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Abstract

In petroleum industry such as pipe line, Corrosion increases a risk of structural failure,
by reducing the steel's ability to support weight, It raises the expense of replacement and
expensive substitutes. This study looks at how thin-film zinc oxide coatings affect the
shape and corrosion rate of two different steels, APl 5CT N80 and APl 5L GRADE B.
Zinc acetate was used to create ZnO thin films using Spray Pyrolysis (SP), which were
subsequently applied to heated and cleaned carbon steel substrates. While energy
dispersive X-ray spectroscopy (EDX) revealed the presence of Zn and O in the coatings,
scanning electron microscopy (SEM) analysis proved the presence of homogenous,
uniform layers. Furthermore, Fourier transform infrared spectroscopy (FTIR) is used to
confirm the development of ZnO nanocrystals on surfaces. The ZnO thin film's hardness
test has shown that it is suitable and long-lasting as a protective surface layer. With
efficiencies of 88.60% and 95.39%, respectively, the coated films improved the corrosion
resistance of APl 5CT N80 and API 5L Grade B steels.

Key Words: Spray Pyrolysis, Substrate, Thin film ZnO, corrosion, Carbon steel.

1. Introduction

One of the most popular materials in industry for transporting gas, oil, and water is carbon steel. Carbon steel
pipeline corrosion is a severe issue that has led to multiple failures. (Heakal et al 2018; Liu et al.2016; Usher et
al.2014 ; Chen et al. 2012). The integrity of metals such as carbon steel used in pipeline networks can be severely
damaged by production water, causing serious corrosion problems (Benamor et al.2018). However, oil pipeline
failures cause huge economic losses (Cheng et al. 2012 ; Alamilla et al. 2013) , and the industry spends the
equivalent of millions of pounds per year to repair the damage (Tang et al. 2009; Zhang and Katz 2010) .
Without corrosion inhibitors, corrosion rates can reach very high levels (>100 mm/year) and rise rapidly as the
temperature and acid concentration rise (Fin§gar and Jackson 2014; Barmatov et al. 2012) .Production water's
impact on the corrosion behavior of petroleum sector equipment and pipelines has drawn attention from all around
the world (Jordan et al. 2001; Migahed et al.2015) .

According to Finsgar et al. (2014), API N80 (American Petroleum Institute) carbon steel is typically utilized as the
primary building material for drill pipes and Pipes used for transportation in the petroleum sector (Yadav et al.
2016; Vishwanatham and Haldar 2008; Zhu et al.2011), according to Finsgar et al. (2014). Although corrosion is
unavoidable, it can be managed (Heakal and Elkholy 2017) using a variety of techniques, including corrosion
inhibitors (Verma et al. 2017), metal coatings (Nagarajan et al.2012), and cathodic protection (Peabody 2001) .In
the petroleum sector, carbon steel known as APl N80 (American Petroleum Institute) is typically utilized as the
primary building material for drill pipes and transit pipelines (Yadav et al. 2016;Vishwanatham and Haldar 2008;
Zhu et al. 2011). Although corrosion is unavoidable, it can be managed (Heakal and Elkholy 2017) using a variety
of techniques, including corrosion inhibitors (Verma et al. 2017), metal coatings (Nagarajan et al. 2012), and
cathodic protection (Peabody 2001) .

The structural and electrical properties of ZnO under various pressure settings were investigated by Benkrima et
al. (2022). The point at which crystalline ZnO changes from the wurtzite phase to the rock salt phase at 13.38 GPa
of pressure was also determined by the study.

Owoeye et al. (2025) show that investigates the effect of zinc oxide thin-film coatings on mild steel's shape and
rate of corrosion. Energy dispersive X-ray spectroscopy (EDX) showed the existence of Zn and O in the coatings,
while scanning electron microscopy (SEM) examination verified the development of uniform, defect-free layers
using chemical spray pyrolysis. The mild steel's resistance to corrosion was improved by the coated coatings.
Thin film ZnO on carbon steels API 5 CT N80 and APl 5 CL Grad B behavior in albian water (aquifer water)
obtained from the Haoud-Berkaoui area, which is roughly 100 km west of Hassi-Messaoud (Algeria), is the main
subject of this study.The electrochemical behavior was examined using potentiodynamic polarization.
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2. Experimental

2.1 Materials

The study's mild steel substrates, AP15 CT N80 and API 5L Grade B, were from Haoud-Berkaoui in south Algeria.
The Samples were machined and sliced into 1 cm?,

The liquid precursors were made with distilled water and commercially available zinc acetate. The deposition
method used was chemical spray pyrolysis.

The characteristics of the generated water, which has an average pH of 7.79, are provided in Table 1 to help
comprehend the chemical makeup of the albian water utilized in the studies.

Table 1. The chemical composition of albian water.

Elements Ca+2 Mg+2 Na+ K+ Cl- S0% HCO3 NO3 pH

Composition = 17556 9282 ~ 28428 33 52685 56114 150.14 1185 7.79
(mg/1)

2.2 Preparation of Thin film and Characterizations

One hundred and nine percent pure zinc acetate (Zn(CH3C0O0)2.2H20) was employed to create the liquid
precursor for ZnO films. Using the method outlined in Refs. [23-26], The precursors were produced in distilled
water at a concentration of 0.1 M.. Spray pyrolysis was used to apply precursors to a mild steel substrate that had
been cleaned and heated beforehand.

The generated films were characterized using scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) to ascertain their shape and elemental makeup.

Fourier Transform Infrared Spectroscopy (FTIR) was used to identify the presence of functional groups in the thin
film within the 400-4000 cm-1 range. ZnO/Fe Particle Morphology and Substratum Surface

A Vickers microhardness tester (System Zwick) was used to conduct hardness tests for mechanical characterisation
of the ZnO-coated substrates. Five indentations were made for 15 seconds at a force of 10009

2.3 Electrochemical analysis of coated substrates

A PC running VoltaMaster-4 software connected to a potentiostat/galvanostat Type PGZ 301 was used to conduct
the electrochemical measurements. There was albian water in the test solutions. An electrode that had been
mechanically polished was utilized for every measurement. Emery sheets of progressively finer grades (grades
200-2000) were used for polishing. At a scan rate of 30 mV/min, the polarization curves (Tafel plots) were
conducted at an open circuit voltage range of -300 to -900 mV. Room temperature was used for the electrochemical
measurements.

3. Results and discussion
3.1 Microstructure of the carbon steel sample

The microscopic SEM images of the samples are shown in Fig. 1 for APl 5 CL Grade B and Fig.. 2 for API 5 CT
N80 with and without ZnO thin layer. The microscopic SEM images of Fig. 1.a and Fig. 2.a. Nothing is visible
on the surface. While the microscopic images of Fig. 1.b) and Fig. 2.b. show numerous grains in the structure, that
there is substitutional diffusion of zinc oxide thin layers into the carbon steel substrates, that these grains were
coated with layers as evidence of surface modification. It was observed that the surface morphology of mild steel
was improved by the ZnO coating. It was observed that the coated layers adhered effectively to the substrates and
a good growth of the substrate surface was visible (Owoeye et al. 2023).

Fig.1 and Fig. 2 also show the EDX spectra of the samples. The component peaks of some selected areas the EDX
spectra, which show the SEM micrographs. The presence of Fe and C in the samples without ZnO because that the
major components of carbon steels.

However, the spectra of Fig. 1.b and Fig. 2.b verify the existence of O and Zn deposits in the deposited layers. , as
shown by the reduction of Fe composition. This means that the thin ZnO layers suppressed the signal of Fe content
in carbon steel, which primarily affects the corrosion resistance of the material.

A protective oxide layer is created when coated ZnO reacts with O on the surface, altering its structure and lowering
the quantity of free Zn and O present.. With reduced interaction with ambient oxygen, coated films provide more
stable and protective layers (Owoeye et al. 2025).
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Fig. 2. Surface micrographs and EDS Spectra of API 5CT N80 , a) without ZnO and b) with ZnO
3.2 FTIR studies

FTIR analysis is an analysis that uses the absorption of infrared radiation. You can describe the material's general
chemical properties since each of its functional groups absorbs a different spectrum. The results of FTIR tests are
shown as graphs with several absorption peaks that indicate the compounds present.

The FTIR spectra of APl Grade B steel, both untreated (a) and ZnO-coated (b), are displayed in Fig. 3. These
spectra highlight significant variations in surface chemistry. A pristine metallic surface with little oxidation is
indicated by the uncoated sample's comparatively flat spectrum with mild absorption bands. Fe—O stretching
vibrations are responsible for a large signal below 700 cm™, indicating the presence of native iron oxide (Xu et al.
2008). On the other hand, the ZnO-coated sample shows a noticeable absorption band in the 500-600 cm™ range,
which is indicative of Zn—-O bond vibrations and validates that ZnO was successfully deposited (Thirugnanam
2013; Rao and Rao 2015; Quadri et al. 2017). At higher wavenumbers (3000-3500 cm™), the coated surface also
exhibits less fluctuation in transmittance, indicating less surface —OH adsorption and enhanced moisture resistance.
The ZnO coating alters the surface, improving corrosion resistance and creating a more stable, passivated layer, as
shown by these spectrum differences.
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Fig. 3. FTIR spectra of API Grade B steel (a) uncoated surface (b) surface coated with ZnO thin film.
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Comparative FTIR Analysis of ZnO-Coated and Uncoated API 5CL N80 Steel

Significant variations in surface chemistry are revealed by the FTIR spectra of APl 5CT N80 steel, both untreated
(a) and coated with ZnO (b), as shown in Fig. 4. Broad absorption characteristics are seen in the uncoated sample
(a), including a shoulder at 3400 cm™ that can be caused by moisture or surface —OH groups (Raja et al.2014 ; Tu
et al.2025), and faint bands around 21002000 cm™! that might be signs of adsorbed CO2 or surface carbonates
(Ko ck et al. 2013).

The area between 1500 and 500 cm3: Crucial in metals:

Natural oxidation of the steel surface is indicated by a broad signal compatible with Fe—O vibrations in the range
below 700 cm™ (Pujari et al.2025) . The ZnO-coated sample (b), on the other hand, shows more distinct peaks,
especially a distinct band that corresponds to Zn—O stretching vibrations and is located between 500 and 600 cm™.
The coating suggests a more stable and protected surface by lessening the intensity of other surface details. This
comparison demonstrates how the ZnO layer changes the surface composition of steel, improving its resistance to
corrosion and chemical passivation in harsh situations.
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Fig. 4 . FTIR spectra of API 5CL N80 steel (a) uncoated surface (b) surface coated with ZnO thin film
3.3 The hardness test

Since hardness shows resistance to localized plastic deformation, it is an essential property to evaluate.The
microhardness of APl 5CT N80 and API 5L Grade B steels was measured before and after the deposition of a ZnO
thin film using the Vickers hardness test. As shown in Table 2, the untreated APl 5CT N80 exhibited a hardness
of 176.7 HV, which significantly increased to 278.3 HV after ZnO coating . Similarly, APl 5L Grade B showed a
modest increase in hardness from 176.78 HV to 184.48 HV following ZnO deposition. This improvement in
surface hardness confirms the mechanical reinforcement provided by the ZnO thin film, which enhances the wear
resistance and durability of the steel substrates (Xu et al. 2008; Chikodi et al. 2021) .
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Table 2. Microhardness values befor and after coating thin film ZnO.

Steel Hardnes (HV)
API 5T N80 untreated 176.7

API 5T N80 with ZnO 278.3

API 5L Grade B untreated 176.78

API 5L Grade B with ZnO 184.48

3.4 Potentiodynamic Polarization measurements

The FTIR spectrum Fig.5 displays the Tafel curves for ZnO-coated steel and pure steel. A mixed-type coating is
indicated by the anodic and cathodic curves being shifted to lower current densities with the thin film ZnO (John
et al. 2015) .

Additionally, the curves were moved to higher potential regions by the coated substrates, suggesting that corrosion
was slowing down (Castro et al. 2025) . The parameters of electrochemistry derived from the Tafel curves are
shown in Table 1, where Rp is the polarization resistance of the material., The anodic slope, Pa, reflects the ease
of the oxidation process, the cathodic slope, Bc, reflects the ease of the reduction reaction, Ecorr indicates the
material's susceptibility to corrode, and lcor is directly related to the material's corrosion rate (Castro et al. 2025;
John et al.2015 ). The final two parameters, corrosion inhibition efficiency (% IE) and corrosion rate CR, are
determined using Equation (1) (Zhang et al. 2009) .

E% = (1 —i) X100 ..o, (1)

Where the unconstrained and inhibited corrosion current densities are denoted by io and i, respectively.

The samples' corrosion characteristics are displayed in Table 3. The two carbon steels' polarization resistance and
potential were improved by the coated films., as indicated by the data in Table 3. The maximum polarization
potential was discovered in the ZnO coated APl 5CL grade B and API 5CT N80 steels.

By blocking oxygen, zinc coating offers cathodic protection. Preventing moisture from touch with the steel surface
directly, is one of the best ways to stop corrosion on steel (Owoeye et al. 2023; Owoeye et al. 2021).

Because zinc has areduced reduction potential than steel , Zinc is the main component of mild steel, as shown by
the FTIR and EDX spectra. By adding zinc to the steel's surface, corrosion resistance may be increased.

Zinc is a more active metal on steel surfaces due to its greater reduction potential.; They rust before iron, even if
their coating fails. The material's surface is protected by ZnO thin film coatings.might have improved the steel's
corrosion resistance (Owoeye et al. 2025).

Table 3. Potentiodynamic polarization parameters for API 5CT N80 and API 5CL Grade B steels coated by thin
film ZnO in albian water.

Steel Ecorr RP lcorr ba -bC CR E
(mv) (Kohm. (pAcm. (mv) (mv) (nmfty) (%)
cm2) 2
untreated -671,6 1.08 10.7656 60.1 103.6 125.9 /
API Coated -563.7 9.57 1.2787 73.6 79.6 14.95 88.12
5CT with ZnO
NED)
untreated -683.1 1.39 11.8511 60.2 1436 1386 /
ﬁp' > "Coated 5448  20.83 0.5456 529 954  6.381 95.39
with ZnO
Grade
B
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Fig.5. Polarization curves for without and with ZnO thin films in albian water at ambient temperatures: a) API 5CT
N80 steel B) API 5L Grade B

4. Conclusions

Spray pyrolysis was used to apply ZnQO thin layers to carbon steel. The films that are coated substitutional diffusion
into The SEM data showed that the carbonsteel substrate had improved surface morphology.. EDX and FTIR
results confirmed that deposited O and Zn were present in the deposited films. ZnO coating for two diffrent steels
resulted in increased strength and hardness. It was discovered that the deposited layers suppressed the signal of
the Fe concentration of the carbon steel, which significantly impacted the corrosion resistance of the material.
When ZnO thin films were applied to carbon steel, The steel's polarization curve marginally moved toward more
potentials for polarization. This implies that The steel's resistance to corrosion was enhanced by the coated
coatings., where corrosion inhibition efficiency (%IE) of API 5CL Grade B and API 5CT N 80 equals respectively
95.39 % and 88.12 %

To investigate the coatings' long-term stability, more research should be done on how coated ZnO affects corrosion
resistance in various corrosive conditions, such as salty and acidic, and at different temperatures.
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