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a b s t r a c t

The integrity of welded X65 carbon steel (CS) pipelines in oil and gas systems is significantly
compromised by preferential weldment corrosion (PWC) and pitting in sour conditions. This study
clarifies that the effect of pre-corrosion conditioning and inorganic deposits (SiO2 or CaCO3) on welded
CS pipelines, with SiO2 deposits leading to the most substantial damage at weld metal (WM) and heat-
affected zone (HAZ) relative to parent metal (PM). Due to localized acidification and differences in
potential, corrosion rates (CRs) hierarchies are SiO2-deposited > CaCO3-deposited > non-deposited.
Microstructural analysis reveals that deposited CS-WM has carbide redistribution and increase residual
stress from the welding thermal process, with increased aggressive species and stabilized iron oxides,
leading to intensified PWC. However, amine-based inhibitor CRW11 suppresses the CRs below 0.1 mmpy
through chemisorbed films that disrupt microgalvanic coupling and protective corrosion product layers
with inhibition efficiency (IE > 85%). CS-PM-CaCO3 has a high pit depth (68.3 ± 2.7 μm) and propagation
rate (1.2 ± 0.2 mmpy), making it the most vulnerable region to pitting relative to CS-WM-CaCO3
(52.5 ± 1.1 μm; 0.9 ± 0.1 mmpy) and CS-HAZ-CaCO3 (29.3 ± 0.6 μm; 0.5 ± 0.1 mmpy). This proves that
CaCO3 deposit on welded CS creates a physical barrier for the surface nucleation effect and improves
anodic dissolution. Machine learning models (Random Forest (RF), Decision Tree (DT), Gradient Boosting
(GB), and Extreme Gradient Boosting (XGBoost)) accurately predict IE (R2 = 0.99). However, RF performs
best for data without deposits (RMSE = 0.9), while DT is most appropriate model for those with SiO2 and
CaCO3 deposits (lowest RMSE = 0.5 and 0.2). These findings provide coupled electrochemical, micro-
structural, and machine learning frameworks for PWC mitigation, allowing for adaptive corrosion
management methods in sour service pipes and material designs optimized for topology.

© 2025 Chinese Petroleum Society. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

Critical integrity risks in oil and gas facilities, particularly
welded X65 carbon steel (CS) pipelines, are mainly caused by

preferential weldment corrosion (PWC) and pitting corrosion un-
der sour conditions. These are driven by synergistic interactions
between microstructural gradients, deposit types, environmental
chemistry, and hydrodynamic conditions (Adegbite, 2014; Niu
et al., 2024; Sun et al., 2022). PWC manifests through galvanic
potential disparities between the parent metal (PM), weld metal
(WM), and heat-affected zone (HAZ), arising from compositional
and microstructural heterogeneities introduced during welding
processes (Aljohani et al., 2023; Lahiri, 2017; Nofrizal et al., 2016).
In sour environments containing CO2 and H2S, these disparities are
amplified by the formation of inorganic scales or deposits (e.g.,
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FeCO3, FeSx) that promote localized acidification through under-
deposit corrosion mechanisms (Abdullah et al., 2025; Case et al.,
2015). Operational dynamics further complicate degradation pro-
cesses, where turbulent flow regimes exceeding 10 m/s disrupt
protective corrosion inhibitor films through shear stress, trig-
gering galvanic current reversals that accelerate WM/HAZ disso-
lution (Adegbite, 2014; Alawadhi and Robinson, 2011). Cyclic
variations in temperature and hydrodynamic shear create meta-
stable interfaces, alternating between active anodic dissolution
and transient passivation phases. For instance, a recent study
demonstrated high-velocity flows (>10 m/s) that removed pro-
tective FeCO3 layers on WM surfaces, exposing reactive substrates
to corrosive brines while maintaining cathodic protection on PM
regions (Da Silva, 2023). This flow-induced differential passivation
establishes macro-galvanic couples with area ratios exceeding
100:1 (PM:WM), exponentially increased localized corrosion rates
(CRs) through mixed potential theory mechanisms (Tan, 2022).
The complexity is intensified by H2S-induced hydrogen embrit-
tlement in WM regions, which synergized with galvanic effects to
promote subsurface crack initiation beneath corrosion product
layers (Behvar et al., 2024; Li et al., 2021; Martin and Sofronis,
2022). These studies highlight the importance of thoroughly un-
derstanding corrosion mechanisms under realistic and dynamic
conditions in oil and gas facilities.

An effective strategy for mitigating corrosion of welded CS is
the use of corrosion inhibitors, but their performance is influenced
by various environmental and operational factors (Aslam et al.,
2022; Aydinsoy et al., 2024; R�auț�a et al., 2025). For instance,
nonanedihydrazide inhibitor displayed high IE (~98.3%) for mild CS
in 1MHCl by chemically adsorbing onto the surface via Langmuir's
isotherm model (Al-Amiery et al., 2022). However, its efficacy
decreased with increasing temperature, emphasizing the sensi-
tivity of adsorption mechanisms to thermal conditions. Similarly,
2-thiobarbituric acid (TBA) exhibited IE (>90%) for API X60 steel in
CO2-saturated NaCl solutions across a range of pH levels and im-
mersion times, with its performance governed by chemical
adsorption and concentration-dependent behavior (Usman et al.,
2019). The effectiveness of inhibitors like VpCI-A and VpCI-B in
dynamic systems was shown to depend on flow rates and con-
centration adjustments, as higher flow rates increased CRs
requiring enhanced inhibitor dosages (Miksic et al., 2009). These
findings underscore the critical role of adsorption behavior, envi-
ronmental parameters (e.g., pH, temperature), and operational
dynamics in determining the reliability of corrosion inhibitors
under varying conditions.

Latest investigations have emphasized the critical influence of
pre-corrosion surface conditions and the morphology of conduc-
tive deposits on the initiation and progression of corrosion pro-
cesses (Pessu et al., 2022; Xu et al., 2020; Zhang et al., 2024).
Advanced surface characterizationmethods (i.e., scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS)) have revealed that pre-existing corrosion products signifi-
cantly affect the nucleation and growth of silica (SiO2) and calcium
carbonate (CaCO3) deposits, contributing to localized electro-
chemical cells with intensified cathodic activity (Dwivedi et al.,
2017; Yang, 2020). This underscores the intricate interplay be-
tween surface chemistry, microstructural features, and environ-
mental variables in determining corrosion mechanisms. However,
achieving a comprehensive mechanistic understanding remains
challenging due to the limited integration of electrochemical,
microstructural, environmental factors, and machine learning
(ML) algorithms in current research frameworks. The complexity
is particularly evident in welded joints exposed to sour media,
where alternating phases of active corrosion and inhibitor pro-
tection generate metastable interfaces. These dynamic systems,

deepened by heterogeneous microstructural distributions and
localized electrochemical activity, pose substantial obstacles to
accurately predicting and mitigating corrosion phenomena in oil
and gas industries (Abdulstaar et al., 2013; Paolinelli et al., 2008).

ML algorithms have significantly advanced corrosion prediction
and inhibitor optimization by overcoming limitations of conven-
tional models, which struggle to account for multivariate in-
terdependencies and complex environmental factors (Fayyad et al.,
2025). For instance, random forest (RF) algorithms proved high
accuracy in predicting soil-buried steel CRs, achieving minimal root
mean square error (RMSE) by incorporating variables such as
moisture content, pH, chloride concentration, and total organic
carbon into their ensemble-based approach (Dong et al., 2024).
Similarly, multilayer perceptrons (MLPs) excelled in modeling CO2-
induced corrosion by abstracting hierarchical relationships between
environmental parameters, achieving predictive performance with
coefficient of determinant (R2) values exceeding 0.95 (Ruiz et al.,
2024). In industrial cooling systems, dense neural networks
proved effective as virtual sensors for estimating CRs, yieldingmean
absolute percentage errors (MAPE) of 25% and 11% for direct and
indirect circuits, respectively. Additionally, convolutional neural
networks (CNNs) and long short-term memory (LSTM) networks
showed superior accuracy in temporal CRs prediction for pipelines,
with low MAPE of 4 and 9%, respectively, depending on circuit type
(Ruiz et al., 2024). Beyond prediction, ML models, like artificial
neural networks (ANNs), have optimized inhibitor formulations by
mapping chemical descriptors to adsorption energy and charge
transfer resistance, enabling tailored strategies for specific opera-
tional conditions (Coelho et al., 2022; Nguyen et al., 2022). These
advancements underscore the transformative potential of ML in
corrosion science, offering robust tools for accurate predictions and
resource-efficient protective measures across diverse material sys-
tems and environments.

This study advances corrosion science by employing a multi-
technique approach that integrates electrochemical analysis, sur-
face characterization, and ML algorithms to investigate corrosion
mechanisms in preconditioned X65 weldments with inorganic
deposits (SiO2 and CaCO3). Realistic sour service environments
were simulated using sodium thiosulfate (Na2S2O3), acetic acid
(CH3COOH), and CO2 gas to analyze localized attack propagation. It
is permissible and occasionally beneficial to substitute Na2S2O3
and CH3COOH for H2S, particularly for better handling, safety, and
in-situ controlled release of H2S. Also, this substitute's significant
mechanistic discoveries are widely reported in the literature, with
equivalent effects on corrosion quantification related to direct H2S
exposure (Baranwal and Rajaraman, 2019; Kappes et al., 2012;
Samusawa et al., 2025; Talukdar and Rajaraman, 2020). The per-
formance of an amine-based corrosion inhibitor (CRW11) for
controlled corrosion inhibition without/with SiO2 or CaCO3 de-
posits on the welded CS. Artificial pit growth measurements,
achieved by one-dimensional (1D) artificial pit techniques and
Raman spectroscopy, provide critical insights into pitting and
corrosion products evolution. The incorporation of predictive ML
algorithms utilizing comprehensive input parameters marks a
paradigm shift in corrosion management strategies, enabling
proactive risk assessment for welded infrastructure in complex
operational environments.

2. Materials and methods

2.1. Materials and reagents

Chemicals of analytical grade were obtained from Sigma
Aldrich (St. Louis, MO, USA), including sodium chloride (NaCl),
sodium thiosulfate (Na2S2O3), isopropanol (C3H7OH), acetone
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((CH3)2CO), acetic acid (CH3COOH), Nafion solution, and carbon
dioxide (CO2) gas. Additional materials included Milli-Q water,
polishing pads, and laboratory inorganic deposits such as silicon
dioxide (SiO2) and calcium carbonate (CaCO3). X65 welded CS
pipeline material was supplied by Qatar Shell, while a commercial
amine-based corrosion (CRW11) inhibitor was sourced from Baker
Hughes.

2.2. X65 carbon steel coupon machining, polishing, and pre-
conditioning method

Cylindrical specimens (5 × 60 mm) were machined from the
PM, WM, and HAZ regions of an X65-grade welded CS pipeline,
oriented perpendicular to the pipeline axis. The samples under-
went sequential polishing to achieve a mirror finish using abra-
sives ranging from 220 to 2000 grit. Subsequently, the polished
coupons were cleaned with deionized water and isopropanol
before being stored in a controlled environment (Fig. 1a). A 1.0 wt%
NaCl solutionwas deoxygenated by purgingwith nitrogen gas for 2
h under agitation.

The polished welded CS specimens were then immersed in this
solution within an autoclave, pressurized to 40 psi with CO2, and
maintained at 50 ◦C for 1.5 h. This treatment facilitated the for-
mation of a uniform, greyish protective scale on the X65welded CS
surfaces (Fig. 1b), predominantly composed of iron oxides rather
than iron carbonate (FeCO3), due to the thermodynamic stability of
iron oxides in chloride-rich environments. Corrosion analysis was
performed immediately after the pre-corrosion conditioning.

2.3. Deposit ink preparation

Synthetic pipeline inorganic deposits (SiO2 and CaCO3) were
replicated under controlled laboratory conditions. Specifically, 300
mg each of SiO2 and CaCO3 were suspended in a mixture of iso-
propyl alcohol and Nafion, followed by sonication to ensure uni-
form dispersion. The resulting suspensions were applied onto X65
welded CS rod substrates and subjected to a two-stage drying
protocol: initial air-drying for 2 h and subsequent oven treatment
at 80 ◦C for 4 h. This methodology yielded adherent films that
covered approximately 75% of the substrate surface (Fig. 1c),
effectively simulating real-world pipeline deposit formations.

2.4. Sample and electrolyte preparation for corrosion tests

X65 welded CS cut from PM, WM, and HAZ regions were pre-
pared for corrosion testing. The samples were mounted in epoxy
resin to expose a controlled surface area (0.2 cm2) and underwent
degreasing, rinsing, and preconditioning procedures. Electro-
chemical experiments were conducted in a simulated sour envi-
ronment comprising 3.5 wt% NaCl, 1000 ppm Na2S2O3, and 100

ppm CH3COOH, with CO2 purging at 60 ◦C and stirring at 1000
rpm. Sodium thiosulfate (Na2S2O3) and acetic acid (CH3COOH)
were used as substitutes for hydrogen sulfide (H2S) to ensure
safety during testing. This experimental setup allowed precise
control over environmental parameters, effectively simulating
operational pipeline conditions for evaluating corrosion behavior
and inhibitor performance.

A commercially available amine-based corrosion inhibitor,
CRONOX-CRW85711 (designated as CRW11), was introduced into
the simulated sour solution at a concentration of 200 ppm. To
simulate dynamic flow conditions typical of industrial sour service
environments, specimens were affixed to a rotating electrode as-
sembly operating at 1000 rpm. This experimental configuration
ensured consistent hydrodynamic conditions and reproducibility,
aligning with established industrial protocols for evaluating ma-
terial performance under sour conditions.

2.5. Electrochemical measurements

Electrochemical corrosion measurements were performed us-
ing a GAMRY 3000 potentiostat, incorporating open circuit po-
tential (OCP), electrochemical impedance spectroscopy (EIS),
linear polarization resistance (LPR), and electrochemical noise
(EN) techniques. The experimental setup utilized a three-electrode
double-jacketed cell equipped with temperature control. Awelded
X65 CS rod functioned as the working electrode, while an Ag/AgCl
electrode saturated with KCl served as the reference electrode, and
a graphite rod was employed as the counter electrode. Tests were
conducted under simulated sour conditions comprising 3.5 wt%
NaCl, 1000 ppm Na2S2O3, 100 ppm CH3COOH, CO2 saturation at 60
◦Cwith a stirring rate of 1000 rpm and a pH of approximately 4. EIS
measurements were carried out over a frequency range of 0.1
Hz–100 kHz using an AC amplitude of 10 mV, followed by LPR and
electrochemical noise (EN) analyses. Triplicate experiments were
measured to ensure reproducibility and reliability. EIS data were
modeled using Voigt electrical equivalent circuits (EECs), while
LPR and EN results were processed to determine corrosion current
density (icorr), corrosion rates (CR), and inhibition efficiency (IE)
using established equations (Anita et al., 2023; Jung and Lee, 2024;
Ura-Bi�nczyk et al., 2021).

2.6. 3D-pit techniques

One-dimensional (1D) artificial pit electrodes were fabricated
using welded CS wires with a diameter (1000 μm), including CS-
PM, CS-WM, and CS-HAZ variants, embedded in epoxy resin. A
custom-designed mold, created via 3D printing, enabled the as-
sembly of a vertical multi-electrode array to facilitate simulta-
neous testing of electrodes with and without deposits, specifically
SiO2 and CaCO3 (Fig. 2a). The array was immersed in a simulated
sour electrolyte to investigate localized pit formation under
controlled conditions. The welded CS specimens underwent wet
abrasion to a 2000-grit finish to ensure uniform exposure to the
electrolyte (Fig. 2b). To enhance the accuracy of pit depth mea-
surements and minimize experimental artifacts, vacuum-assisted
resin curing was employed to eliminate microbubbles, while
thorough cleaning of the wires prevented crevice formation and
contamination. These procedural refinements significantly
improved the reliability of the experimental setup for studying
localized corrosion mechanisms in welded CS structures.

Pitting conditions are frequently simulated in the laboratory
using the 1D artificial pit approach, which uses forced polarization
conditions at high positive potential (+500 mV). Given that the
experimental settings differed from actual corrosive environ-
ments, this provides important controlled mechanistic insights

Fig. 1. (a) Polished X65 CS, (b) preconditioned X65 CS in sweet media, and (c)
Deposited X65 CS after preconditioning.
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(pit initiation/growth and propagation). In the experimental
debate of pitting assessment, this leads to differences between
OCP (i.e., real-world corrosion propensity) and forced polarization
(i.e., artificial pit growth or breakdown). To replicate genuine pit
dissolving kinetics impacted by polarization, diffusion control, and
salt layer development influencing corrosion behavior, several
investigations have used 1D artificial pit electrodes (Bonzom and
Oltra, 2016; Jun et al., 2020; Pessu et al., 2022). Although its abil-
ity to depict intricate pit geometries and environmental variations
is constrained.

The deposition process onwire electrodes was conducted using
a methodology analogous to that employed for rod electrodes,
wherein plastic cups andmesh covers were utilized to encapsulate
the wire cross-section. Electrochemical characterization tech-
niques, including potentiostatic, OCP, and EIS, were applied both in
the absence/presence of deposits (SiO2 or CaCO3) over the artificial
pit cavity. The experimental setup involved a sour electrolyte so-
lution with the electrodes functioning as anodes at an elevated
temperature of 60 ◦C. This approach facilitated the quantification
of critical parameters such as pit depth (dpit), pit area, pit density,
aspect ratio, pit resistance (Rpit), pit current density (ipit), and pit
propagation rates across various welded regions (CS-PM, CS-WM,
and CS-HAZ) under simulated sour conditions without/with de-
posits (SiO2 or CaCO3). The calculation of pit depth was based on
Faraday's second law of electrolysis.

2.7. Surface morphology and characterization

The X65welded CS coupons, representing different regions, i.e.,
PM, WM, and HAZ, were subjected to comprehensive analysis
using advanced characterization techniques. Scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray spec-
troscopy (EDX) was employed to investigate surface morphology,
elemental composition, and spatial distribution of elements both
before and after corrosion testing. Bulk metal composition was
determined through X-ray fluorescence (XRF), while optical mi-
croscopy provided insights into the microstructural features of the
samples. Raman spectroscopy was utilized to characterize the
corrosion products formed on welded coupons under sour condi-
tions, without/with SiO2 or CaCO3 deposits, and in the absence/

presence of CRW11 inhibitors, offering a detailed understanding of
the chemical transformations associated with corrosion processes.

2.8. Dataset construction and machine learning model
development

The dataset integrates measurements obtained from EIS, LPR,
and EN techniques, providing a robust basis for ML model
development. It includes critical variables such as the electro-
chemical method, regions of welded CS samples, deposit types
(SiO2 or CaCO3), and the presence of the corrosion inhibitor
CRW11. To ensure compatibility with ML algorithms, categorical
variables were transformed using one-hot encoding, which
converts nominal data into binary vectors without introducing
ordinal relationships. The final dataset comprises 144 data
points, evenly distributed across the three electrochemical
techniques, ensuring balanced representation for model training
and analysis.

The dataset was systematically divided into input features and
a single output target (IE). Input features encompassed electro-
chemical methodologies, deposit types, formation characteristics,
CRW11 inhibitor types, and experimental measurements derived
from EIS, LPR, and EN techniques. This structured partitioning
facilitated the construction and evaluation of predictive models to
investigate correlations between diverse input variables and the
predicted inhibitor efficiency. Stratified sampling was employed to
split the dataset into training (80%) and testing (20%) subsets,
ensuring the proportional representation of electrochemical
methodologies across both subsets. This approach mitigated
sampling bias and preserved the population's inherent distribu-
tion, enabling robust performance evaluation and generalizability
of the ML model across heterogeneous electrochemical data.

Seven regression algorithms, i.e., linear regression (LR), support
vector regression (SVR), k-nearest neighbors (KNN) regression,
random forest (RF), decision tree (DT), gradient boosting (GB), and
extreme gradient boosting (XGBoost), were employed to predict IE
in a dataset comprising mixed variable types. The predictive per-
formance of these models was rigorously evaluated using deter-
mination coefficient (R2), root mean square error (RMSE) andmean
absolute error (MAE) as metrics. To enhance generalization and

Fig. 2. A setting-up of 1D artificial pit technique (a) a plastic cup fastened at the pit mouth with wires in diameter (1000 μm) embedded in transparent epoxy, without and with
SiO2 or CaCO3 deposits, and (b) vertically inverted 1D multiple electrodes in sour electrolyte connected to the Potentiostat for the creation of an artificial cavity with anodic
polarization at +500 mV employing a 3-electrode configuration to recessed the wire within the epoxy.

A.K. Ipadeola, M.H. Sliem, D. Abdeen et al. Petroleum Research 11 (2026) 613–632

616



minimize overfitting, a 4-fold cross-validation strategy was
implemented, systematically partitioning the data into training
and testing subsets across iterations. This methodological frame-
work facilitated a robust comparative analysis of the algorithms,
ensuring a comprehensive assessment of their predictive capa-
bilities across diverse data partitions.

3. Results and discussion

3.1. Corrosion measurements

The experiments described in this section involved the appli-
cation of controlled preconditioning protocols to welded CS cou-
pons before corrosion testing. These investigations were
conducted under simulated sour conditions, incorporating sys-
tematic variations in the presence/absence of SiO2 or CaCO3 de-
posits, as well as without/with CRW11 corrosion inhibitor.

3.1.1. Open circuit potential
In simulated sour conditions, the open circuit potentials (EOCP)

of CS-PM and CS-WMwere initially lower than that of the CS-HAZ.
At the onset, CS-PM and CS-WM exhibited cathodic behavior,
while CS-HAZ was anodic (Fig. 3a). This implies that CS-HAZ is
most prone to corrosion in the sour conditions, relative to CS-WM
and CS-PM. Over time, the EOCP of CS-WM aligned with that of CS-
HAZ, with both transitioning to anodic behavior, whereas CS-PM
remained cathodic. Hence, both CS-HAZ and CS-WM are more
vulnerable to corrosion. The introduction of the CRW11 inhibitor
did not significantly alter these galvanic interactions (Fig. 3b).
These findings indicate persistent potential differences (<±150
mV) among the microstructural regions of welded CS under sour
conditions, regardless of inhibitor presence. This behavior is
attributed to heterogeneities in microstructure and composition
(Park et al., 2021; Yang et al., 2021). The continued existence of
these potential differences, even with CRW11, underscores the
critical role of welding-induced microstructural variations in
influencing electrochemical properties. This highlights the neces-
sity for tailored corrosion mitigation strategies in such complex
systems.

The incorporation of SiO2 deposits before corrosion testing
revealed dynamic electrochemical interactions among welded CS
components in a simulated sour environment. Initially, CS-PM-SiO2
exhibited anodic behavior, while CS-WM-SiO2 and CS-HAZ-SiO2

acted cathodically. This indicates that CS-PM-SiO2, amongst the
three regions, was more susceptible to corrosion. However, pro-
longed exposure reversed this configuration, making oxidation of Fe
(i.e., more corrosion) in CS-HAZ-SiO2 and CS-WM-SiO2 more sig-
nificant (Fig. 3c). The addition of the CRW11 inhibitor further altered
the electrochemical dynamics, initially rendering CS-PM-SiO2-
CRW11 and CS-WM-SiO2-CRW11 cathodic, but CS-HAZ-SiO2-
CRW11 anodic (Fig. 3d). Over time, CS-WM-SiO2-CRW11 and CS-
PM-SiO2-CRW11 transitioned to anodic roles, while CS-HAZ-SiO2-
CRW11 changed to cathodic. These findings highlight the complex
interplay between SiO2 deposits, welded CS regions, and CRW11 in
sour environments, where there was a slight oxidation of Fe in CS-
HAZ-SiO2-CRW11 at the initial immersion but reversed for CS-WM-
SiO2-CRW11 and CS-PM-SiO2-CRW11 at prolonged exposure. This
result suggests potential difference variations in these regions are
insufficient to induce galvanic corrosion and offer valuable insights
for improving industrial corrosion management strategies.

The deposition of CaCO3 coverage on welded CS specimens,
preconditioned for corrosion tests in a simulated sour environment,
revealed complex electrochemical interactions. Initially, EOCP anal-
ysis showed anodic behavior in CS-PM-CaCO3 and CS-HAZ-CaCO3,
while CS-WM-CaCO3 acted as a cathode, but prolonged exposure
(24 h) neutralized these differences (Fig. 3e). This reveals more
oxidation of Fe in both CS-PM-CaCO3 and CS-HAZ-CaCO3 relative to
CS-PM-CaCO3. The addition of the CRW11 inhibitor reversed this
distribution, making CS-PM-CaCO3-CRW11 and CS-HAZ-CaCO3-
CRW11 cathodic and CS-WM-CaCO3-CRW11 anodic (Fig. 3f). Over
time, a reconfiguration occurred, stabilizing CS-PM-CaCO3-CRW11
and CS-WM-CaCO3-CRW11 as cathodic and transitioning CS-HAZ-
CaCO3-CRW11 to anodic. These findings highlight that there is more
oxidation of Fe in CS-HAZ-CaCO3-CRW11 after long exposure in the
sour media compared to CS-WM-CaCO3-CRW11 and CS-PM-CaCO3-
CRW11. This offers insights into the time-dependent electro-
chemical behavior of varied regions of welded CS and potential
strategies for improved corrosion mitigation in sour environments.

3.1.2. Linear polarization potential
The CRs of welded CS specimens were assessed under simu-

lated sour conditions using LPR tests. In the absence of the CRW11
inhibitor, the CRs exhibited a progressive increase over time, with
CS-HAZ demonstrating the highest CRs, followed by the CS-WM
and CS-PM (Figs. S1a–c). The application of the CRW11 inhibitor
markedly mitigated corrosion rates, generally reducing them to

Fig. 3. OCP with preconditioning before corrosion in simulated sour conditions of (a) welded CS, (b) welded CS + CRW11, (c) welded CS + SiO2, (d) welded CS + SiO2 + CRW11, (e)
welded CS + CaCO3, and (f) welded CS + CaCO3 + CRW11.
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levels below the industry standard of 0.1 mmpy (Figs. S1d–f).
However, elevated initial CRs were observed for CS-WM and CS-
PM in the presence of CRW11, indicating a delayed onset of
optimal inhibitor performance in these regions. This delay may be
attributed to microstructural characteristics such as larger and
coarser grain boundaries, as suggested in prior studies (Al-Amiery
et al., 2023; Kolli et al., 2019; Palumbo et al., 2021). These findings
highlight the time-dependent efficacy of CRW11 and emphasize
the critical role of microstructural heterogeneity in influencing
inhibitor performance in simulated sour environments.

A detailed study of corrosion behavior in three welded CS re-
gions with SiO2 deposit, i.e., CS-HAZ-SiO2, CS-PM-SiO2, and CS-
WM-SiO2, under simulated sour conditions. LPR tests revealed that
CS-HAZ-SiO2 was the most corrosion-prone with high CRs
(0.93–1.14 mmpy), followed by CS-PM-SiO2 (0.63–1.01 mmpy) and
CS-WM-SiO2 (0.47–0.81 mmpy) during initial exposure, with
temporal fluctuations observed (Figs. 4a–c). The addition of the
CRW11 inhibitor significantly reduced CRs below the industry
threshold of 0.1 mmpy across all regions, maintaining this reduc-
tion throughout exposure (Figs. 4d–f). CS-HAZ-SiO2-CRW11
exhibited the lowest CRs (0.01–0.04 mmpy), while CS-WM-SiO2-
CRW11 and CS-BM-SiO2-CRW11 showed slightly higher rates
(0.05–0.09 mmpy). Enhanced inhibitor efficacy in the HAZe sug-
gests improved surface coverage and reactivity, highlighting
CRW11's possibility to mitigate corrosion in welded CS regions for
industrial applications in harsh environments.

The assessment of corrosion behavior for three welded CS re-
gions with CaCO3 deposit, i.e., CS-WM-CaCO3, CS-PM-CaCO3, and
CS-HAZ-CaCO3, under simulated sour conditions using the LPR
technique, with preconditioning and 75% CaCO3 deposit coverage.
The CS-WM-CaCO3 region exhibited the highest CRs (0.79–0.93
mmpy), followed by CS-PM-CaCO3 (0.61–0.72 mmpy) and CS-HAZ-
CaCO3 (0.52–0.55 mmpy), despite temporal variations (Figs. 4g–i).
The addition of the CRW11 corrosion inhibitor reduced CRs across
all regions to below 0.1 mmpy, meeting industry standards, with
sustained performance throughout exposure. CS-HAZ-CaCO3-
CRW11 and CS-PM-CaCO3-CRW11 showed similar lower rates
(0.04–0.06 mmpy) compared to CS-WM-CaCO3-CRW11 (0.06–0.09
mmpy) (Figs. 4j–l). These results highlight CRW11's effectiveness
in mitigating corrosion through surface coverage, adsorption, and
reactivity, demonstrating its potential as a robust inhibitor for
industrial applications in sour environments.

3.1.3. Electrochemical impedance spectroscopy
EIS was employed to assess the CRs on preconditioned test

samples (Ipadeola et al., 2022, 2023a, 2023b). Nyquist plots ob-
tained for CS-PM, CS-WM, and CS-HAZ exhibited well-defined
semicircular arcs, with some samples displaying diffusion-
related features in the low-frequency region (Figs. S3a–c). The
addition of the CRW11 inhibitor resulted in an increase in the size
of these arcs (Figs. S3d–f). Voigt-type equivalent electrical circuit
(EEC) models (Figs. S3g and h) were utilized to analyze the
impedance data and extract polarization resistance (Rp), which is
inversely proportional to CR. The Rp values followed the trend CS-
PM > CS-WM > CS-HAZ, corresponding to increasing CRs: CS-PM <
CS-WM < CS-HAZ. Notably, the introduction of CRW11 effectively
reduced CRs to below 0.1 mmpy in most cases, which remained
within the experimental error margin (Ribeiro et al., 2015). How-
ever, a substantial protective film/barrier of CRW11 is initially
formed on the CS-HAZ-CRW11 and CS-WM-CRW11 with the
lowest CR (or highest Rp) at 0 h. These findings indicate that the
application of CRW11 significantly mitigated corrosion without
inducing adverse effects on the corrosion rates of the tested
samples.

EIS was used to assess the CRs of welded CS samples

preconditioned with SiO2 deposits. Nyquist plots for CS-PM-SiO2,
CS-WM-SiO2, and CS-HAZ-SiO2 showed semicircular arcs, with
some indicating diffusion-controlled behavior (Figs. 5a–c). The
addition of the CRW11 inhibitor significantly enhanced these
profiles (Figs. 5d–f), as reflected in Voigt-type EEC model (Figs. S3g
and h) analysis. The Rp values increased in the order: CS-WM-SiO2
< CS-HAZ-SiO2 < CS-PM-SiO2, while the CR followed the reverse
trend: CS-WM-SiO2 > CS-HAZ-SiO2 > CS-PM-SiO2. Notably, CRW11
reduced corrosion rates to below 0.1 mmpy for most samples,
except for CS-PM-SiO2-CRW11 at 6 h, which reached the threshold
value.

EIS was employed to assess the CRs of preconditioned welded
CS samples with CaCO3 deposits. Nyquist plots revealed semi-
circular arcs, with some samples showing diffusion regions
(Figs. 5g–i), which expanded significantly upon the addition of the
CRW11 inhibitor (Figs. 5j–l). Voigt-type EEC models (Figs. S3g and
h) were used for data analysis, yielding Rp values in descending
order: CS-PM-CaCO3 > CS-HAZ-CaCO3 > CS-WM-CaCO3, inversely
correlating with CRs. The CR pattern was CS-WM-CaCO3 > CS-
HAZ-CaCO3 > CS-PM-CaCO3. The CRW11 inhibitor effectively
reduced CRs across all samples to below 0.1 mmpy, demonstrating
substantial corrosion mitigation.

3.1.4. Electrochemical noise
EN measurements evaluated the corrosion behavior of welded

CS regions (CS-PM, CS-WM, and CS-HAZ) with preconditioning in
simulated sour environments. Uninhibited CRs displayed time-
dependent fluctuations, ranked as CS-PM (0.58–1.21 mmpy) >
CS-HAZ (0.49–0.79 mmpy) > CS-WM (0.51–0.51 mmpy)
(Figs. S2a–c). This trend contrasts with those measured from LPR
and EIS due to variations in measurement techniques, data inter-
pretation, and sensitivity of the EN technique. CRW11 inhibitor
application reduced CRs below the 0.1 mmpy industry threshold,
stabilizing all regions of welded CS (Figs. S2d–f). The results reveal
that the CS-PM is most susceptible to corrosion, and the efficacy of
the CRW11 inhibitor achieved uniform adsorption, surface
coverage, and reactivity across welded zones, ensuring compre-
hensive protection.

The corrosion resistance of welded CS regions with SiO2 deposit
(i.e., CS-PM-SiO2, CS-WM-SiO2, CS-HAZ-SiO2) under simulated
sour conditions was examined via EN after preconditioning.
Without the CRW11 inhibitor, CRs varied temporally, peaking in
CS-WM-SiO2 (1.55–2.52 mmpy), followed by CS-HAZ-SiO2
(1.52–1.64 mmpy) and CS-PM-SiO2 (0.61–1.23 mmpy) (Figs. 6a–c).
CRW11 addition suppressed CRs below the 0.1 mmpy threshold in
all regions, with inhibited CRs in the order of CS-HAZ-SiO2-CRW11
(0.02 mmpy) < CS-WM-SiO2-CRW11 (0.02–0.04 mmpy) < CS-PM-
SiO2-CRW11 (0.06–0.08 mmpy) (Figs. 6d–f). The inhibitor's efficacy
arises from enhanced surface coverage, adsorption, and reactivity
on SiO2-deposited welded zones, ensuring effective protection
across all regions.

The corrosion behavior of three preconditioning welded CS re-
gions with CaCO3 deposits, i.e., CS-PM-CaCO3, CS-WM-CaCO3, and
CS-HAZ-CaCO3, was systematically studied under simulated sour
conditions using EN methodology. Without the CRW11 inhibitor,
CRs fluctuated over time, with CS-PM-CaCO3 showing the highest
CRs (1.12–1.51 mmpy), followed by CS-HAZ-CaCO3 (1.22–1.42
mmpy) and CS-WM-CaCO3 (0.92–1.02 mmpy) (Figs. 6g–i). The
addition of CRW11 significantly reduced CRs across all regions,
maintaining values below the industry threshold of 0.1 mmpy
throughout exposure. Inhibited CRs followed the trend: CS-PM-
CaCO3-CRW11 (0.02 mmpy) ≤ CS-HAZ-CaCO3-CRW11 (0.02–0.03
mmpy) < CS-WM-CaCO3-CRW11 (0.03–0.06 mmpy) (Figs. 6j–l).
These results highlight the base metal's higher corrosion suscepti-
bility and demonstrate the effectiveness of CRW11 in providing
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robust protection through superior adsorption, surface coverage,
and reactivity on welded regions with CaCO3 deposits.

3.1.5. Comparative electrochemical corrosion rates
A detailed comparative analysis of CRs derived from EIS, LPR,

and EN techniques provides critical insights into the corrosion
behavior of welded CS samples under varying conditions. Notably,
the CS-HAZ consistently exhibited the highest CR values in both
EIS and LPR measurements, underscoring its heightened suscep-
tibility to corrosionwithinwelded CS structures (Fig. 7a). However,
this trend was reversed in EN as CS-PM > CS-HAZ > CS-WM due to
variations in (i) measurement techniques, (ii) data interpretation,
and (iii) sensitivity, EN data showed an inverted trend in CRs.
Notably, EN monitors spontaneous variations in current and po-
tential linked to natural corrosion processes (Jamali and Mills,
2016; J�aquez-Mu~noz et al., 2024), in contrast to LPR and EIS.
Noise resistance (Rn= potential noise/current noise), which is used
to interpret EN data, is not necessarily equivalent to Rp and can be
affected by pitting, surface shape, and how noise is statistically
treated (Cheng et al., 2019). Also, the recorded signals exhibit
noticeable and irregular variations due to EN's heightened sensi-
tivity to localized corrosion events (J�aquez-Mu~noz et al., 2024).
However, for corrosion testing, LPR and EIS are better than EN
because of their higher quantitative accuracy, controlled envi-
ronments, and mechanistic insights. The CRs determined by LPR
and EIS are therefore more consistent and dependable, which
supports their application in this study. The application of the

CRW11 inhibitor demonstrated significant corrosion mitigation
across all regions, achieving IE values exceeding 75%, except at 0 h
(Fig. 7b). The performance of CRW11 varied by region, with CS-
HAZ-CRW11 attaining a peak IE of 81.3% immediately upon
exposure, while CS-WM-CRW11 and CS-PM-CRW11 reached their
maximum IE values after 12 h of exposure. This observation sug-
gests a gradual adsorption of CRW11 molecules onto the CS-HAZ
surface, offering immediate protection against corrosion in the
sour electrolyte environment. Comprehensive corrosion data for
all regions, obtained through EIS, LPR and ENmeasurements under
simulated sour conditions with and without the CRW11 inhibitor
(Table S1).

This study shows that the CRW11 inhibitor has a high IE
(65.5–92.4%) and decreased CRs for welded CS regions: CS-PM
(0.34–0.42 mmpy), CS-WM (0.39–0.73 mmpy), and CS-HAZ
(0.48–1.75 mmpy) as assessed by LPR and EIS. Welded CS exposed
to Nephelium lappaceum extract: BM (4.1 mmpy), WM (19.3 mmpy),
and HAZ (4.0 mmpy) showed IE (31.0–97.0%) (Gapsari et al., 2021);
other welded zones: W1 (2.1 mmpy), W2 (1.5 mmpy), and W3 (1.3
mmpy) (Lu et al., 2016); and PM (4.2 mmpy), WM (14.2 mmpy), and
HAZ (9.0mmpy)were inhibited by an imidazoline-based compound
(73.0–85.0%) (Nik Mohamed Daud et al., 2023). Table S2 summa-
rizes the comparison with other reported systems. The corrosion
behavior of welded CS samples under various conditions, including
preconditioning, SiO2 deposits, and absence/presence of the CRW11
inhibitor in simulated sour conditions (Fig. 7c). Among the regions
studied, CS-HAZ-SiO2 consistently exhibited the highest CR values,

Fig. 4. LPR with preconditioning before corrosion in simulated sour conditions of (a) CS-PM-SiO2, (b) CS-WM-SiO2, (c) CS-HAZ-SiO2, (d) CS-PM-SiO2-CRW11, (e) CS-WM-SiO2-
CRW11, (f) CS-HAZ-SiO2-CRW11, (g) CS-PM-CaCO3, (h) CS-WM-CaCO3, (i) CS-HAZ- CaCO3, (j) CS-PM-CaCO3-CRW11, (k) CS-WM-CaCO3-CRW11, and (l) CS-HAZ-CaCO3-CRW11.
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indicating greater susceptibility to corrosion in SiO2-deposited en-
vironments. The CRW11 inhibitor demonstrated exceptional effi-
cacy, achieving IE values above 80% across all regions during the
exposure period, peaking at 99.6%, 94.0%, and 93.6% for CS-HAZ-
SiO2-CRW11, CS-WM-SiO2-CRW11, and CS-PM-SiO2-CRW11 at 0 h
(Fig. 7d). This suggests a gradual penetration of CRW11 through the
SiO2 layer and enhanced adsorption on the CS surface, particularly
in the HAZ. Detailed corrosion data for all regions under simulated
sour conditions without/with CRW11 (Table 1).

The corrosion behavior of welded CS samples under varying
conditions, including preconditioning, CaCO3 deposits, and the
CRW11 inhibitor. Among the regions studied, CS-WM-CaCO3
consistently exhibited the highest CR values across all exposure
intervals, except in the EN method, where this trend reversed
(Fig. 7e), highlighting theweldmetal's heightened susceptibility to
corrosion in CaCO3-deposited environments. The CRW11 inhibitor
demonstrated exceptional effectiveness (Fig. 7f), achieving IE
exceeding 85% across all regions, with peak values of 94.1% for CS-
PM-CaCO3-CRW11 and 93.5% for CS-WM-CaCO3-CRW11 both at
0 h, and 93.3% for CS-HAZ-CaCO3-CRW11 at 6 h. This indicates
rapid penetration of CRW11 through the CaCO3 layer and strong
adsorption onto CS surfaces, particularly in WM and PM regions,
with a more gradual effect in HAZ. Detailed corrosion data from
EIS, LPR, and EN for all regions under simulated sour conditions
(Table S3).

3.1.6. Raman spectra of the welded carbon steel after corrosion
tests

Raman spectroscopy analysis of the different regions of welded
CS surfaces, including the CS-PM, CS-HAZ, and CS-WM, immersed
in sour media revealed distinct corrosion product compositions in
uninhibited samples. Corrosion products on CS-PM and CS-HAZ
were predominantly characterized by hematite (α-Fe2O3, 410.0
cm− 1) (Bleij et al., 2022), lepidocrocite (γ-FeOOH, 527.6 cm− 1)
(Surnam et al., 2016), magnetite (Fe3O4, 635.3 cm− 1) (Heuer and
Luttge, 2018), and maghemite (γ-Fe2O3, 687.0 cm− 1) (Surnam
et al., 2016). In contrast, CS-WM exhibited a slightly different
profile, with hematite (α-Fe2O3, 290.9 cm− 1) (Bleij et al., 2022),
goethite (α-FeOOH, 328.0 cm− 1) (Santa et al., 2024; Surnam et al.,
2016), along with magnetite, maghemite, and lepidocrocite
(Fig. S4a). These variations in corrosion products are likely driven
by the aggressive sour electrolyte environment, coupled with the
microstructural and compositional heterogeneity of the weld
metal regions, which promotes localized formation of diverse
corrosion product phases.

The addition of the CRW11inhibitor resulted in significant
modifications to the Raman spectra of inhibited samples across
distinct regions of welded CS, i.e., CS-PM-CRW11, CS-WM-CRW11,
and CS-HAZ-CRW11. Each region of CS-PM-CRW11, CS-WM-
CRW11, and CS-HAZ-CRW11 exhibited unique sets of low-intensity
peaks (Fig. S4b), highlighting region-specific interactions between

Fig. 5. Nyquist plots with preconditioning before corrosion in simulated sour conditions of (a) CS-PM-SiO2, (b) CS-WM-SiO2, (c) CS-HAZ-SiO2, (d) CS-PM-SiO2-CRW11, (e) CS-WM-
SiO2-CRW11, (f) CS-HAZ-SiO2-CRW11, (g) CS-PM-CaCO3, (h) CS-WM-CaCO3, (i) CS-HAZ-CaCO3, (j) CS-PM-CaCO3-CRW11, (k) CS-WM-CaCO3-CRW11, and (l) CS-HAZ-CaCO3-CRW11.
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the inhibitor and the corresponding CS surfaces. These spectral
differences are closely linked to variations in local microstructure
and elemental composition inherent to each region, where the
rapid reaction of CRW11 and CS-HAZ in CS-HAZ-CRW11 facilitates
slightly higher intensities for some oxides, leading to improved IE
at the HAZ region (Colomban and Slodczyk, 2009). Meanwhile, the
intensities were relatively suppressed in CS-WM-CRW11 and CS-
PM-CRW11, implying passive coverage of the inhibitor in CS-WM
and CS-PM regions. Also, the distinct nature and complexity of
corrosion products formed in these areas further contribute to the
observed variations in corrosion behavior. A similar observation
was previously reported (Li et al., 2025; Natesan et al., 2008). A
thorough summary of Raman shifts in all experimental conditions
is presented in Table S4.

3.2. Morphology and elemental compositions

The elemental compositions of pristine PM,WM, and HAZ were
characterized using EDX for surface analysis and XRF for bulk
analysis. The pristine PM was predominantly composed of Fe (91.9
wt%) with trace amounts of alloying elements (Table S5). In
contrast, the pristine WM exhibited a slightly reduced Fe content
(89.9 wt%) but showed elevated levels of C, Mn and lowered Cr (0.2
wt%), along with the deliberate addition of Ni (1.0 wt%) and Zn (1.4
wt%). The pristine HAZ displayed an intermediate composition
between PM and WM. The incorporation of Ni and Zn in the WM
was specifically aimed at improving corrosion resistance under
sour oil and gas conditions; however, the effectiveness of these
additions is contingent upon achieving ideal concentration levels
(Fakheri et al., 2020).

XRF analysis was conducted to determine the bulk metal

compositions of various regions in pristinewelded CS samples. The
PM and HAZ exhibited nearly identical metal profiles, primarily
composed of Fe (97.8 wt%) with minor concentrations of Al, Si, Ca,
Cr, Mn, Nb, and Mo (Table S5). In contrast, the pristine WM dis-
played a distinct metal composition, characterized by a slightly
lower Fe content (97.6 wt%) and varying levels of Al, Si, Cr, Mn, and
Mo, along with the presence of unique elements such as Sc, Ni, and
P. Notably, Ca and Nb were detected in the BM and HAZ but were
absent in theWM, whereas Sc, Ni, and P were exclusive to the WM
region. These compositional variations suggest potential differ-
ences in corrosion behavior among the distinct welded regions
during subsequent corrosion testing. A large exposed surface area
is necessary for XRF to perform effective bulk compositional
analysis; however, the corroded CS coupons did not offer enough
space for this method. To evaluate the surface elemental compo-
sitions of the welded CS coupons following corrosion testing, EDX
was utilized.

Following corrosion testing, SEM analysis reveals pronounced
surface degradation and the formation of corrosion products
across the corroded CS-PM, CS-WM, and CS-HAZ (Katiyar et al.,
2022; Zhang et al., 2022). The original ferritic-pearlite micro-
structures were largely obscured by the accumulation of corrosion
products, as observed (Figs. S5a, b, S6a, b, S7a, b). EDX mapping
identifies Fe as the predominant element, accompanied by het-
erogeneous distributions of oxide, sulfide, carbonate, and chloride
species across the corroded surfaces (Figs. S5c–k, S6c-k, S7c-k).
Both qualitative and quantitative analyses reveal a reduction in Fe
content and the presence of corrosion-related elements such as Cl,
S, and O on all examined regions (Figs. S5l, S6l, S7l; Table S6),
indicating accelerated corrosion in the sour electrolyte (Katiyar
et al., 2022). Among the analyzed regions, the CS-WM exhibited

Fig. 6. EN with preconditioning before corrosion in simulated sour conditions of (a) CS-PM-SiO2, (b) CS-WM-SiO2, (c) CS-HAZ-SiO2, (d) CS-PM-SiO2-CRW11, (e) CS-WM-SiO2-
CRW11, (f) CS-HAZ-SiO2-CRW11, (g) CS-PM-CaCO3, (h) CS-WM-CaCO3, (i) CS-HAZ- CaCO3, (j) CS-PM-CaCO3-CRW11, (k) CS-WM-CaCO3-CRW11, and (l) CS-HAZ-CaCO3-CRW11.
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the highest corrosion rate, as evidenced by elevated concentra-
tions of C, O, and C, followed by the CS-HAZ and then CS-PM. These
findings highlight a differential susceptibility to corrosion within
welded CS structures, with the weld metal demonstrating the
greatest vulnerability.

The incorporation of the CRW11 inhibitor induced mild surface
degradation and the formation of corrosion products across all
examined regions, as demonstrated by SEM micrographs
(Figs. S8a, b, S9a, b, S10a, b). Elemental mapping via EDX reveals
iron as the predominant constituent, uniformly distributed
alongside other elements (Figs. S8c–l, S9c-l, S10c-l). The inhibitor
exhibited notable interaction with the welded CS samples, effec-
tively suppressing the formation of corrosion products in the sour
electrolyte environment. This interaction was substantiated by an
increased presence of C and Fe, particularly in the CS-HAZ-CRW11
region, accompanied by elevated Na levels (Figs. S8m, S9m, S10m;
Table S6). Furthermore, the CRW11 inhibitor demonstrated

efficacy in mitigating corrosion rates and minimizing the accu-
mulation of corrosion-related elements such as Cl, S, and O, which
is consistent with previous reports (Choi and Kim, 2018a; Yang
et al., 2021).

SEM analysis of welded CS specimens with SiO2 deposits (CS-
PM-SiO2, CS-WM-SiO2, CS-HAZ-SiO2) reveals pronounced
morphological degradation, characterized by extensive surface
deterioration and dense accumulation of corrosion byproducts
across CS-PM, CS-WM, and CS-HAZ (Figs. 8a, b, 9a, b, 10a, b).
Elemental mapping demonstrates a heterogeneous spatial distri-
bution of constituents, with Fe serving as the predominant con-
stituent, uniformly distributed alongside Mn, Si, and Cr. Localized
agglomerations of O, S, C, and Cl compounds were identified
through discrete elemental signatures (Figs. 8c–k, 9c-k, 10c-k),
exhibiting variable concentration gradients across microstructural
regions. Cl, O, and S exhibited uniform dispersion patterns, as
quantified by EDX spectral analysis (Figs. 8l, 9l, 10l), consistent

Fig. 7. Comparative CRs with preconditioning before corrosion in simulated sour conditions of (a) welded CS, (b) welded CS + CRW11, (c) welded CS + SiO2, (d) welded
CS + SiO2 + CRW11, (e) welded CS + CaCO3, and (f) welded CS + CaCO3 + CRW11.

Table 1
Summary of electrochemical results of welded CS samples with preconditioning before corrosion tests, with SiO2 deposit in absence/presence of CRW11 (200 ppm) in
simulated sour electrolyte.

Samples Time (h) EOCP (V/Ag/AgCl) icorr (mA/cm2) Rct (Ω.cm2) CR (mmpy) IE (%)

EIS LPR EN

CS-PM- SiO2 0 − 0.520 ± 0.000 0.067 ± 0.013 344 ± 10 0.88 ± 0.18 0.78 ± 0.13 1.23 ± 0.12 –
6 − 0.457 ± 0.013 0.087 ± 0.017 474 ± 20 0.64 ± 0.13 1.01 ± 0.19 0.66 ± 0.11 –
12 − 0.442 ± 0.002 0.071 ± 0.013 504 ± 20 0.60 ± 0.12 0.82 ± 0.16 0.61 ± 0.11 –
24 − 0.434 ± 0.001 0.054 ± 0.011 608 ± 21 0.50 ± 0.15 0.63 ± 0.12 0.63 ± 0.11 –

CS-PM- SiO2-CRW11 0 − 0.491 ± 0.002 0.004 ± 0.001 3050 ± 35 0.09 ± 0.02 0.05 ± 0.01 0.08 ± 0.01 93.6
6 − 0.441 ± 0.017 0.006 ± 0.001 2921 ± 33 0.10 ± 0.02 0.07 ± 0.01 0.06 ± 0.01 92.9
12 − 0.406 ± 0.010 0.007 ± 0.001 3192 ± 61 0.09 ± 0.02 0.08 ± 0.01 0.07 ± 0.01 90.0
24 − 0.378 ± 0.019 0.008 ± 0.001 3205 ± 99 0.09 ± 0.02 0.09 ± 0.01 0.06 ± 0.01 86.1

CS-WM- SiO2 0 − 0.433 ± 0.004 0.070 ± 0.010 360 ± 46 0.84 ± 0.14 0.81 ± 0.12 1.55 ± 0.31 –
6 − 0.463 ± 0.003 0.065 ± 0.009 385 ± 43 0.79 ± 0.13 0.75 ± 0.11 1.96 ± 0.39 –
12 − 0.449 ± 0.001 0.073 ± 0.011 375 ± 41 0.81 ± 0.14 0.84 ± 0.13 2.52 ± 0.50 –
24 − 0.401 ± 0.017 0.041 ± 0.006 415 ± 53 0.73 ± 0.12 0.47 ± 0.07 1.95 ± 0.39 –

CS-WM- SiO2-CRW11 0 − 0.454 ± 0.002 0.004 ± 0.001 3670 ± 84 0.08 ± 0.01 0.05 ± 0.01 0.02 ± 0.00 94.0
6 − 0.440 ± 0.031 0.006 ± 0.001 3540 ± 11 0.09 ± 0.02 0.06 ± 0.01 0.02 ± 0.00 91.5
12 − 0.413 ± 0.012 0.008 ± 0.001 3190 ± 140 0.09 ± 0.02 0.09 ± 0.01 0.02 ± 0.00 89.4
24 − 0.413 ± 0.008 0.008 ± 0.002 3100 ± 103 0.09 ± 0.02 0.09 ± 0.01 0.04 ± 0.00 81.0

CS-HAZ- SiO2 0 − 0.430 ± 0.005 0.092 ± 0.018 353 ± 13 0.86 ± 0.16 1.07 ± 0.21 1.59 ± 0.33 –
6 − 0.469 ± 0.004 0.092 ± 0.019 394 ± 20 0.77 ± 0.14 1.06 ± 0.21 1.52 ± 0.32 –
12 − 0.459 ± 0.003 0.099 ± 0.021 441 ± 20 0.69 ± 0.12 1.14 ± 0.23 1.64 ± 0.31 –
24 − 0.444 ± 0.005 0.081 ± 0.016 500 ± 24 0.61 ± 0.10 0.93 ± 0.19 1.55 ± 0.31 –

CS-HAZ- SiO2-CRW11 0 − 0.415 ± 0.006 0.004 ± 0.000 3970 ± 75 0.08 ± 0.01 0.01 ± 0.00 0.02 ± 0.00 99.6
6 − 0.395 ± 0.042 0.002 ± 0.000 3315 ± 25 0.09 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 98.3
12 − 0.415 ± 0.003 0.003 ± 0.001 3279 ± 21 0.09 ± 0.01 0.04 ± 0.01 0.02 ± 0.00 96.9
24 − 0.450 ± 0.019 0.003 ± 0.001 3364 ± 21 0.09 ± 0.01 0.03 ± 0.01 0.02 ± 0.00 96.3
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with atmospheric corrosionmechanisms involving reduction in O-
and S-containing species participation (Yahya et al., 2013). Quan-
titative elemental analysis reveals Fe contents of 60.2–67.1 wt%
and O contents of 22.4–28.9 wt% for CS-PM-SiO2, CS-WM-SiO2, and
CS-HAZ-SiO2 (Table S7). The reduced Fe content compared to
welded CS samples without SiO2 deposits indicates enhanced
dissolution under sour conditions in the presence of SiO2. Elevated
S and O levels across all surfaces suggest accelerated corrosion in
the sour electrolyte, with CS-WM-SiO2 and CS-PM-SiO2 showing
higher corrosion rates than CS-HAZ-SiO2 due to increased O and S
concentrations. S and O were identified as the primary corrosion
products in CS-WM-SiO2 and CS-PM-SiO2, highlighting greater
corrosion susceptibility in the CS-WM and CS-PM regions with
SiO2 deposits in a sour environment.

The application of the CRW11 corrosion inhibitor on SiO2-
loaded welded CS substrates led to moderate surface degradation
and uniform corrosion product deposition across CS-PM, CS-WM,
and CS-HAZ regions, as revealed by SEM and EDX analyses
(Figs. S11a, b, S12a, b, S13a, b). Fe was the predominant element
(54.1–61.5 wt%), with heterogeneous distributions of Mn, Si, and
Cr, while P, O, S, and Cl mapping indicated reduced inhibitor

effectiveness due to SiO2 deposits (Figs. S11c–m, S12c-m, S13c-m).
However, CRW11 effectively limited subsurface propagation of
corrosive species. Quantitative analysis shows region-specific
elemental variations, including elevated Na, P, S, and C in CS-PM-
SiO2; higher O and Cl in CS-WM-SiO2; and superior Si retention
with minimal S in CS-HAZ-SiO2 (Table S7). Enhanced Fe and O
concentrations in CS-WM-SiO2 samples suggested improved
interfacial interactions between CRW11 and the CS matrix,
reducing Cl and S accumulation compared to controls. This in-
dicates that CRW11 stabilizes the Fe oxide layer and suppresses
SiO2-mediated oxidation pathways, mitigating corrosion kinetics
in sour environment.

SEM analysis reveals extensive surface degradation and corro-
sion product formation on CaCO3-deposited welded CS samples
across the CS-PM-CaCO3, CS-WM-CaCO3, and CS-HAZ-CaCO3 re-
gions (Figs. S14a, b, S15a, b, S16a, b). EDX mapping identifies Fe as
the dominant element, accompanied by Mn, Si, Ca, and Cr, with
uniform distributions of O, S, C, and Cl corrosionproducts across all
regions (Figs. S14c–m, S15c-m, S16c-m). Quantitative data indicate
reduced Fe content in CS-PM and CS-HAZ compared to non-
deposited samples, highlighting enhanced Fe dissolution under

Fig. 8. (a, b) SEM micrographs, elemental mapping of (c) C, (d) Fe, (e) O, (f) Na, (g) Cl, (h) Mn, (i) Si, (j) Cr, and (k) S, and (l) EDX spectra of CS-PM-SiO2 in simulated sour conditions
after corrosion tests.
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sour conditions (Table S8). Elevated concentrations of S and O in
CS-PM-CaCO3 and CS-HAZ-CaCO3 samples suggest intensified
corrosion processes, with sulfides and oxides as predominant
products. These findings underscore differential corrosion sus-
ceptibility within the welded CS structure, with CS-HAZ-CaCO3
and CS-PM-CaCO3 exhibiting the highest vulnerability to sour
environments (Chan, 2003).

The performance of the CRW11 corrosion inhibitor on CaCO3-
loaded welded CS substrates using SEM and EDX analyses. SEM
reveals moderate surface degradation and uniform corrosion
product deposition across CS-PM-CaCO3, CS-WM-CaCO3, and CS-
HAZ-CaCO3 regions (Figs. S17a, b, S18a, b, S19a, b). EDX spectros-
copy identifies Fe as the predominant element (54.1–61.5 wt%)
with uneven distribution of Mn, Si, and Cr (Figs. S17c–m, S18c-m,
S19c-m). The spatial mapping of P, O, S, and Cl indicated reduced
CRW11 efficacy due to CaCO3 deposits but confirmed its ability to
limit subsurface penetration of corrosive species.

Elemental analysis shows region-specific variations, with CS-
HAZ-CaCO3-CRW11 exhibiting higher Na (3.8 wt%), O (26.6 wt%), P
(0.3 wt%), S (0.8 wt%), and C (3.3 wt%) levels, while CS-WM-CaCO3-
CRW11 and CS-BM-CaCO3-CRW11 had increased Fe concentrations

(21.1–22.6 wt%) (Table S8). Elevated Fe and O levels in welded re-
gions suggested strong interfacial interactions between CRW11
and CSmatrix, reducing chloride (0.1 wt%) and sulfur (0.4–0.8 wt%)
accumulation compared to uninhibited controls. These findings
demonstrate that CRW11 stabilizes Fe oxide layers and mitigates
corrosion by suppressing CaCO3-mediated oxidation pathways in
sour environments.

3.3. Microstructure of welded carbon steel

The microstructural evaluation of welded CS coupons reveals
distinct phase distributions across PM, WM, and HAZ, driven by
localized thermal gradients and welding-induced diffusional ki-
netics. Optical microscopy (OM) shows the PM to consist of a
ferrite-pearlite matrix with elongated grains, indicative of partial
recrystallization during prior thermo-mechanical processing
(Fig. S20a). Better corrosion resistance is demonstrated by the PM
with a ferrite-pearlite matrix relative to HAZ and WM because of
its more refined microstructure and its ability to form passive
protective layers (Zhang et al., 2017). In contrast, WM exhibited a
δ-ferrite-dominated microstructure characterized by cellular and

Fig. 9. (a, b) SEMmicrographs, elemental mapping of (c) C, (d) Fe, (e) O, (f) Na, (g) Cl, (h) Mn, (i) Si, (j) Cr, and (k) S, and (l) EDX spectra of CS-WM-SiO2 in simulated sour conditions
after corrosion tests.
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columnar dendritic solidification patterns, along with martensite-
austenite (M-A) constituents and intragranular acicular ferrite. The
absence of pearlite or microcracks in the WM suggests rapid
cooling rates that suppress equilibrium phase formation
(Fig. S20b). Due toWM's high hardness, high internal stresses, and
high density of lattice cracks, its martensitic phase is especially
susceptible to corrosion in sour media (Orhorhoro et al., 2022;
Song et al., 2022). Meanwhile, the HAZ displayed a complex
microstructure comprising bainitic transformation products,
sparse M-A phases, and fine-grained ferritic regions, without
pearlite or stress-induced cracking observed (Fig. S20c). The
granular bainite presence in the HAZ reduces corrosion resistance
due of its coarse microstructure and insufficient passivation
properties (Zhang et al., 2017). These microstructural variations
highlight the influence of welding thermal cycles, which promote
the development of metastable phases over equilibrium micro-
constituents due to dynamic thermal and diffusional conditions.

The microstructural analysis of corroded welded CS samples
reveals significant corrosion-induced transformations, both in the
absence and presence of the CRW11 inhibitor. OM images identify

extensive grain boundary attacks and the formation of corrosion
products. In the corroded CS-PM (Fig. S20d), grain boundary attack
was largely concealed by the deposition of corrosion products (Ko
et al., 2019). In contrast, the corroded CS-WM (Fig. S20f) and CS-
HAZ (Fig. S20h) exhibited pronounced grain boundary degrada-
tion, leading to structural weakening and intergranular separation.
This highlights the preferential corrosion of weldments due to
their distinct microstructural composition and susceptibility to
corrosive environments (Dong et al., 2023). The CS-HAZ was
particularly prone to damage, attributed to its fine-grained struc-
ture with a higher grain boundary area, which exacerbates
vulnerability under corrosive conditions (Choi and Kim, 2018b).
However, the application of the CRW11 inhibitor significantly
reduced grain boundary attack and corrosion product deposition
by forming a hydrophobic protective barrier and scavenging oxy-
gen (Al-Amiery et al., 2023; Chen et al., 2022; Liu et al., 2025). This
protective mechanism effectively preserved the original micro-
structural features across all regions (CS-PM-CRW11, CS-WM-
CRW11, and CS-HAZ-CRW11; Figs. S20e, g, i), demonstrating the
inhibitor's remarkable efficacy in maintaining microstructural

Fig. 10. (a, b) SEM micrographs, elemental mapping of (c) C, (d) Fe, (e) O, (f) Na, (g) Cl, (h) Mn, (i) Si, (j) Cr, and (k) S, and (l) EDX spectra of CS-HAZ-SiO2 in simulated sour
conditions after corrosion tests.
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integrity under aggressive corrosive environments.
The presence of SiO2 in the three distinct regions of welded

samples, i.e., CS-PM-SiO2, CS-WM-SiO2, and CS-HAZ-SiO2, induces
notable microstructural transformations that significantly influ-
ence localized corrosion behavior (Xiong et al., 2020). OM analysis
reveals SiO2-mediated alterations in grain boundary morphology
within CS-PM-SiO2, leading to grain boundary failure (Fig. 11a). In
contrast, SiO2 precipitates in CS-WM-SiO2 and CS-HAZ-SiO2 pref-
erentially accumulate along grain boundaries (Figs. 11c–e),
increasing the interfacial contact area with ferrite grains and
compromising grain boundary integrity. This phenomenon es-
tablishes electrochemical potential gradients between SiO2-
covered regions and adjacent uncovered areas, thereby promoting
localized corrosion (Han, 2009), with the most substantial effects
observed in CS-WM-SiO2 due to defects and the uneven deposition
of SiO2 (Xijing and Yong, 2023). The introduction of the CRW11
inhibitor into the sour electrolyte facilitates the formation of a
protective film at the SiO2-CS interface within the welded samples
(Figs. 11b–d, f), effectively reducing both anodic and cathodic
current densities while elevating the activation energy for corro-
sion. Consequently, this protective layer mitigates corrosion ki-
netics and enhances the overall resistance to localized corrosion.

The OM analysis demonstrates that CaCO3 incorporationwithin
the microstructural zones of welded CS samples, i.e., CS-PM-
CaCO3, CS-WM-CaCO3, and CS-HAZ-CaCO3, induces notable

microstructural changes, affecting localized corrosion suscepti-
bility. In CS-PM-CaCO3 and CS-WM-CaCO3, CaCO3 preferentially
nucleates at grain boundaries (Figs. 11g–i), increasing interfacial
contact with the ferrite matrix and causing grain boundary
embrittlement, which promotes interfacial decohesion (Weber
et al., 2023). Conversely, CS-HAZ-CaCO3 exhibits CaCO3-driven
grain boundary reorganization (Fig. 11k), altering boundary
morphology (Rizzo et al., 2020). Electrochemical heterogeneity
arises due to potential differences between CaCO3-deposited re-
gions and exposed CS substrates, forming localized galvanic cells
that accelerate corrosion initiation. This effect is more pronounced
in CS-PM-CaCO3 and CS-WM-CaCO3 owing to their higher defect
density and uneven CaCO3 distribution compared to CS-HAZ-
CaCO3. The addition of the CRW11 corrosion inhibitor in sour en-
vironments promotes the formation of a chemisorbed protective
layer at CaCO3-CS interfaces (Figs. 11h–j, l), reducing anodic
dissolution and cathodic reduction rates. The inhibitor increases
the activation energy for corrosion, significantly lowering corro-
sion current density and mitigating overall corrosion progression.

3.4. 1D artificial pit technique

The pitting corrosion kinetics of welded CS wires were inves-
tigated using a 1D artificial pit technique for controlled pit growth
analysis. Electrodes (1 mm diameter) from three welded regions,

Fig. 11. Microstructure images of (a) CS-PM-SiO2, (b) CS-PM-SiO2-CRW11, (c) CS-WM-SiO2, (d) CS-WM-SiO2-CRW11, (e) CS-HAZ-SiO2, (f) CS-HAZ-SiO2-CRW11, (g) CS-PM-CaCO3,
(h) CS-PM-CaCO3-CRW11, (i) CS-WM-CaCO3, (j) CS-WM-CaCO3-CRW11, (k) CS-HAZ-CaCO3, and (I) CS-HAZ-CaCO3-CRW11 after corrosion tests.
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i.e., CS-PM, CS-WM, and CS-HAZ, were tested without/with SiO2 or
CaCO3 deposits under simulated sour conditions. Potentiostatic
testing (at +500 mV vs. Ag/AgCl) for 1 h) showed consistent pit
growth across all regions (Figs. 12a–c), regardless of deposits, with
no significant differences in pit initiation or growth, indicating
uniform susceptibility to pitting corrosion.

The pitting corrosion kinetics of 1D welded CS wires, without/
with deposits (SiO2 and CaCO3), were investigated using OCP and
EIS. OCP analysis reveals slight variations in the pitting corrosion
potential of the CS-PM, with SiO2 inducing the most anodic shift,
and then CaCO3 (Figs. 12d–f). The CS-WM exhibited more positive
anodic OCP values, identifying it as the most anodic region under
sour conditions, regardless of the presence SiO2 or CaCO3 deposits.

Conversely, the CS-HAZ demonstrated anodic behavior like CS-PM,
with CaCO3 causing the highest anodicity in CS-HAZ. Overall, CS-
WM showed anodic tendencies, while CS-PM and CS-HAZ were
cathodic. This implies more Fe oxidation at CS-WM amongst the
three regions of welded CS. However, the potential differences
across these regions remained below ±150 mV, which is insuffi-
cient to trigger significant galvanic coupling in sour electrolytes.

The pitting polarization resistance (Rpit) was quantified via EIS
analysis. Nyquist plots for CS-PM, CS-WM, and CS-HAZ, without/
with SiO2 or CaCO3 deposits in sour electrolyte, exhibited semi-
circular arcs (Figs. 12g–i). EIS parameters were extracted using
Voigt EEC models (Figs. 12j and k). For the parent metal, Rpit
decreased in the following order: CS-PM > CS-PM-SiO2 > CS-PM-

Fig. 12. (a–c) Potentiostatic at +500 mV, (d–f) OCP for 100 s, (g–i) Nyquist plots, and (j, k) Voigt EEC models of welded CS wires (1 mm) with/without deposits (SiO2 and CaCO3) for
1D-artificial pit growth and propagation in simulated sour conditions.

Table 2
Parameters obtained from optical microscopes after 1D-artificial pit technique of welded CS wires without/with SiO2 or CaCO3 deposits in simulated sour conditions.

Samples Actual dm (μm) Aspect ratio Pit area (mm2) Pit density (mm− 2)

Parent metal
CS-PM 34.9 ± 7.9 3.0 ± 0.8 0.008 123.0
CS-PM-SiO2 53.9 ± 3.8 1.9 ± 0.3 0.008 122.0
CS-PM-CaCO3 36.9 ± 6.3 2.9 ± 0.6 0.008 120.6
Welding metal
CS-WM 40.8 ± 4.2 2.6 ± 0.3 0.009 116.7
CS-WM-SiO2 42.5 ± 16.5 1.9 ± 0.5 0.006 176.6
CS-WM-CaCO3 48.7 ± 7.7 2.2 ± 0.3 0.009 113.2
Heat affected zone
CS-HAZ 23.2 ± 0.7 4.5 ± 0.4 0.008 119.8
CS-HAZ-SiO2 41.8 ± 0.9 2.4 ± 0.9 0.007 154.1
CS-HAZ-CaCO3 44.5 ± 2.3 2.6 ± 1.1 0.008 132.8
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CaCO3. This corresponds to increasing pit current densities (ipit)
and pit propagation rates in the inverse order. The CaCO3 deposit
induced the highest pit propagation rate (1.22 mmpy) on the
parent metal. Utilizing Faraday's second law, calculated pit depths
(dpit) were derived from ipit values, yielding mean dpit values of
29.7 ± 0.6, 51.5 ± 1.0, and 68.3 ± 2.7 μm for CS-PM, CS-PM-SiO2,
and CS-PM-CaCO3, respectively. A summary of electrochemical pit
kinetics is given in Table S9.

For CS-PM without/with SiO2 or CaCO3 deposits, the actual dpit
form OM images ranged from 34.9 ± 7.9 to 53.9 ± 3.8 μm, with
aspect ratios spanning 1.9 ± 0.3 to 3.0 ± 0.8, pit areas between
0.008 and 0.009 mm2, and pit densities of 122.0–123.0 mm− 2

(Figs. S21a–i, Table 2). Notably, CS-PM-SiO2 exhibited the greatest
dpit, while CS-PM-CaCO3 had the largest pit area, and CS-PM
showed the highest aspect ratio and pit density.

For the CS-WM without/with SiO2 or CaCO3 deposit variants,
the observed dpit from OM images ranged from 40.8 ± 4.2 μm to
48.7 ± 7.7 μm, aspect ratios varying between 1.9 ± 0.5 and 2.6 ±

0.3 (Fig. S22; Table 2). The pit areas were measured between 0.006
mm2 and 0.009 mm2, while pit densities spanned from 113.2
mm− 2 to 176.6 mm− 2. Among the variants, CS-WM-CaCO3
exhibited the greatest pit depth and area, whereas CS-WM-SiO2
demonstrated the highest pit density. The unmodified CS-WM
system showed the largest aspect ratio, highlighting distinct
morphological characteristics across the different deposit types.

Pitting corrosion characteristics of CS-HAZ without/with SiO2
or CaCO3 deposits were quantitatively analyzed, revealing dpit
ranging from 23.2 ± 0.7 to 44.5 ± 2.3 μm, aspect ratios between
2.4 ± 0.9 and 4.5 ± 0.4, pit areas from 0.007 to 0.008 mm2, and pit
densities from 119.8 to 154.0 mm− 2 (Fig. 13; Table 2). Among the
variants, CS-PM-SiO2 exhibited the greatest dpit, CS-HAZ showed
the highest aspect ratio, CS-WM and CS-WM-CaCO3 displayed

increased pit area, while CS-WM-Si2 had the highest pit density.
These findings provide a detailed characterization of pitting
behavior across welded CS samples and highlight the impact of
deposit types on pit morphology and distribution.

3.5. Applicability of machine learning algorithms

This investigation employed an ML-driven computational
framework to systematically predict localized corrosion dynamics
in welded CS samples without/with SiO2 or CaCO3 deposits
exposed to simulated sour environments (Ipadeola et al., 2025).
The model integrated multifaceted experimental variables,
including distinct welded microstructural zones (i.e., CS-PM, CS-
WM, and CS-HAZ), inorganic deposits (SiO2 or CaCO3), the pres-
ence of a corrosion inhibitor (CRW11), and sour service parame-
ters. A comprehensive dataset of 144 data points was assembled
from combined LPR, EN, and EIS analyses, thereby overcoming
limitations of prior studies restricted to singular electrochemical
techniques (Butler et al., 2018; Coelho et al., 2022; Diao et al.,
2021). Categorical features, like welding regions, deposit type,
and inhibitor status, were computationally encoded using one-hot
vectors, with IE serving as the regression target. The dataset un-
derwent stratified partitioning into training (70%) and testing
(30%) subsets to preserve proportional representation of electro-
chemical methodologies. Five regression algorithms (LR, RF, DT,
GB, and XGBoost) were rigorously assessed through performance
metrics (coefficient of determination (R2), root mean square error
(RMSE), mean absolute error (MAE)). This multimodal data fusion
strategy, encompassing both electrochemical techniques and
heterogeneous environmental variables, constitutes a notable
advancement in corrosion prediction accuracy and generalizability
under complex service conditions (Chen and Guestrin, 2016).

Fig. 13. Optical microscope images of (a–c) CS-HAZ (d–f) CS-HAZ-SiO2, and (g–i) CS-HAZ-CaCO3 after 1D-artificial pit tests in sour conditions.
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The cumulative corrosion behavior of welded CS samples,
comprising the CS-PM, CS-WM, and CS-HAZ, was systematically
investigated under sour environments in the absence/presence of
the CRW11 inhibitor (Fig. 14a). ML algorithms were employed to
model the corrosion dynamics, with model efficacy rigorously
assessed through direct comparison of experimental and predicted
outcomes (Fig. 14b). Validation analyses revealed that RF, GB, and
XGB regressors exhibited a near-perfect predictive accuracy,
achieving R2 (0.99) with acceptable RMSE/MAE metrics. However,
the low RMSE/MAE value (0.9/0.7) for RF makes it the most prac-
ticable model for PWC without deposits (Fig. 14c). These results
underscore the robustness of the RF model in simulating the
corrosion response of deposit-freewelded CS specimens under the
specified conditions. A comprehensive tabulation of all MLmodels’

performance parameters of welded CS samples without deposits is
provided (Table 3).

The cumulative correlation matrix analysis of welded CS sam-
ples with SiO2 deposit, i.e., CS-BM-SiO2, CS-WM-SiO2, and CS-HAZ-
SiO2, under sour conditions, without/with CRW11 inhibitor,
enabled dataset integration into multiple ML algorithms (Fig. 14d).
Comparative evaluation of predicted versus actual corrosion out-
comes (Fig.14e) identified all ML regressors (i.e., LR, RF, GB, DT, and
XGBoost) as viable models with maximal R2 (0.99) value, but DT
demonstrated superior predictive accuracy, evidenced by its least
RMSE/MAE errors (0.5/0.2) (Fig. 14f). Quantitative metrics
confirmed DT regressors’ efficacy in modeling corrosion behavior
of SiO2-deposited welded CS systems in sour environments, irre-
spective of CRW11 presence (Table 3). These results advance

Fig. 14. Correlation matrix of entire dataset, comparison of actual vs. predicted IE% using LR, RF, DT, GB, and XGB regressors, and Models performance metrics for testing datasets
of (a–c) welded CS, (d–f) welded CS + SiO2 deposit and (g–i) welded CS + CaCO3 deposit in absence/presence of CRW11 inhibitor in sour conditions.

Table 3
Summary of ML algorithms performance metrics for welded CS samples, without/with deposits (SiO2 or CaCO3) in presence of CRW11 inhibitor in sour conditions.

ML models Test data metrics (No deposit) Test data metrics (with SiO2 deposit) Test data metrics (with CaCO3 deposit)

R2 RMSE MAE R2 RMSE MAE R2 RMSE MAE

LR 0.93 7.2 4.8 0.99 3.4 3.0 0.99 2.4 2.1
RF 0.99 0.9 0.7 0.99 1.2 0.7 0.99 1.1 1.4
GB 0.99 3.3 1.2 0.99 0.7 0.2 0.99 0.5 0.2
DT 0.98 3.4 1.2 0.99 0.5 0.2 0.99 0.2 0.1
XGBoost 0.99 3.1 1.1 0.99 0.9 0.3 0.99 1.0 0.3
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predictive frameworks for corrosion science, offering actionable
insights for material optimization and inhibitor-based mitigation
strategies in sour-service industrial applications.

A comprehensive study was conducted to investigate the
corrosion behavior of welded CS samples with CaCO3 deposits
under sour conditions, without/with the CRW11 inhibitor. The
analysis focused on three sample types: CS-BM-CaCO3, CS-WM-
CaCO3, and CS-HAZ-CaCO3. A cumulative correlation matrix was
employed to integrate the dataset into machine learning (ML) al-
gorithms, enabling the development of predictive models
(Fig. 14g). Although all ML regressors (i.e., RF, LR, DT, GB, and XGB)
demonstrated possible performance with regards to optimal R2

value (0.99), DT had insignificant RMSE/MAE (0.2/01) (Fig. 14i).
These findings highlight the effectiveness of DT in predicting
corrosion behavior with CaCO3 deposits under sour conditions.
Comparative performance metrics provide a basis for selecting
optimal algorithms and advancing understanding of corrosion
phenomena in welded CS samples with CaCO3 deposits (Table 3).
This work contributes to predictive modeling in corrosion science,
with implications for materials selection, mitigation strategies,
and risk assessment in sour environments.

4. Conclusions

This study thoroughly examined PWC and pitting corrosion in
X65 welded CS pipelines subjected to sour service conditions, with
an emphasis on the impacts of microstructures, elemental com-
positions, and inorganic deposits (SiO2 or CaCO3). The main find-
ings of this work are summarized as follows:

(1) Electrochemical experiments revealed that SiO2 deposits
gave the highest CRs, in the order of CS-HAZ-SiO2 (0.93–1.07
mmpy) > CS-PM-SiO2 (0.63–1.01 mmpy) > CS-WM-SiO2
(0.47–0.81 mmpy), particularly from EIS and LPR analysis,
compared to CaCO3-deposited samples and un-deposited
counterparts. However, the HAZ region in the absence of
deposits appears the most susceptible to corrosion in sour
media, due to its granular fine bainite microstructures that
enable rapid oxidation of Fe.

(2) The SiO2 or CaCO3 deposits increase aggressive species and
stabilize iron oxides, regarding microstructural, composi-
tional analyses and corrosion products confirmed by EDX,
SEM, OM, and Raman spectra.

(3) An amine-based CRW11 inhibitor applied significantly
reduced the CRs below the 0.1 mmpy industrially acceptable
threshold, which was particularly beneficial for the CS-HAZ,
the area most susceptible to PWC, thereby forming protec-
tive layers and scavenging oxygen in mitigative micro-
galvanic coupling.

(4) Artificial pit measurements revealed that the CS-PM-CaCO3
exhibited the highest calculated pit depth (68.3 ± 2.7 μm)
and pit propagation rate (1.2 ± 0.2 mmpy), making it the
most vulnerable region to pitting relative to CS-WM-CaCO3
(52.5 ± 1.1 μm; 0.9 ± 0.1 mmpy) and CS-HAZ-CaCO3 (29.3 ±

0.6 μm; 0.5 ± 0.1). Also, exacerbated pitting corrosion was
observed in CS-PM-SiO2, amongst all the studied regions of
welded CS without/with deposits, regarding its high actual
pit depth. However, CS-WM-SiO2 and CS-HAZ-SiO2 are most
affected by increased pit densities. This proves that SiO2/
CaCO3 deposits on welded CS created a physical barrier for
the surface nucleation effect and improved anodic
dissolution.

(5) Machine learning models (RF, DT, GB, and XGB) were able to
accurately predict IE with R2 (0.99). Notably, RF is the most
practicable ML model for tests without deposits at least

RMSE (0.9), while DT is ideal for tests with SiO2/CaCO3 de-
posits at the lowest RMSE (0.5/0.2).

(6) Overall, this study advances the practical understanding of
PWC and pitting corrosion of welded CS pipelines in sour
conditions, offering valuable insights for the oil and gas
sector's material selection, inhibitor use, and pipeline
integrity control.
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