiments in chloride media in the absence/ presence of
nanocomposite coating using a potentiostat model PGZ301. The potential was first measured at a cathodic direction and then
allowed to sweep to an anodic direction until a sharp change in the current's direction in the active direction was seen. After
that, a second cathodic sweep of the sample was performed. In this study, electrochemical measurements and immersion tests
of the specimens were conducted at room temperature (RT) under ambient exposure conditions.

2.5. Morphology of Corroded T91 steel

A surface morphology analysis was performed on the corroded alloy before and after applying a coating. The SEM used for
inspection is manufactured by FEI and located in the southern region of the Netherlands. It is equipped with EDX and a Bryker
AXS flash detector from Germany.

2.6. Statistical Analysis

Analysis of variance (ANOVA) is a statistical method used to determine if there are significant differences between the means
of various observational groups by analyzing variance ratios. The planned model requires 20 runs, with some repetition in the
middle of the trial run combinations. The experimental model is created randomly using the statistical program MINITAB 18,
which generates the experimental worksheet based on the specified levels and factors.

3. Results and Discussion

3.1. Characterization of nano-TiOz

The nano-TiO2 was analyzed using Fourier transform infrared spectroscopy (FTIR) over the wavenumber range of 4000-400
cmt and X-ray diffraction (XRD) with CuKa radiation (A = 1.5406 um) [39]. In Figure 2a, the infrared spectrum of the
synthesized nano-TiO2 is displayed. The presence of a band between 500 and 600 cm indicates stretching vibrations in the Ti-
O-Tiand Ti-O bonds [39]. XRD analysis of the nano-TiOz, as described in Figure 2b, shows a prominent peak at 26, indicating
the presence of the (101) plane of the anatase phase, confirming the successful preparation of nano-TiO: in the anatase phase.
Additional peaks correspond to various planes of the anatase phase: (103), (004), (112), (200), (105), (211), (213), (204), and
(116) [13]. The average size of the crystallites is determined using the Scherrer equation (D = (K.A)/(B*cos 8)), yielding a result
of 49.20 nm [40].

“1(a) (b)

10 o

LU

Intensity

% Transmitance

L v Ll - Ll v Ll - Ll - Ll - Ll ad
$00 1000 1500 2000 2500 3000 300 4000
Wavenumber (cm”)

Fig. 2. Nano- TiO, (a) FTIR and (b) XRD pattern.
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3.2 Coating characteristics

The SEM images and EDX results of different nanocomposite coating on T91 steel substrate are in Fig. 3 and Fig. 4,
respectively. Fig. 3(a) represents the coating by Ni bath which coats the T91steel grain with a layer that appears with two phases
M23C6 which is represented here Cr23C6 and the laves phase this is confirmed by EDX results in Fig. 4 (a) for the laves phase.
nanocoat with Ni/TiOzin Fig. 3 (b) contains layers of two colors white gray and dark gray. The EDX analysis of the dark gray
proves the presence of Ti, O, and Ni in the coating Fig. 4 (b). Fig. 3 (c) displays the covering of the nanocoat on the T91 surface
which confirmed the existence of Ti, O, C, and Ni from EDX results in Fig. 4 (c). Finally, the nano-coating which is like a
protective layer on the surface in Fig. 3 (d), confirmed by EDX analysis in Fig. 4 (d) the existence of Ti, O, C, and Ni. The
oxygen percentage is the highest percentage from TiOz, GO, and FesOas. The formation of pores in the film was affected by
hydrogen evolution at cathodic sites. The dense and smooth coating detected in this study is likely recognized as the absence of
intermetallic phases, which facilitates the creation of a uniform and barrier-type coating [41].

(@) | (b)
() (d)

Fig. 3. The SEM images of T91 steel after coating by (a) Ni, (b) Ni/TiO,, (c) Ni/GO/TiO,, and (d) Ni/GO/Fe-TiO, bathes.
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Fig. 4. The EDX results of T91 steel after coating by (a) Ni, (b) Ni/TiO,, (c) Ni/GO/TiO,, and (d) Ni/GO/Fe-TiO,bathes

3.3. Gravimetric Measurement

Figure 5 illustrates the gravimetric data of the studied coating when immersed in 3.5% NaCl for up to 120 h. The evolution of
the attack curve allows for a quantitative analysis of how time impacts the degradation of the metallic coating. Even after the
immersion period, the corrosion resistance of untreated T91 steel remains significantly higher compared to all deposition
coatings. Overall, all samples exhibit highly comparable performance. Concerning deposition coating, the WL values initially
start at a low level and subsequently increase as the immersion period progresses. This indicates the presence of corrosion at
the beginning of immersion, with subsequent CR values decreasing as the spaces between the hopeite crystals become filled
with corrosion products.

When coated, the T91 steel demonstrates a moderate level of protection, with the Ni/GO/Fe-TiO: coating offering the highest
level of protection. Regarding the kinetics of the process, during the initial immersion period, all four deposition coatings exhibit
a moderate CR that decreases over time, indicating diffusion processes as the main factors controlling the CR. As immersion
time rises, the surfaces of the samples develop a white layer of corrosion products, except for the Ni/GO/Fe-TiO2 samples,
which remain unaffected. This protective layer impedes the solution from reaching the metallic steel, resulting in no observable
degradation in the Ni/GO/Fe-TiOz coating. Upon testing several coatings, it was noted that the WL remained relatively constant
during the initial 72 h of immersion, suggesting that the CR remained nearly consistent over time, albeit slightly higher than
that of the T91 steel. Subsequently, over up to 120 h, the deterioration of the coatings continued to progress in a nearly linear
fashion. However, for the Ni/GO/Fe-TiOz coating, the rate of deterioration appeared to decrease.

The CR of untreated T91 steel in a 3.5% NaCl solution was determined to be around 2.461 mm/y based on the change in weight
loss after immersing for 120 h, as shown in Table 2. However, the CR, determined by measuring the amount of mass lost from
the deposition-coated Ni/GO/Fe-TiO2, was found to be 0.5896 mm/y. Figure 6 illustrates the CR of T91 steel with
nanocomposite deposition after it was submerged in 3.5% NaCl for 120 h. The rise in the CR of T91 occurred due to the system's
progression towards the uncoated steel in this specific environment. This was evident from the significant presence of rust on
the samples after the immersion test. The inverse relationship between Rp and CR suggests that the decrease in CR values with
time reflects the presence of corrosion protection offered by the nanocomposite coating. Applying layers of compounds
containing oxide and/or hydroxide on the metal surface enhances the oxygen concentration on the surface of the substrate, hence
increasing its ability to donate electrons [42]. It is pertinent to note that about 76.0 % of inhibition could be achieved for a period
of exposure of 120 h using Ni/GO/Fe-TiOz coating. The WL results show that GO coating prevents contact between corrosive
medium and T91 steel, leading to corrosion resistance.

Table 2. The CR, the Inhibition efficiency (IE%), and Surface coverage (), of T91 steel with and without nanocomposite deposition in 3.5
% NaCl solution at 25°C.

WL CR IE
Conditions 0
g mm/y %
T91 Steel 0.1056 2.4613 -- --
Ni 0.0602 1.4031 0.429 429
Ni/TiO, 0.0480 1.1187 0.545 54.5
Ni/GOITiO, 0.0390 0.9090 0.631 63.1
Ni/GO/Fe-TiO, 0.0253 0.5896 0.760 76.0
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Fig. 5. The WL values of T91 steel after different nanocomposite coatings immersed in 3.5 % NaCl.
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Fig. 6. The CR values of T91 steel after different nanocomposite coatings immersed in 3.5% NaCl for 120 h.

3.4. Electrochemical measurements

3.4.1. Potentiodynamic polarization measurements

Figure 7 illustrates the standard polarization plots for untreated T91 steel and T91 steel coated with a nanocomposite when
immersed in 3.5% NaCl. The corrosion potential (Ecorr), CR, and corrosion current density (lcorr), slopes of the anodic and
cathodic Tafel lines (Ba and Sc) obtained from these curves are presented in Table 3. Polarization scanning was performed near
the Tafel linear sections to determine the numerical values of the CR. The Ecorr values for both untreated and coated samples
range from -494.3 to -398.6 mV. Samples with the Ni/GO/Fe-TiO2 coating exhibit higher Ecorr values, indicating nobler
behavior, whereas untreated T91 steel samples have more negative Ecorr values. The inclusion of the Ni/GO/Fe-TiO2
nanocomposite coating results in an approximate increase of 398.6 mV in Ecorr, acting as a protective barrier. The CR decreases
by 0.854 mm/y, with the level of enhancement surpassing or equaling that of Ni/TiO2 and Ni/GO/TiO2 nanocomposite coatings.
Comparing the Rp variation of the Ni/GO/Fe-TiO2 nanocomposite coating with other coatings reveals that the former exhibits
greater values while the latter has lower values. The Ry values increase due to the filling of gaps between hopeite crystals by
corrosion products. Subsequently, the motion of the electrolyte during measurements exposes the holes once more. This
behavior aligns with changes in Ecorr readings. The rise in Ecorr can be attributed to the system's transition towards uncoated T91
steel in this specific environment, as indicated by the significant occurrence of rust on the samples at the test's conclusion [43].
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The anodic branches reveal the disintegration of T91 steel and a continuous increase in current, indicating a reaction rate
controlled by diffusion. Additionally, these branches demonstrate that various surface treatments resulted in an accelerated
anodic dissolution rate compared to untreated T91 steel. This unexpected behavior could be attributed to the untreated sample's
exposure to air and subsequent drying after immersion in 3.5% NaCl before PP tests. According to reports, allowing T91 steel
material to naturally dry after immersion in a 3.5% NaCl significantly reduces the CR. This reduction is attributed to the
formation of denser corrosion product films during the drying process [44]. Within the cathodic curves, a significant decrease
in current density values is evident when comparing the untreated sample to the nanocomposite-coated sample. This reduction
is precisely one order of magnitude, as confirmed by the lcorr values in Table 3, calculated using potentiostat software. It's worth
noting that all surface conditions exhibit low Icorr values, and the anodic slope values decrease as the CR increases. The inhibitory
effect of the nanocomposite coating is evident in the reduction of the oxygen reduction rate.

The insignificant corrosion concert of Ni/GO/TiO2 may be attributed to the hydrophilic properties of GO and the compromised
structure resulting from oxidation, which creates vulnerable spots for the corrosive electrolyte to infiltrate. In contrast, the
Ni/GO/Fe-TiO2 composite exhibited superior resistance to corrosion compared to the bare metal. Additionally, it significantly
reduced the CR and caused a positive shift in the Ecorr. Previous reports have indicated that the use of reduced graphene oxide
(rGO) leads to the formation of a hydrophobic and more compact graphitic structure [45, 46]. This could perhaps explain the
enhanced performance observed in the Ni/GO/Fe-TiO2 system. Furthermore, Jin et al. [47] discovered that the thermal reduction
of GO coatings enhances the adhesion of coatings by forming a chemical bond (C-O-Fe) between the metallic substrate and
GO. This bond is created by the potential breakdown of C=0. The improved adhesion is likely the reason for the superior
corrosion resistance noted in the Ni/GO/Fe-TiO2 nanocomposite coating.

Table 3. The electrochemical parameters of the PP curves of T91 steel with and without nanocomposite deposition in a 3.5% NaCl.

. Ecorr Icorr ﬁa BC Rp CR IE
Conditions
mV mA/cm? mV/dec -mV/dec Qcm? mm/y %
T91 Steel -494.3 0.198500 178.9 -117.0 97.61 2.321 --
Ni -494.1 0.156245 146.7 -125.6 102.90 1.827 21.3
Ni/TiO, -479.5 0.114131 122.6 -173.8 106.45 1.334 425
Ni/GO/TiO, -468.2 0.091214 71.8 -76.8 147.41 1.066 54.1
Ni/GO/Fe-TiO, -398.6 0.072983 44.0 -56.5 403.66 0.854 63.2
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Fig. 7. The PP curves for T91 steel after different nanocomposite coatings immersed in 3.5 % NaCl.

3.4.2. Cyclic Voltammetry

Fig. 8 depicts the CYV curves for T91 steel after nanocomposite deposition immersed in 3.5 % NaCl. The CYV corrosion
parameters such as Ecorr, Epitt, Eprot, CR, and lcorr, are listed in Table 4. Notably, the anodic current density for T91 steel decreases
after the deposition of the nanocomposite. This suggests that the electro-oxidation processes of all coating are being inhibited.
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The deposition with Ni/GO/Fe-TiO2 nanocomposite exhibits consistent passive characteristics throughout a broad potential
range. This is followed by a decrease in Ecorr values towards more negative values in comparison to T91 steel. The incorporation
of Ni/GO/Fe-TiOz2 led to the creation of the most effective coating, as demonstrated by the complete elimination of the hysteresis
loop noted during the inverse anodic scan. This eradication served as an indication of the absence of pitting corrosion.
Commonly, the CYV curves' hysteresis loop area immediately indicates localized corrosion. For instance, a large hysteresis
loop area implies corrosion vulnerability. The reverse anodic scan shows a hysteresis loop, suggesting pitting. The passive
surface pitting is caused by chloride ions competing for adsorption at the metal/oxide layer contact. At a certain chloride
concentration, a pitting potential displaces oxygen from the protective oxide layer. This effect agrees with that observed by the
PP measurements.

Table 4. The CYV parameters of T91 steel with and without nanocomposite deposition in 3.5 % NaCl.

. Ecor lcorr CR IE
Conditions Eyit (MV/SCE) Eprot (MV/SCE)
(mV/SCE) (mA/cm?) mm/y %
T91 Steel -3735 0.16618 199.5 -364.5 1.943 -
Ni -351.0 0.07887 193.5 -342.0 0.923 52.5
Ni/TiO, -353.6 0.06902 190.5 -349.5 0.807 58.5
Ni/GO/TiO, -357.0 0.06764 183.0 -345.0 0.791 59.3
Ni/GO/Fe-TiO, -327.7 0.03759 166.5 -321.0 0.439 7.4
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Fig. 8. The CYV curves for T91 steel after different nanocomposite coatings in 3.5 % NaCl.

Designing bi-metal and tri-metal oxide composite coatings is a highly effective approach to extending the lifespan of stainless
steel [48]. The exceptional inhibition efficiency (IE %) of the Ni/GO/Fe-TiO2 nanocomposite is primarily attributed to the
presence of FesOs nanoparticles. These nanoparticles exhibit strong superparamagnetic properties, photothermal capacity,
chemical stability, and high loading efficiency [49, 50, 51]. Nanofillers with photothermal capacity can enhance the release of
internal corrosion inhibitors [52] and enable the self-healing capabilities of the coating matrix through reversible chemical bonds
[53, 54] or physical molecular arrangements [55, 56]. Consequently, the photothermal effect of FesO4 nanoparticles allows for
the rapid self-healing of cracks in the composite film, ensuring its superior corrosion resistance and high inhibition efficiency.

3.5. Surface morphology

Fig. 9 shows the SEM image of the corroded T91 steel without coating after being immersed in 3.5 % NaCl at RT. The average
pore size is about 349.3 nm. Fig. 10 shows the SEM image and EDX result of corroded T91 steel coated with Ni/GO/Fe-TiO:
after being immersed in 3.5 % NaCl at RT. The pitting disappears due to coating before corrosion. It may be due to contains
protective layers that reduce the corrosion of the steel. Coated with Ni/GO/Fe-TiOz prevents or decreases the CR of the T91 as
in the image and confirmed by EDX analysis. A part of the coating is loose but still exists some of it is Ni, C, O, and Ti. In
Figure 4 (d), the concentrations of chlorine and oxygen are reduced compared to the pre-corrosion state. Figure 9b provides a
visual representation of the samples' condition after immersion for 120 h, illustrating significant variations in the extent of
corrosion damage during this initial period. As immersion duration increased, there was a corresponding rise in the formation
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of corrosion products on the untreated samples. Simultaneously, there was a decrease in the number of detached corrosion
products, indicating a reduction in the rate of corrosion attack. However, corrosion products were present on the coated samples.
Nevertheless, no corrosion products were detached during the immersion test, suggesting less severe corrosion. The SEM
micrographs in Fig. 10a depict the morphology of the sample surfaces after removing the corrosion products. The coated sample
exhibited significantly less severe and more consistent corrosion damage compared to the untreated sample.

The difference in the enhancement of corrosion resistance shown in electrochemical tests compared to immersion tests can be
attributed to changes in surface properties during immersion and the difficulty of eliminating corrosion products. During the
initial stages of immersion, untreated samples experienced a high CR, leading to rapid coverage of the surface with corrosion
products, as depicted in Figure 6. This resulted in a decrease in the rate of subsequent corrosion attacks. It can be inferred that,
at least initially, deposition-coated samples exhibited much higher resistance to corrosion compared to untreated samples. This
aligns with the findings of electrochemical experiments, which evaluated short-term corrosion resistance levels. Based on the
results of both electrochemical tests and immersion tests, it can be concluded that the coating initially provides a high level of
protection. However, its effectiveness diminishes over time. The nanocomposite coating on T91 steel significantly improved
corrosion resistance, as demonstrated by both electrochemical and immersion experiments in Hanks' solution, evident in terms
of CR and the extent of damage.

Fig. 9. The SEM image of T91 steel immersed in 3.5%NaCl at RT
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Fig. 10. (a) The SEM image and (b) EDX result of coated T91 steel by Ni/GO/Fe-TiO, after being immersed in 3.5 % NaCl in RT.

3.6. Analysis of variance (ANOVA)

The F-test and p-value confirmed the statistical significance of the regression model. The ANOVA data for the response surface
model (RSM) are presented in Table 5. Generally, the p-value is used to assess the significance of a coefficient, with smaller p-
values indicating greater significance. Typically, a p-value less than 0.05 indicates the significance of the model terms [57]. As
shown in Table 5, the p-value of the regression model is denoted with a single star, representing the highest significance level
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and suggesting the significance of the model terms. Higher R2 values indicate a closer match between predicted and experimental
values. The predicted R2 (97.55%) and adjusted R2 (99.25%) values are in close agreement, indicating the accuracy of the model.

Table 5. ANOVA results for CR of T91 steel with and without nanocomposite deposition in 3.5%NaCl

Source DF Adj SS Adj MS F-Value P-Value
Model 9 29.3807 3.26452 354.49 0.000
Linear 3 20.2050 6.73500 731.33 0.000
ID 1 0.0528 0.05275 5.73 0.030
Time (h) 1 3.0456 3.04559 330.71 0.000
WL (9) 1 1.4632 1.46317 158.88 0.000
Square 3 0.5766 0.19221 20.87 0.000
ID*ID 1 0.0320 0.03196 3.47 0.082
Time (h)*Time (h) 1 0.4590 0.45905 49.85 0.000
WL (g)*WL (g) 1 0.0297 0.02972 3.23 0.093
2-Way Interaction 3 1.0122 0.33741 36.64 0.0001
ID*Time (h) 1 0.0272 0.02724 2.96 0.106
ID*WL (g) 1 0.0003 0.00028 0.03 0.865
Time (h)*WL (g) 1 0.0043 0.00431 0.47 0.504
Error 15 0.1381 0.00921
Total 24 29.5189

where 1D stands for T91 steel, Ni, Ni/TiO,, Ni/GO/TiO,, Ni/GO/Fe-TiO, bathes which correspond to No. 1-5.

The ANOVA Plots, including the main effect plot and interaction effect plot, are displayed in Fig. 11. The p-values obtained
from the One-Way ANOVA indicate that they fall below the accepted threshold of 0.05. Additionally, the R-square value for
the correlation between corrosion rate and time/weight is determined to be 98.92%. An observation from the data suggests that
as immersion time increases, both weight loss and corrosion rate also increase.

Main Effects Plot for CR (mm/Y)
Fitted Means

ID Time (h) WL (9)

Mean of CR (mm/Y)

4 /

-2
1 3 5 40 80 120.00 0.05 0.10

All displayed terms are in the model.
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Interaction Plot for CR {(mm/Y)
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Fig. 11. ANOVA Plots for the mean values of CR: (a) Main effects plot, (b) Interaction plot.

In Fig. 12, the Pareto chart displays the standardized effects for the corrosion rate (CR) with a confidence level of 95%. The
estimated regression coefficients in the model (5) for corrosion rate reveal the main effects of time, 1D of coating, and WL on
T91 steel. The p-values for these main effects are below the accepted threshold of 0.05, indicating their statistical significance.
Additionally, the p-value for two-way interactions is 0.0001. The most significant effects are attributed to time, ID of coating,
and weight loss, while the effects of other coefficients were found to be insignificant.

The R-squared (R?) and adjusted R-squared (adj R?) values for the CR regression models are 99.53% and 99.25%, respectively.
A mathematical model (5) was developed to understand the effects of different variables and their interactions on the corrosion
rate. As expected, increasing the immersion time leads to an increase in WL. This increase in WL corresponds to a higher
corrosion rate for T91 steel. Additionally, response optimization for corrosion rate identified the maximum fit of 74.39% at a
time of 24 h, with a weight loss of 0.00513 for ID 5 Ni/GO/Fe-TiOz

Mathematical model for CR (mm/Y) = 2.066- 0.338 ID- 0.0776 Time (h)+ 106.4 WL (g)
+0.0364 ID*ID+ 0.000276 Time (h)*Time (h)- 361 WL (g)*WL (g)+ 0.00458 ID*Time (h)- 0.65 ID*WL (g)- 0.135 Time (h
)*WL (9) (®)

Pareto Chart of the Standardized Effects
(response is CR (mm/Y). o = 0.05)
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Fig. 12. Pareto chart of the standardized effect for CR of Cu45Mn25A115Fe5Cr5Ni5 HEA.
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4. Conclusions

The development of a graphene coating with high efficiency, stability, and low cost on the T91 steel substrate has long been
anticipated, despite being a challenging task. In this study, an electrodeposition approach was employed to coat Ni-reduced
graphene doped with Ni/GO/TiO2 and GO/Fe-TiO2 hanocomposite coatings onto T91. The resulting coating exhibits a gradient
structure of graphene-CrC towards the outer surface. Characterization of the coated samples revealed enhanced corrosion
resistance in a 3.5% NaCl, as observed through both gravimetric and electrochemical studies. Immersion experiments further
demonstrated that the deposition-coated surfaces experienced less severe and more consistent corrosion attacks, evident from
the appearance of the damaged surfaces. The CR value decreased by 0.854 mml/y, implying a significant improvement in
corrosion resistance. This enhancement level surpasses or matches that of Ni/ TiO2 and Ni/GO/TiO2 nanocomposite coatings.
The properties of deposition-coated surfaces were determined using XRD, SEM, and EDX analysis. RSM was utilized to
optimize the corrosion rate of T91 steel, measured using the weight loss method. Additionally, response optimization for CR
identified a maximum fit of 74.39% after 24 h, with a weight loss of 0.00513 for Ni/GO/Fe-TiO..
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