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ABSTRACT: This work incorporates precorrosion conditioning

and conductive deposits (FeS or FeS,) to explore corrosion

mechanisms across base metal (BM), weld metal (WM), and heat-

affected zone (HAZ) regions under simulated sour conditions CoFrosion Fate
(NaCl (3.5 wt %), Na,S,0; (1000 ppm), CH;COOH (100 ppm), (CR)
CO,, 60 °C, pH ~ 4, and 1000 rpm). Electrochemical studies Impact of conductive
demonstrated various corrosion rates (CR) hierarchies (CS-BM  deposit (FeS/FeS2)
(0.34-0.42 mmpy) < CS-WM (0.38—0.73 mmpy) < CS-HAZ Pit depth (FeS)
(0.48—1.75 mmpy)), which were exacerbated by FeS or FeS, Pit density (FeS2)
deposition. This was ascribed to a variety of potential variations 4 ,.ine based inhibitor
and localized acidification. Also, there were notable changes in the (CRW11) effect
welded CS areas’ compositions and microstructures both before

and after corrosion testing. By creating protective layers that reduce microgalvanic interactions, the commercial amine-based
inhibitor CRW11 (200 ppm) showed remarkable potency by lowering the CRs (<0.1 mmpy) threshold with inhibition efficiency (IE
= >80%). Corrosion products (a-Fe’O;, y-FeOOH, and Fe;O,) were most significant, identified by Raman spectroscopy. 1D
artificial pit tests showed varied pit propagation dynamics, especially under FeS-induced heterogeneity, with CS-BM-FeS having the
highest pit depth (71.4 + 11.8 ym), but increased pit density (568.0 mm”) was recorded for CS-HAZ-FeS,. This proves the impact
of conductive deposits on the pitting of welded CS regions. These findings corroborated deposit-induced electrochemical
heterogeneity with localized attack, which was most significant with FeS, deposit. Machine learning (ML) models, like random forest
(RF), decision tree (DT), and extreme gradient boost (XGBoost), demonstrated excellent IE predictive ability (R* = 0.99) for
welded CS without/with conductive deposits. However, RF and XGBoost are ideal with the least RMSE/MAE (0.2/0.2 and 0.1/0.1)
for welded CS without/with FeS and FeS,, respectively. These results provide a practical foundation for pitting and PWC in
preconditioned welded CS with conductive deposits, allowing for the best material selection and corrosion control techniques in
sour service applications.

1. INTRODUCTION

Preferential weldment corrosion (PWC) and pitting corrosion
in sour environments pose significant integrity challenges for
welded X65 carbon steel (CS) pipelines in oil and gas
systems.' These corrosion mechanisms are driven by complex
interactions between microstructural heterogeneity, composi-
tional variations, environmental conditions, and operational
parameters.” PWC arises from galvanic potential differences
between the regions of welded CS, i.e., base metal (BM), weld
metal (WM), and heat-affected zone (HAZ), with distinct
compositional and microstructural profiles created during
welding processes.3 In sour service environments (i.e., H,S
and CO,), these are worsened by conductive iron sulfide
deposits (FeS and FeS,) that promote localized acidification
and microgalvanic coupling.4 For instance, Nesic and co-
workers® proved that FeS films could act as both protective
barriers and catalysts for corrosion, depending on their

© 2025 American Chemical Society

W ACS Publications 23632

morphology and stability. However, Rebak and Perez showed
that FeS, deposits were particularly detrimental, creating
persistent acidic microenvironments that accelerate pitting
initiation.” The complexity of PWC and pitting in sour
environments is further raised by the dynamic nature of
operational conditions in oil and gas pipelines. Fluctuations in
flow rates, temperatures, and chemical compositions can lead
to cyclic periods of active corrosion and partial protection,”
creating metastable interfaces that are challenging to model
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prediction. For example, a study revealed how turbulent flow
conditions stripped grotective scales and exposed reactive
weldment interfaces,” while another study confirmed the
impact of temgperature cycling on the stability of corrosion
product films.” These studies underscore the need for a
comprehensive understanding of corrosion mechanisms under
realistic and dynamic conditions in the oil and gas facilities.

Corrosion inhibitors are widely deployed as a mitigation
strategy, but their effectiveness becomes unpredictable under
complex environmental conditions and conductive deposits.”
Papavinasam and co-workers'® showed that some inhibitor
formulations could unexpectedly accelerate WM/HAZ attack
through selective film disruption. The interaction between
inhibitors and weldment regions was further complicated by
preferential adsorption behaviors, as proved by Liu et al.''
They found that amine-based inhibitors show reduced efficacy
on HAZ compared to BM, due to differences in surface energy
and microstructure. The complexities stem from variable
adsorption behaviors, environmental factors, and metallurgical
differences between BM, WM, and HAZ. Corrosion inhibitors
face reduced reliability in systems with deposits (e.g, FeS,
FeS,, salts, organic acids) or fluctuating conditions (temper-
ature, pH). For example, amine-based inhibitors were reported
to have reduced adsorption capacity and led to escalating
corrosion rates in CO,-rich environments with acetic acid."
This aligns with the observation that acidic species disrupt
protective films through competitive adsorption.'’ For
instance, @-aminophosphonate inhibitors revealed peak efficacy
inhibition (92—95%) at 180 ppm in HCI/H,SO, environ-
ments, but efficiency dropped sharply at lower concentrations.
This nonlinear response highlights sensitivity to dosage in
dynamic systems. Also, these inhibitors’ efficacy on CS was lost
at 60 °C, owing to molecular degradation.14

Recent studies have elucidated the significant impact of
precorrosion surface conditions and conductive deposit
morphology on the initiation and propagation of corrosion
processes and pitting.'> Sophisticated surface characterization
techniques revealed how pre-existing corrosion products
influenced the nucleation and growth of iron sulfide (FeS)
and iron disulfide (FeS,) deposits.'® This resulted in the
formation of localized electrochemical cells with enhanced
cathodic activity. Also, the finding showed the complex
interplay between surface chemistry, microstructure, and
environmental factors in corrosion mechanisms. However, a
comprehensive mechanistic understanding remains elusive due
to the insufficient integration of electrochemical, micro-
structural, environmental variables, and machine learning
(ML) models in current research paradigms.17 This knowledge
gap is particularly obvious for welded joints of CS exposed to
sour service conditions, where alternating periods of active
corrosion and inhibitor protection create complex metastable
interfaces.'”® The dynamic nature of the systems presents
significant challenges in predicting and mitigating corrosion
phenomena in industrial applications.'

Conventional corrosion prediction models exhibit funda-
mental limitations in addressing the multivariate interdepen-
dencies among weldment microstructure, inhibitor adsorption
kinetics, and conductive deposits. While linear regression and
empirical formulations provide first-order approximations of
corrosion behavior, their reliance on simplified assumptions
prevents accurate quantification of nonlinear dose—response
relationships or syner%istic effects arising from complex
interfacial phenomena.”””' The ML algorithms have trans-

formed corrosion modeling and inhibitor optimization by
effectively handling high-dimensional parameter spaces and
capturing emergent system behavior. For instance, multilayer
perceptrons (MLPs) revealed exceptional predictive perform-
ance (R* > 0.95) for CO,-induced corrosion through
hierarchical feature abstraction of environmental variables.””**
In soil-buried steel systems, random forest (RF) regressors
showed superior accuracy (RMSE = 0.01095 A/m?) for
corrosion current density predictions.”” This was attributed to
the ensemble approach of evaluating split improvements across
numerous decision trees. Neural networks have excelled in
optimizing inhibitor formulations by employin§ gradient-based
learning on chemical descriptor matrices.”® This enabled
simultaneous maximization of adsorption energy and charge
transfer resistance. Notably, RF and decision tree (DT)
algorithms were successfully applied to optimize corrosion
inhibitor formulations for specific operational conditions,”
leveraging the model’s ability to capture complex interactions
between inhibitor components and environmental factors. The
ML algorithms represent a significant leap forward in corrosion
science, providing powerful tools for predicting CRs, inhibition
efficiency (IE), inhibition power and developing tailored
protective strategies across diverse environmental conditions
and material systems.*

This work investigates advances in the field of corrosion
science through a comprehensive multitechnique approach
combining electrochemical analysis, surface characterization,
and machine learning to elucidate corrosion mechanisms in
preconditioned X65 welded CS without/with FeS and FeS,
deposits. By simulating realistic sour service environments, this
study provides critical insights into localized attack prop-
agation and amine-based corrosion inhibitor (denoted as
CRW11) performance without/with conductive deposits. The
integration of artificial pit growth with one-dimensional (1D)
artificial pit technique and Raman spectroscopy mapping
addresses longstanding knowledge gaps about pitting and
corrosion product evolution, respectively. Also, the develop-
ment of predictive ML algorithms incorporating all input
parameter descriptors represents a paradigm shift in corrosion
management strategies, enabling proactive risk assessment for
welded infrastructure under complex operating conditions.
This comprehensive approach builds upon and extends the
work of pioneers in the field, such as Kermani and Morshed,”’
who laid the foundation for understanding sour corrosion
mechanisms, and other contributions on the electrochemical
behavior of welded joints in H,S-containing environments.”*
The experimental methodologies, integration of advanced
analytical techniques, and ML models adopted in this study
provide a more nuanced understanding of corrosion processes
in complex industrial environments, particularly in the welded
CS pipelines, potentially leading to improved corrosion
mitigation strategies and enhanced infrastructure longevity.
Besides streamlining the inspection protocols, including regular
corrosion rate, integrity monitoring, frequent/specific non-
destructive testing (NDT), chemical/mechanical feature
verification, and conformity to NACE standards.

2. MATERIALS AND EXPERIMENTAL PROCEDURE

2.1. Materials and Reagents. Analytical grade chemicals were
sourced from Sigma-Aldrich (St. Louis, MO, USA), including NaCl,
Na,S,0;, C;H,0H, (CH;),CO, CH;COOH, Nafion solution, and
CO, gas. Milli-Q water, and polishing pads. Laboratory conductive
deposits with mesh sizes (FeS (140 nm) and FeS, (44 nm)) having
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similar morphology and porosity to field deposit were also used. X65
welded CS pipeline was provided by Qatar Shell. Commercial amine-
based corrosion (CRW11l) inhibitor was obtained from Baker
Hughes. The X65 welded CS regions were further machined into
base metal (BM), welding metal (WM), and heat-affected zone
(HAZ), whose elemental compositions obtained from XRF and EDX
are summarized in Table 1.

Table 1. Elemental compositions of X65 welded CS regions
(BM, WM, and HAZ), from XRF and EDX analysis, before
corrosion tests

XRF (wt %) EDX (wt %)
elemental compositions ~ BM WM HAZ BM WM  HAZ

C - - - 2.2 24 2.4
Fe 97.8 97.6 97.8 91.9 89.9 90.9
Al 0.3 0.2 0.3 0.2 0.2 0.2
Si 0.1 0.2 0.1 0.7 0.3 0.7
Ca 0.1 - 0.1 - - -
Cr 0.3 0.04 0.3 0.5 0.2 0.6
Mn 1.1 0.9 1.1 1.7 2.0 0.9
Nb 0.02 - 0.02

Mo 0.2 0.2 0.2 0.2

Sc - 0.03 - -

Ni - 0.7 - - 1.0

Zn - - - - 14

P - 0.01

2.2. X65 Carbon Steel Coupon Machining, Polishing, and
Preconditioning Method. Cylindrical specimens (5 X 60 mm)
were machined from the WM, HAZ, and BM regions of an X65 grade
welded CS pipeline (Figure la), perpendicular to the pipeline axis

(a) BM HAZ o e HAZ BM
\\.‘ '/.‘ j
(b) (c)
B
B »

Figure 1. (a) Area and direction of cutting WM, HAZ, and BM, (b)
polished X6S carbon steel, and (c) preconditioned X6S carbon steel
in sweet media.

(marked with arrows). Samples were polished to a mirror finish using
progressively finer grits (220—2000). The coupons were then cleaned
with deionized water and isopropanol before storage in a controlled
environment (Figure 1b). A 1.0 wt % NaCl solution was
deoxygenated with N, gas for 2 h under stirring. The polished CS
rods were then placed in an autoclave with a deoxygenated solution,
purging with CO, at 40 psi and 50 °C for 1.5 h. This process formed a
uniform, greyish protective scale on X65 welded CS coupons (Figure
1c). This condition favored iron oxide scale formation over iron
carbonate (FeCO,) because of the stability of iron oxides in the
presence of chloride ions. Corrosion analysis was conducted
immediately after this preconditioning.

2.3. Deposit Ink Preparation. Synthetic pipeline conductive
deposits were simulated in the laboratory. FeS and FeS, (300 mg
each) were suspended in a mixture of isopropyl alcohol and Nafion,
then sonicated. The suspensions were deposited on X6S welded CS
rod substrates and dried in two stages: air-drying (2 h) and oven
treatment (80 °C for 4 h). This process created an adherent deposit

covering 75% of the substrate surface, mimicking real pipeline
deposits.

2.4. Sample and Electrolyte Preparation for Corrosion
Tests. X65 welded CS samples machined from WM, HAZ, and BM
regions were tested for corrosion studies in sour media. The samples
were encapsulated in epoxy resin, exposing 0.2 cm® of surface area,
then degreased, rinsed, and preconditioned. Electrochemical tests
were conducted in a simulated sour environment, i.e., NaCl (3.5 wt
%), Na,S,05 (1000 ppm), and CH;COOH (100 ppm), under CO,
purging at 60 °C, pH ~ 4, and 1000 rpm. Na,S,0; and CH;COOH
substituted H,S for safety reason. This setup allows precise control of
environmental parameters, mimicking field operational pipeline
conditions for corrosion and inhibitor efficacy studies.

The commercial amine-based corrosion inhibitor, CRONOX-
CRW85711, abbreviated as CRW11, was used at 200 ppm
concentration in a glycol-aqueous solution. Specimens were mounted
on a rotating electrode assembly spinning at 1000 rpm to simulate
flow conditions.

2.5. Electrochemical Measurements. Electrochemical corro-
sion measurements were conducted using a GAMRY 3000
potentiostat, employing open circuit potential (OCP), electro-
chemical impedance spectroscopy (EIS), and linear polarization
potential (LPR) techniques. The setup included a three-electrode
double-jacketed cell with temperature control. An X65 welded CS rod
served as the working electrode, Ag/AgCl saturated KCI as the
reference electrode, and a graphite rod as the counter electrode.
Experiments were performed under simulated sour conditions (NaCl
(3.5 wt %), Na,S,0; (1000 ppm), CH;COOH (100 ppm), CO,
saturation, 60 °C, 1000 rpm, and pH ~ 4). EIS analysis was
conducted from 0.1 Hz to 100 kHz with 10 mV AC amplitude,
followed by LPR measurements. All tests were performed in triplicate
to ensure reproducibility and adherence to industrial standards for
evaluating materials in sour service environments. EIS data were fitted
using Voigt electrical equivalent circuits (EECs), while LPR data were
processed to calculate corrosion current (i), CRs, and IE, using eqs
i—iii.

. . 2 B

Corrosion current (i, mA/cm”) = [—] X 1000

(i)
where B is the stern constant, which is equal to 0.026 V, and R, (R.)
is the charge transfer/polarization resistance in Q-cm*.

ct

i X 10X M X 3.15 x 107

lcorr

Corrosion rate (CR, mmpy) =
pXn

(ii)
where CR is the corrosion rate (mmpy), i, is the corrosion current
in mA/cm?, M is the molar mass of iron (Fe), which is equal to 55.85
g/mol, p its volume density (7.87 g/cm?®), and n = number of
electrons (2).

i inhibitor — CS with inhibi
Inhibition efﬁciency (IE) — CS no 1nh11?1t0r CS with inhibitor x 100
1CS no inhibitor
(iii)

where i yith inhibitor @0 ino inhibitor ar€ the current densities of the
inhibited and bare carbon steel, respectively.

2.6. Weight Loss Measurements for Base Metal. The weight
loss study was performed on static carbon steel samples (15 X 15 X 1
mm) in a sour electrolyte. Samples were polished, preconditioned in
N, purged 1 wt % NaCl, then exposed to CO, at 40 psi and 50 °C.
They were immersed in a CO,-saturated 3 wt % NaCl solution with
Na,S,0; and acetate at 60 °C, without/with the CRW11 inhibitor
(Figures 2a,b). Duplicate samples were removed at 144, 336, and 500
h, cleaned with ammonium citrate (20 wt %, Figures 2c,d), dried, and
weighed. The CRs were calculated from average weight loss
measurements and calculated using egs iv and v.

534 X W

Corrosion rate (CR, m =
(CR, mpy) pPXAXLE (iv)
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(2) ez

Figure 2. Images of X65 CS coupons after weight loss corrosion test
(a) CS-BM, (b) CS-BM-CRW11 before washing with ammonium
citrate solution, and (c) CS-BM and (d) CS-BM-CRWI11 after
washing with ammonium citrate solution.

But CR, mmpy = CR(mpy) X 0.0254 (v)

W (weight loss (final — initial weights)), p (density of C-steel (7.84
g)), A (area of samples exposed (2.25 cm?)), immersion time (144,
336, and 500 h).

2.7. 1D Pit Techniques. 1D artificial pit electrodes were created
using 1000 ym diameter welded CS wires (CS-BM, CS-WM, and CS-
HAZ) embedded in epoxy resin. A custom 3D-printed mold
facilitated the creation of a multielectrode array, allowing simulta-
neous testing of electrodes without and with conductive deposits (FeS
and FeS,) (Figure 3a). The vertical array was immersed in simulated
sour electrolyte with a hot water bath circulator to maintain the
temperature (60 °C) and connected to the potentiostat to study pit
formation. This method enables investigation of localized corrosion in
welded CS structures under controlled conditions. The welded CS
specimen was prepared by wet abrasion to a 2000-grit finish and then
vertically inverted and uniformly exposed to the simulated sour
electrolyte at 60 °C (Figure 3b). To improve pit depth measurement
accuracy, vacuum was applied during resin curing to eliminate
microbubbles, and wires were thoroughly cleaned to prevent crevice
formation and contamination. These steps enhanced the experimental
setup’s reliability.

The deposition process on wire electrodes mirrored that used for
planar electrodes, utilizing plastic cups and mesh covers to encase the
wire cross-section. Electrochemical characterization, including chro-
noamperometry (CA), OCP, and EIS, was performed without and
with deposits over the artificial pit cavity. The setup used a sour
electrolyte solution with electrodes as anodes at 60 °C. This method
allowed for the measurement of key parameters such as pit depth

(dpit), pit area, pit density, aspect ratio, pit resistance, pit current
density, and pit propagation rates for different welded regions (CS-
BM, CS-WM, CS-HAZ) without/with various deposits (FeS and
FeS,) in simulated sour conditions. Pit depth was calculated using
Faraday’s second law of electrolysis, given in eq vi.

QM

dy = ——— .

A-p-n-F (vi)
Q represents charge (current X time), A is the wire’s cross-sectional
area (0.0079 cm?), d is pit depth, p is iron’s density (7.85 g/cm®), n
is the assumed average ion charge during dissolution (2), F is
Faraday’s constant (96485 C/mol), and M,, is iron’s atomic weight
(55.845 g/mol).

2.8. Surface Morphology and Characterization. The X65
carbon steel coupons from different areas (BM, WM, and HAZ) were
analyzed using advanced characterization techniques. Scanning
electron microscopy (SEM) coupled with elemental dispersive X-ray
spectroscopy (EDX) was employed to examine surface morphologies,
elemental compositions, and mapping before and after corrosion tests.
X-ray fluorescence (XRF) was used to determine bulk metal contents,
while optical microscopy revealed microstructures. Raman spectros-
copy was utilized to analyze corrosion products on welded coupons in
the presence of inhibitors, without deposits, under sour conditions.

2.9. Data Set Construction and Machine Learning Model
Development. The data set integrates measurements from EIS and
LPR techniques, creating a robust foundation for ML model training.
It incorporates key variables such as electrochemical method, deposit
types (FeS and FeS,), and corrosion inhibitor (CRW11). Categorical
variables were one-hot encoded for ML compatibility. The final data
set comprises 144 evenly distributed data points across electro-
chemical techniques.

The data set was partitioned into input features and a single output
target: inhibitor efficiency (IE). Input features include electrochemical
methodology, deposit formation, the CRW11 inhibitor, and measure-
ments from EIS and LPR techniques. This division enabled the
development and assessment of the predictive models that explore
relationships between diverse inputs and predicted inhibitor
efficiency. The data set was split using 80/20 stratified sampling for
training and testing. This preserved the distribution of electrochemical
methodologies across both subsets, ensuring representative sampling
and reducing bias. The approach allows for robust evaluation of the
ML model’s performance and generalizability across diverse electro-
chemical data.

(@)

CS+FeS

»

(b)

Sour
electrolyte

Potentiostat

Multi-array Ag/AgCl (RE)

Carbon rod (CE
e AGE) Artificial pit (WE)

Figure 3. 1D artificial pit technique setup (a) a 1000 ym diameter wires embedded in transparent epoxy with a plastic cup fixed at the pit mouth
with/without FeS or FeS, deposits, and (b) vertically inverted 1D multiple electrodes in sour electrolyte connected to the potentiostat for the

formation of an artificial cavity.
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Figure 4. OCP with preconditioning before corrosion in simulated sour conditions of (a) welded CS, (b) welded CS + CRW11, (c) welded CS +
FeS, (d) welded CS + FeS + CRWI11, (e) welded CS + FeS,, and (f) welded CS + FeS, + CRWI1.

We evaluated seven regression algorithms: linear regression (LR),
support vector regressor (SVR), k-nearest neighbors (KNN)
regression, random forest (RF), decision tree (DT), gradient boosting
(GB), and extreme gradient boosting (XGBoost) to predict inhibition
efficiency in a data set with mixed variable types. These algorithms
were chosen due to their robustness to overfitting, ability to handle
nonlinear relationships, and suitability for data sets with mixed
categorical and continuous variables. Specifically, RF and DT offer
transparent interpretability through feature importance ranking, while
XGBoost is known for its high predictive performance in complex
regression tasks. Performance was assessed using coeflicient of
determination (R?), root-mean-square error (RMSE) and mean
absolute error (MAE) metrics. To ensure robust generalization and
mitigate overfitting, we implemented a 4-fold cross-validation
strategy.” This approach provided a comprehensive evaluation of
each algorithm’s predictive capabilities across different data partitions.

3. RESULTS AND DISCUSSION

3.1. Corrosion Measurements. The experiments detailed
in this section were conducted under controlled precondition-
ing protocols applied to the welded CS coupons prior to
corrosion testing. These tests were performed without/with
conductive deposits (FeS and FeS,), and in the absence/
presence of the CRWI1 inhibitor under simulated sour
conditions.

3.1.1. Open Circuit Potential. At the start of exposure, CS-
BM and CS-WM showed lower open circuit potential (Eqcp)
than CS-HAZ in a simulated sour environment. Initially, CS-
BM and CS-WM were cathodic, while CS-HAZ was anodic.
Over time, the Eqcp of CS-WM converged with that of CS-
HAZ, both becoming anodic, while CS-BM remained cathodic
(Figure 4a). This suggests that, in comparison to CS-WM and
CS-BM, CS-HAZ is more likely to corrode in sour environ-
ments, but at longer exposure times. CS-HAZ and CS-WM are
both more susceptible to corrosion. Addition of the CRW11
inhibitor did not significantly alter these galvanic relationships
(Figure 4b). These observations reveal potential differences
(<150 mV) in CS under sour conditions, with or without the
inhibitor, due to heterogeneous microstructures and compo-
sitions.>>*" The persistence of potential differences, even with

CRWI11 inhibitor addition, underscores the significant impact
of welding-induced microstructural variations on the electro-
chemical behavior of the material. This highlights the need for
targeted corrosion mitigation strategies in complex systems.

FeS deposits (3, coverage) initially made CS-BM-FeS and
CS-WM-FeS cathodic, while CS-HAZ-FeS became anodic
(Figure 4c). Over time, CS-WM-FeS shifted to anodic
behavior, joining CS-HAZ-FeS, while CS-BM-FeS remained
cathodic. This suggests that CS-HAZ-FeS was the most prone
to corrosion, among other locations. Long-term exposure,
however, changed this arrangement, making the CS-HAZ-FeS
and CS-WM-FeS more vulnerable to sour corrosion. The
CRWI11 inhibitor reversed these roles, making CS-BM-FeS-
CRW11 and CS-HAZ-FeS-CRW11 anodic and CS-WM-FeS-
CRW11 cathodic (Figure 4d). CRWI11 effectively reduced
potential differences among welded CS components in FeS-
rich sour conditions, without causing galvanic coupling. These
results clarify the impact of FeS deposits on welded CS in sour
environments, with and without the CRW11 inhibitor.

The preconditioned welded CS with FeS, deposits revealed
distinct electrochemical interactions between CS-BM, CS-
WM, and CS-HAZ. Initially, CS-BM-FeS, and CS-WM-FeS,
were cathodic, while CS-HAZ-FeS, was anodic. After 24 h,
polarity reversed, with CS-WM-FeS, becoming anodic (Figure
4e). This implies that CS-HAZ-FeS, is initially more likely to
corrode in sour environments than CS-WM and CS-BM, but
that CS-WM-FeS, is more prone to rust at longer exposure
times. Introduction of the CRWI1 inhibitor altered these
relationships, initially making CS-BM-FeS,-CRW11 and CS-
WM-FeS,-CRW11 anodic and CS-HAZ-FeS,-CRW11 catho-
dic (Figure 4f). Over time, CS-BM-FeS,-CRWI11 stabilized at
an intermediate potential between cathodic CS-HAZ-FeS,-
CRWI11 and anodic CS-WM-FeS,-CRWI11. The inhibitor
effectively reconfigured the varied potential differences,
establishing CS-WM-FeS,-CRW11 and CS-BM-FeS,-CRW11
as persistent anodic sites, while CS-HAZ-FeS,-CRW11
maintained cathodic dominance. These findings elucidate
FeS,-mediated corrosion dynamics in welded CS systems
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Figure S. LPR with preconditioning before corrosion in simulated sour conditions of (a) CS-BM-FeS, (b) CS-WM-FeS, (c) CS-HAZ-FeS, (d) CS-

BM-FeS-CRW11, (e) CS-WM-FeS-CRW11, and (f) CS-HAZFeS-CRWI11.

and demonstrate CRWI11’s ability to modify potential
differences, although not sufficiently to cause significant
galvanic interactions under sour conditions. Notably, all
localized corrosion experiments show modest OCP fluctua-
tions (indicated by error bars) because of the constant changes
in the metal’s surface conditions, such as surface inhomoge-
neities, film formation/breakdown, pitting, and environmental
instabilities.””

3.1.2. Linear Polarization Potential. The CRs of welded CS
samples were evaluated in simulated sour conditions using
LPR. Without the CRW11 inhibitor, CRs increased over time,
with CS-HAZ showing the highest CR values, followed by CS-
WM and CS-BM (Figure Sla—c). The introduction of the
CRWI11 inhibitor significantly reduced the CRs, significantly
bringing them below the 0.1 mmpy industry standard (Figures
S1d—f). However, CS-WM-CRW11 and CS-BM-CRW11
initially showed higher CRs with the inhibitor, suggesting
that CRW11 needs more time to achieve optimal coverage on
these regions, possibly due to their microstructural character-
istics, i.e., larger and coarser grain boundaries. This observation
is consistent with previous reports.””** The observed time-
dependent efficacy of CRW11 across different welded CS
regions underscores the significant impact of microstructural
variations on inhibitor performance in simulated sour media.

Also, coverage of FeS deposit (75%) on welded CS under
simulated sour conditions was examined. Without inhibitor,
CRs fluctuated, with CS-WM-FeS showing the highest CRs,
followed by CS-BM-FeS and CS-HAZ-FeS (Figures Sa—c).
The addition of the CRW11 inhibitor significantly reduced the
CRs below 0.1 mmpy over time, though CS-WM-FeS and CS-
BM-FeS initially showed slightly higher CRs (Figures Sd—f).
The inhibited CR trend was CS-HAZ-FeS-CRW11 < CS-WM-
FeS-CRW11 < CS-BM-FeS-CRW11. This suggests that
CRWI11 requires more time to achieve optimal coverage and

reactivity on CS-WM-FeS and CS-BM-FeS, possibly due to
their larger grain boundaries and FeS, deposit effect.

The corrosion behavior of welded CS samples partially
covered with FeS, deposit was studied under simulated sour
conditions. Without the CRWI1 inhibitor, CRs fluctuated,
with CS-WM-FeS, showing the highest CRs (0.56—1.01
mmpy), followed by CS-BM-FeS, and CS-HAZ-FeS, (Figures
S2a—c). The addition of CRW11 significantly reduced CRs
below 0.1 mmpy for all samples, with CS-HAZ-FeS,-CRW11
exhibiting the lowest CRs (0.05—0.07 mmpy), followed by CS-
BM-FeS,-CRW11 and CS-WM-FeS,-CRW11 (Figures S2d—
f). These results indicate that CRWI11 effectively mitigates
corrosion in the welded CS regions with FeS, deposits by
providing surface coverage, adsorption, and reactivity.

3.1.3. Electrochemical Impedance Spectroscopy. EIS
analysis was used to evaluate the CRs of preconditioned test
samples.”® Nyquist plots for CS-BM, CS-WM, and CS-HAZ
showed characteristic well-defined semicircular arcs and many
with diffusion features at the low-frequency region (Figures
S3a—c), which became larger on the addition of the CRW11
inhibitor (Figures S3d—f). Voigt-type EEC models (Figures
S3g,h) were used to interpret the data and determine
polarization resistance (R,), which is inversely related to CR,
with related corrosion mechanism.*® The R values increased
in the order CS-HAZ (173—413 Q-cm2) < CS-WM (520—808
Q-cm?) < CS-BM (720—880 Q-cm?), indicating a correspond-
ing decreasing CR: CS-HAZ (0.74—1.75 mmpy) > CS-WM
(0.38—0.58 mmpy) > CS-BM (0.34—0.42 mmpy). The
addition of CRW11 significantly increased the diameter of
the semicircles of the Nyquist plots, implying effective
suppression of CR to below 0.1 mmpy in most cases, with
minor exceptions for CS-HAZ and CS-WM at 0 h, which were
within the experimental error margin.”” These results reveal
that the inhibitor treatment significantly decreased CRs, except
for CS-WM-CRW11 (0.12 mmpy) at 6 h and CS-HAZ-
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CRWI1 (0.11—0.12 mmpy) at all immersion times that were
slightly above the threshold. These results show that the
CRWI11 inhibitor greatly reduced corrosion by significantly
suppressing the CRs of the welded CS without deposits in sour
conditions.

With FeS-deposited samples, Nyquist plots for CS-BM-FeS,
CS-WM-FeS, and CS-HAZ-FeS specimens showed character-
istic semicircular arcs with diffusion regions (Figures 6a—c),

23638

which expanded upon addition of the CRWI1 corrosion
inhibitor (Figures 6d—f), using Voigt-type EEC (Figures
S3gh) to extract Rp,38 as given in the order CS-HAZ-FeS >
CS-WM-FeS > CS-BM-FeS. Consequently, CR followed the
inverse trend: CS-HAZ-FeS < CS-WM-FeS < CS-BM-FeS.
Large semicircles are observed on the addition of the CRW11
inhibitor, which effectively reduced CR to below 0.1 mmpy in
most cases, with few exceptions for CS-HAZ-FeS-CRW11 and
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CS-WM-FeS-CRW11 at 0 h, which fell within the experimental
error margin.39

EIS was employed to assess the corrosion rates (CRs) of CS
specimens with FeS, deposits, considering different welding
zones and preconditioning method. Nyquist plots revealed
characteristic semicircular arcs for all samples (Figures S4a—c),
which expanded upon addition of the CRWI11 inhibitor
(Figures S4ef). Data fitting using Voigt-type EEC models
(Figure S3g)h) yielded R, values, which decreased in the order
CS-HAZ-FeS, > CS-WM-FeS, > CS-BM-FeS,. Correspond-
ingly, CR values increased in the reverse sequence with the
trend of CS-BM-FeS, > CS-WM-FeS, > CS-HAZ-FeS,. The
introduction of CRW11 significantly increased the semicircles
and reduced CRs for all welded CS samples with FeS, deposits
to below 0.1 mmpy, demonstrating its effectiveness as a
corrosion inhibitor.

3.1.4. Comparative Electrochemical Corrosion Rates. A
comparative analysis of CRs from EIS and LPR techniques
reveals key insights into the corrosion behavior of welded CS
samples under sour service conditions. The CS-HAZ
consistently showed the highest CR values, indicating its
vulnerability to corrosion in welded CS structures (Figure 7a).
The CRWI11 inhibitor significantly mitigated corrosion across
all regions, achieving IE values over 80% (Figure 7b). The
inhibitor’s effectiveness varied by region, with CS-HAZ-
CRWI11 reaching a peak IE (92.4%) immediately upon
exposure, while CS-WM-CRWI11 (84.9%) and CS-BM-
CRWI1 (80.4%) achieved maximum IE values at 12 h. This
suggests rapid adsorption of CRWI11 onto the CS-HAZ
surface, providing immediate protection in the sour electrolyte.
Comprehensive corrosion data for all regions, obtained from
EIS and LPR measurements under simulated sour conditions
with and without CRW11, are presented in Table S1.

The corrosion behavior in welded CS with FeS deposit
under various conditions, from LPR tests, revealed that CS-
WM-FeS was most susceptible to corrosion in FeS-rich
environments, followed by CS-BM-FeS and CS-HAZ-FeS.
(Figure 7c). The CRW11 inhibitor proved highly effective,
achieving IE above 85% for all regions throughout the
exposure period. Peak IE varied temporally across regions,
with CS-HAZ-FeS-CRW11 reaching 96.4% at 12 h, CS-WM-
FeS-CRW11 (91.3% at 24 h), and CS-BM-FeS-CRW11
(87.9% at 24 h) (Figure 7d). This suggests gradual inhibitor
penetration of CRW11 through the FeS layer and adsorption
onto the CS surface. Comprehensive corrosion data from both
EIS and LPR techniques obtained for all welded CS regions
with FeS deposits, tested under simulated sour conditions
without/with the inhibitor, were compiled in Table S2.

The integrated analysis of EIS and LPR measurements
revealed key insights into the corrosion kinetics of precondi-
tioned welded CS specimens exposed to FeS, deposits,
without/with the CRWI11 inhibitor. The CS-BM-FeS,
consistently showed the highest CRs compared to the CS-
WM-FeS, and CS-HAZ-FeS, in FeS,-rich environments
(Figure 7e). The CRWI11 inhibitor demonstrated high IE
(>90%) across all metallurgical zones throughout the exposure
period. However, peak performance varied temporally, with
CS-BM-FeS,-CRW11 reaching maximum IE at 24 h, while CS-
HAZ-FeS,-CRW11 and CS-WM-FeS,-CRW11 peaked at 24
and 0 h, respectively (Figure 7f). This suggests a time-
dependent penetration mechanism of CRWI11 through the
FeS, layer, with enhanced adsorption stability in the base metal
compared to welded regions. Comprehensive quantitative

corrosion data for all conditions is summarized in Table S3.
Hence, the mechanism of corrosion inhibition of welded CS
without/with conductive deposits by CRW1 follows interre-
lated processes, including surface adsorption (both physisorp-
tion and chemisorption) and film formation (reduces water
and ion permeation).

3.1.5. Weight Loss Corrosion Studies of Only Base Metal
of Carbon Steel. Weight loss corrosion analysis was conducted
on base metal samples (CS-BM) without/with the CRW11
inhibitor (CS-BM-CRWI11) under simulated sour conditions.
Multiple samples were tested at various time intervals to ensure
reliability, as summarized in Table S4. At 144 h, the CR for
uninhibited samples was 0.50 + 0.03 mmpy, which decreased
significantly to 0.04 + 0.02 mmpy with the inhibitor (Figure
8). After 336 h, the CR for uninhibited samples reduced to
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Figure 8. Weight loss corrosion rates for only CS-BM with
preconditioning before corrosion tests in absence/presence of
CRW11 inhibitor (200 ppm) in simulated sour conditions.

0.37 + 0.01 mmpy, while inhibited samples showed a CR of
0.02 + 0.00 mmpy. Similar trends were observed after 500 h.
The 336 h weight loss results aligned well with LPR and EIS
tests, validating the consistency across methods. However,
inhibited samples showed lower CR values in weight loss
experiments compared to electrochemical techniques, possibly
due to inhomogeneous polarization effects.

3.1.6. Raman Spectra of the Welded Carbon Steel after
Corrosion Tests. Raman spectroscopy analysis of the distinct
areas of welded CS surfaces (CS-BM, CS-HAZ, CS-WM)
exposed to sour conditions revealed distinct corrosion product
compositions in uninhibited samples. The corroded CS-BM
and CS-HAZ primarily contained hematite (a-Fe,O;, 410.0
cm_l),40 lepidocrocite (y-FeOOH, 527.6 ecm™)* magnetite
(Fe;0, 6353 cm™),* and maghemite (y-Fe,0; 687.0
em™').*' Conversely, corroded CS-WM showed hematite (a-
Fe,0;, 290.9 cm™!),* Goethite (a-FeOOH, 328.0 cm™!),*"*
and magnetite, maghemite, and lepidocrocite (Figure 9a).
These phases likely originated from aggressive sour electrolyte
exposure, with compositional heterogeneity in the weld metal
region promoting additional corrosion products.

The introduction of the CRW11 inhibitor led to significant
changes in the Raman spectra of inhibited samples across
different regions of welded CS samples. CS-BM-CRW11, CS-
WM-CRW11, and CS-HAZ-CRW11 each exhibited unique
sets of low-intensity peaks, indicating region-specific inter-
actions between the inhibitor and the CS surfaces (Figure 9b).
These spectra variations are attributed to differences in local
microstructure and elemental composition among the CS-BM,
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Figure 9. Raman spectra of corroded CS-BM, CS-WM and CS-HAZ

after corrosion tests in simulated sour conditions (a) no inhibitor and
(b) with CRW11 inhibitor.

CS-HAZ, and CS-WM regions. The distinct corrosion
products and their varying complexity in these three regions
contribute to the observed differences in corrosion behavior, as

reported previously.** A comprehensive summary of Raman
shifts for all conditions is provided in Table SS.

3.2. Morphology and Elemental Compositions. The
elemental compositions of the CS-BM, CS-WM, and CS-HAZ
were analyzed using EDX for surface analysis and XRF for bulk
analysis. The CS-BM primarily consisted of Fe (91.9 wt %)
with minor alloying elements (Table 1). The CS-WM showed
slightly lower Fe (89.9 wt %) and Cr (0.2 wt %) contents but
higher C and Mn levels, along with the addition of Ni (1.00 wt
%) and Zn (1.4 wt %). The CS-HAZ exhibited an intermediate
composition. The inclusion of Ni and Zn in the CS-WM was
intended to enhance corrosion resistance in sour oil and gas
environments, but its effectiveness depends on optimal
concentration levels.*

XRF analysis revealed the bulk elemental compositions of
different regions in welded CS samples. Pristine BM and HAZ
showed nearly identical compositions, predominantly consist-
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Figure 10. (a, b) SEM micrographs, elemental mapping of (c) C, (d) Fe, (e) O, (f) Na, (g) Cl, and (h) S, and (i) EDX spectra of CS-BM in

simulated sour conditions after corrosion tests.
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Figure 11. (a, b) SEM micrographs, elemental mapping of (c) C, (d) Fe, (e) O, (f) Na, (g) Cl, and (h) S, and (i) EDX spectra of CS-WM in

simulated sour conditions after corrosion tests.

ing of Fe (~97.8 wt %) with trace amounts of Al, Si, Ca, Cr,
Mn, Nb, and Mo (Table 1). In contrast, pristine WM exhibited
a distinct compositional profile, with Fe (~97.6 wt %) and
varying amounts of Al, Si, Cr, Mn, and Mo, as well as unique
elements like Sc, Ni, and P. Notably, Ca and Nb were present
in BM and HAZ but absent in WM, while Sc, Ni, and P were
exclusive to WM. These compositional differences provide
insight into the potential variations in behavior during
corrosion testing across the welded sample regions. Notably,
for the best bulk compositional evaluation, XRF analysis needs
a wide exposed area; however, the corroded CS coupons did
not have enough surface area for this method. Thus, following
corrosion testing, EDX was used to determine the surface
elemental compositions of the welded CS coupons.

After corrosion tests, SEM analysis revealed significant
surface degradation and corrosion product formation on the
CS-BM, CS-WM, and CS-HAZ regions of welded CS
samples.*”*” The original ferritic-pearlite microstructures
were largely obscured by corrosion products. The SEM images
of CS-BM showed a uniform attack (i.e., no localized corrosive
forces), a roughened texture with a matte, granular appearance,
no substantial fracture iron sulfide-rich corrosion result, and
little protective scale (Figures 10a,b). The SEM images
demonstrated that CS-WM and CS-HAZ have loosely
adherent rough surfaces with porous and thick iron sulfide
layers in addition to localized corrosion with shallow pits and
globular product (Figures 11a,b and 12ab). EDX mapping
showed Fe as the predominant element, with varying
distributions of O, S, C, and CI elements across the samples
(Figures 10c—h, 1lc—h, and 12c—h). Quantitative and

qualitative analysis indicated a reduction in Fe content and
the presence of corrosion-related elements (Cl, S, O) on all
surfaces (Figures 10i, 11i, 12i, and Table S6), suggestin%
accelerated corrosion in the sour electrolyte environment.”
CS-WM exhibited the highest adherence to corrosion
products, evidenced by increased C, O, and CI concentrations,
followed by CS-HAZ and CS-BM. However, the least Fe
content (56.6 wt %) of CS-HAZ proves its highest
vulnerability to corrosion in the sour conditions, relative to
CS-WM (623 wt %) and CS-BM (83.5 wt %). This
observation corroborates the findings from the corrosion
studies from EIS and LPR.

The addition of the CRWI11 inhibitor resulted in mild
surface degradation and corrosion product formation across all
regions, as proved by SEM micrographs (Figures SSa,b, S6a,b,
and S7a,b). EDX mapping showed Fe as the predominant
element, uniformly interposed with other elements (Figures
SSc—1, S6¢c—1, and S7c—1). The inhibitor appeared to interact
with the CS samples, reducing the formation of corrosion
products in the sour electrolyte environment. This result was
evidenced by increased C and Fe contents, particularly in the
CS-HAZ-CRW11, and elevated Na levels (Figures SSm, S6m,
S7m, and Table S6). The CRWI1 inhibitor effectively
mitigated corrosion rates and reduced the formation of
corrosion products (Cl, S, and O). This observation is
consistent with previous reports.31’48

SEM analysis revealed significant corrosion and surface
degradation on welded CS samples with FeS deposits (Figures
S8a,b, S9a,b, and S10a,b). EDX mapping showed elemental
distribution, with Fe being the primary element, along with
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Figure 12. (a, b) SEM micrographs, elemental mapping of (c) C, (d) Fe, (e) O, (f) Na, (g) Cl, and (h) S, and (i) EDX spectra of CS-HAZ in

simulated sour conditions after corrosion tests.

traces of Mn, Si, Al, Ca, and Cr (Figures S8c—k, S9c—k, and
S10c—1). O- and S-based corrosion products were prevalent
across all specimens. Notably, pitting was observed in the CS-
WM-FeS and CS-HAZ-FeS. C and C showed varied
distribution patterns, with Cl uniformly spread on CS-BM-
FeS and CS-WM-FeS samples but concentrated on one side of
the CS-HAZ-FeS. The qualitative and quantitative EDX
analysis revealed elevated Fe content in samples with deposits
compared to those without, indicating FeS deposition. All
surfaces showed significant presence of Cl, S, and O, suggesting
accelerated corrosion in the sour electrolyte environment
(Figures S8l, S91, S10m, and Table S7). CS-HAZ-FeS has
predominantly increased C, S, and Cl distribution and
concentration, which may be traced to the predominant
reactions at the HAZ regions with FeS deposit. Meanwhile, the
main corrosion products present in CS-WM-FeS were C, S, O,
and Cl, while CS-BM-FeS has high amounts of O and Na.

Thus, the FeS deposit allows a larger amount of O and Na
presence in CS-BM-FeS, making it more susceptible to rapid
corrosion compared to CS-WM-FeS and CS-HAZ-FeS.

The addition of the CRW11 inhibitor results in moderate
surface degradation and corrosion product formation across all
three regions of the welded CS samples with FeS deposits.”’
SEM images reveal these effects (Figures S11ab, S12a,b, and
S13a,b), while EDX mapping shows the spatial distribution of
elements on the surfaces (Figures S11c—j, S12c—], and S13c—
k). Fe is identified as the predominant element, uniformly
interspersed with Mn, Si, Mo, Cr, and Ca. The results reveal
that CRW11 effectively reduces the formation of O- and S-
based corrosion products. Elemental mapping and quantitative
EDX analysis show distinct compositions for CS-BM-FeS-
CRW11, CS-WM-FeS-CRW11, and CS-HAZ-FeS-CRWI11
samples (Figures S11k, S12m, S13l, and Table S6). Notably,
Cl was absent in CS-BM-FeS-CRWI11 and CS-HAZ-FeS-
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Figure 13. OM images of (a) CS-BM-FeS, (b) CS-BM-FeS-CRW11, (c) CS-WM-FeS, (d) CS-WM-FeS-CRW11, (e) CS-HAZ-FeS, (f) CS-HAZ-

FeS-CRW11.

CRWI11 samples but present in CS-WM-FeS-CRW11. The
elevated levels of C, O, and Fe, particularly in the CS-WM-
FeS-CRW11, indicate a strong interaction between the welded
CS samples and the CRW11 inhibitor. This interaction appears
to reduce the formation of corrosion products in a sour
electrolyte environment, mitigating overall corrosion rates
through inhibitory action on corrosion product formation
mechanisms.

SEM analysis of welded CS samples with FeS, deposits
revealed severe surface degradation and corrosion product
accumulation across CS-BM-FeS,, CS-WM-FeS,, and CS-
HAZ-FeS, regions (Figures S14a,b, S15ab, and S16a,b). EDX
mapping identified Fe as the dominant element (56.00—68.20
wt %), uniformly distributed with Mn, Si, and Cr (Figures
Sl4c—k, S15c—k, and S16¢c—k), while concentrated O/S
species clusters and variable Cl,C, and O distributions
indicated localized corrosion mechanisms.”® CS-WM-FeS,
exhibited elevated O (25.57—39.27 wt %) and S (0.60—1.07
wt %) concentrations (Figures S141, S151, S16], and Table S8),
accompanied by S and O dominated corrosion products,
whereas CS-HAZ-FeS, showed pronounced Cl accumula-
tion.>" These patterns, coupled with increased Fe content and
S§—O—ClI synergy compared to nondeposited samples,
demonstrate accelerated corrosion in sour environments,
with CS-WM-FeS, and CS-HAZ-FeS, exhibiting more
adherence of corrosion products due to microstructural
heterogeneities.”

The incorporation of the CRW11 corrosion inhibitor caused
moderate surface deterioration and uniform deposition of
corrosion products on FeS,-laden welded CS substrates across
the CS-BM-FeS,-CRW11, CS-WM-FeS,-CRW11, and CS-
HAZ-FeS,-CRW11, as shown by SEM analysis (Figures
S17a,b, S18a, and S19a,b). EDX spectroscopy confirmed Fe
as the primary element (71.93—77.63 wt %) with dispersed
Mn, Si, and Cr, while O, S, and Cl distributions indicated
reduced inhibitor effectiveness due to FeS, deposits (Figures
S17c—1, S18b—k, and S19c—1). However, CRWI11 limited
subsurface propagation of corrosive species. Quantitative
analysis revealed distinct elemental variations: CS-BM-FeS,-
CRW11 had higher S (3.13 wt %) and C (3.14 wt %); CS-
WM-FeS,-CRW11 showed elevated Na (1.24 wt %) and Cl

(0.43 wt %); and CS-HAZ-FeS,-CRW11 retained the highest
Fe content (77.63 wt %) with minimal S (0.26 wt %) and Cl
(0.02 wt %) (Figures S17m, S18l, S19m, and Table S8).
Elevated concentrations of Fe and O in CS-HAZ-FeS,-CRW11
samples indicate strong interfacial interactions between
CRWI11 and the CS matrix, which correspond to reduced ClI
(0.02—0.43 wt %) and S (0.26—3.13 wt %) accumulation
compared to uninhibited controls. This implies that CRW11
influences corrosive anion adsorption kinetics in sour media,
stabilizing the iron oxide layer and mitigating corrosion by
suppressing FeS,-mediated oxidation pathways.

3.3. Microstructures of Welded Carbon Steel. The
microstructural evaluation of welded CS coupons revealed
distinct phase distributions across the pristine BM, pristine
WM, and pristine HAZ. Optical microscopy (OM) showed the
BM with a ferrite-pearlite matrix and elongated grain
boundaries, marked in red color (Figure S20a), indicative of
partial recrystallization during thermo-mechanical processing.
Also, various construction angles (0—90°) and the waveform
interface posed significant effects on the microstructure and
mechanical properties of X65 welded CS.> The WM exhibited
a O-ferrite-dominated microstructure with cellular/columnar
dendritic structures, besides martensite-austenite (M-A)
constituents and intragranular acicular ferrite, with intercon-
nected grain boundaries (marked in red color) and no pearlite
or microcracks (Figure S20b). In contrast, the HAZ displayed
bainitic transformation products, sparse M-A phases, and fine-
grained ferritic regions, without pearlite or stress-induced
cracking (Figure S20c). These variations arise from localized
thermal gradients and diffusional kinetics during welding,
promoting metastable microconstituents over equilibrium
phases.”® The WM’s martensitic phase is particularly
vulnerable to corrosion under sour conditions because of its
high hardness, high internal stresses, and high density of lattice
cracks.” Likewise, the presence of granular bainite in the HAZ
results in decreased corrosion resistance due to its coarse
microstructure with large grain boundaries (marked in red
color in Figure S20c) and inadequate passivation proper-
ties.”™” These features could be caused by the welding heat
input at the HAZ, which could increase its corrosion rates and
make it the most vulnerable area. In contrast to the WM and
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Figure 14. (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)
without/with deposits (FeS and FeS,) for 1D-artificial pit growth and propagation in simulated sour conditions.

HAZ, the BM with a ferrite-pearlite matrix exhibits better
corrosion resistance because of its more refined microstructure
and improved capacity to build passive protective layers.*®
The microstructural analysis of corroded welded CS samples
revealed significant corrosion-induced changes, without
deposits and with the absence/presence of the CRWI11
inhibitor. OM showed grain boundary attack and corrosion
product formation, including O, S, C, and Cl. In the corroded
CS-BM (Figure S20d), grain boundary attack was masked by
corrosion product deposition,”® while the corroded CS-WM
(Figure S20f) and corroded CS-HAZ (Figure S21h)
experienced severe grain boundary attack, leading to structural
deformation. This is indicative of preferential weldment
corrosion due to the severity of the corrosive assault on the
microstructural integrity and composition of these regions.>”
The CS-HAZ was particularly vulnerable due to its fine-grain
structure with a high grain boundary area.”® However,
applying the CRWI1 inhibitor significantly reduced grain
boundary attack and corrosion product deposition by forming

23644

a protective hydrophobic barrier and scavenging 0xygen.34’60

This preserved the original microstructural features across all
regions (CS-BM-CRW11, CS-WM-CRWI11, and CS-HAZ-
CRW11, Figures S20e,gi). The results demonstrate the
inhibitor’s effectiveness in maintaining microstructural integ-
rity under corrosive conditions.

The deposition of FeS on welded CS coupons, i.e,, CS-BM-
FeS, CS-WM-FeS, and CS-HAZ-FeS, induces microstructural
changes that drive corrosion variability. In CS-BM-Fe$S (Figure
13a), there was grain boundary disruption that promotes
boundary failure,’" while in CS-WM-FeS and CS-HAZ-FeS
(Figure 13c,e), there are precipitates of FeS along grain
boundaries increasing ferrite contact area and weakening
boundary cohesion.”” Localized pitting arises from electro-
chemical potential differences between unstrained ferrite and
grain boundary defects,”® with CS-WM-FeS showing the
highest corrosion susceptibility due to intensified galvanic
activity. The addition of the CRWI1 inhibitor mitigates
corrosion by forming a protective interfacial film at FeS-CS
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boundaries (Figure 13b,d,f), suppressing anodic/cathodic
currents and raising activation energy barriers to slow
degradation.®*

The presence of FeS, deposit in three distinct regions of
welded samples, ie, CS-BM-FeS,, CS-WM-FeS,, and CS-
HAZ-FeS,, causes significant microstructural changes, leading
to heterogeneous corrosion rates.”® In CS-BM-FeS, (Figure
S21a), FeS, deposit alters grain boundary morphology, causing
grain boundary failure. In CS-WM-FeS, (Figure 21c) and CS-
HAZ-FeS, (Figure 21e), FeS, deposit precipitates accumulate
at grain boundaries, increasing interfacial contact with ferrite
grains and compromising boundary integrity. This promotes
localized corrosion due to electrochemical potential differences
between the ferrite matrix and defects or secondary phases,
with CS-WM-FeS and CS-WM-FeS, showing the highest
microstructural deformation due to intergranular oxidation and
high-energy grain boundaries. A similar observation had
previously been reported.**® The addition of the CRWI11
inhibitor to the sour electrolyte forms a protective film at the
FeS,—CS interface (Figures 21b,d,f). This reduces anodic and
cathodic current densities, increasing energy activation for
corrosion, and slowing overall corrosion kinetics. Hence, the
FeS and FeS, increase the CRs of the welded CS sample
regions in the simulated sour conditions.

3.4. 1D Artificial Pit Technique. The kinetics of pitting
corrosion in welded CS wires were studied using the 1D
artificial pit technique, enabling controlled analysis of pit
growth. Electrodes (1 mm diameter) were fabricated and
tested at three welded regions, without/with deposits (FeS and
FeS,), under simulated sour conditions. Potentiostatic at +500
mV vs. Ag/AgCl for 1 h revealed consistent pit growth across
all regions, even with conductive deposits (Figures 14a—c).
Identical experimental conditions highlighted no significant
differences in pit initiation and growth among the regions,
suggesting uniform susceptibility to pitting corrosion.

The pitting corrosion behavior of 1D welded CS wires
without/with deposits (FeS and FeS,) was examined using
OCP and EIS. OCP results showed slight variations in the
pitting corrosion potential of the CS-BM, with FeS, making it
most anodic, then FeS (Figure 14d). For the CS-WM (Figure
14e), more positive anodic OCP values were observed,
indicating it as the most anodic region without/with the
conductive deposits in sour conditions. CS-HAZ (Figure 14f)
exhibited anodic behavior similar to the CS-BM, with FeS,
inducing the highest anodicity on CS-BM. Overall, the CS-
WM displayed more oxidation tendencies (i.e., anodic), while
the CS-BM and CS-HAZ were cathodic (Figure S22a).
However, the potential differences across regions were below
150 mV, insufficient to cause severe galvanic coupling in sour
electrolytes.

Pitting resistance (Rpit) was determined using EIS, with
Nyquist plots displaying deformed or well-defined semicircular
arcs for CS-BM, CS-WM, and CS-HAZ in sour electrolyte,
both without/with FeS and FeS, deposits (Figures 14g—i). EIS
parameters were analyzed using Voigt EEC models (Figures
14j,k). For the CS-BM, R, decreased in the order CS-BM >
CS-BM-FeS > CS-BM-FeS,, correlating to increasing pit
current densities (ipit, CS-BM < CS-BM-FeS < CS-BM-FeS,)
and pit propagation rates. FeS, deposits caused the highest pit
propagation rate: CS-BM-FeS, (1.19 mmpy), CS-WM-FeS,
(0.97 mmpy) and CS-HAZ-FeS, (0.65 mmpy) (Figure S21b).
Using Faraday’s second law, pit depths (d,;) were calculated
from three different experiments, yielding average values of

29.7 + 0.6 um, 59.3 + 1.8 um, 66.7 + 2.0 um for CS-BM, CS-
BM-FeS and CS-BM-FeS,, respectively (Figure S22c). In the
CS-WM, the R;; was in the trend of CS-WM > CS-WM-FeS >
CS-WM-FeS,, with CS-WM-FeS, showing the highest pit
propagation rate and d;. In the CS-HAZ, the R sequence
differed: CS-HAZ > CS-HAZ-FeS > CS-HAZ-FeS,, where CS-
HAZ-FeS, exhibited the highest pit propagation rate and d;.
These findings suggest that deposits influence pitting differ-
ently in various regions with specific combinations, and FeS,
produces the deepest pits in their respective welding zones. A
detailed summary of electrochemical pit growth, propagation,
and calculated pit depth is provided in Table S9.

Pitting corrosion was quantitatively analyzed using optical
microscopy (OM) on 1D artificial pits, with results aligning
closely with calculated d,. Initial examination of polished
welded CS wires revealed no visible pitting in the BM, WM,
and HAZ (Figures S23a—c). Following exposure to simulated
sour conditions, OM profiling was used to assess pitting
parameters on welded CS wires, without/with FeS and FeS,
deposits. Micrographs showed distinct pit propagation in CS-
BM, CS-WM, and CS-HAZ regions under these conditions.
Quantitative analysis of these images provided detailed data on
pitting behavior, detailed in Table 2.

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

actual d,, pit area pit density

samples (um) aspect ratio (mm? (mm™2)
Base Metal
CS-BM 349 £ 79 3.0+ 0.8 0.008 123.0
CS-BM-FeS 714 + 11.8 1.5 +£02 0.009 114.0
CS-BM-FeS, 69.0 + 11.7 1.6 + 03 0.009 112.4
Welding Metal
CS-WM 40.8 + 4.2 2.6 +03 0.009 116.7
CS-WM-FeS 43.6 + 11.1 2.5 +0.7 0.009 117.7
CS-WM-FeS, 46.0 + 3.6 2.1 +0.1 0.008 133.0
Heat Affected Zone
CS-HAZ 232 + 0.7 4.5 + 04 0.008 119.8
CS-HAZ-FeS 342 + 2.5 23+ 0.5 0.00S 198.4
CS-HAZ-FeS, 231+ 7.5 2.1 + 04 0.002 568.0

For CS-BM and its deposit variants (Figure $24), d, varied
from 34.9 + 7.9 to 71.4 + 11.8 um, with aspect ratios of 1.5 &
0.2 to 3.0 + 0.8, pit areas ranging from 0.008 to 0.009 mm?,
and pit densities between 112.4 and 123.0 mm™> (Figures
$22d—f and Table 2). Among these, CS-BM-FeS had the
greatest pit depth and density, while CS-BM exhibited the
highest aspect ratio and pit density.

For CS-WM and its deposit variants (Figure 15), dy; ranged
from 40.8 + 4.2 to 48.7 & 7.74 um, with aspect ratios between
1.9 + 0.5 and 2.6 + 0.3, pit areas spanning 0.006 to 0.009
mm? and pit densities from 113.2 to 176.6 mm™> (Figures
$22d—f and Table 2). Among these, CS-WM-FeS, displayed
the greatest pit depth and area, CS-WM-FeS, had the highest
pit density, and CS-WM exhibited the largest aspect ratio and
pit area.

For CS-HAZ and its deposit variants (Figure S25), dyie
ranged from 23.1 + 7.5 to 44.5 &+ 2.3 pm, with aspect ratios
between 2.1 + 0.4 and 4.5 + 0.4, pit areas spanning 0.002 to
0.008 mm? and pit densities from 119.8 to 5$68.0 mm™>
(Figures S22d—f and Table 2). Among the variants, CS-
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Figure 15. Optical microscope images of (a—c) CS-WM (d—f) CS-WM-FeS, and (g—i) CS-WM-FeS, after 1D-artificial pit tests in sour conditions.

HAZ-FeS had the greatest pit depth, CS-HAZ exhibited the
highest aspect ratio and pit area, and CS-HAZ-FeS, showed
the highest pit density, highlighting distinct pitting corrosion
behaviors influenced by deposit type and morphology
distribution across welded CS regions. Notably, small to
irregular pits occur around the sulfide inclusions with FeS and
FeS, deposits, and as time passes, the pit’s area and perimeter
grow. In these changing pits, the current density rises in
response to the kinetics of pit cover rupture and dissolving
brought on by the FeS and FeS, deposits. As a result, the FeS
and FeS, cause dynamic pit growth and chemical effects on the
welded CS.

3.5. Applicability of Machine Learning Algorithms.
This study utilized ML frameworks to predict localized
corrosion behavior in welded CS under simulated sour
conditions, incorporating diverse experimental parameters.
These include welded regions (CS-BM, CS-WM, and CS-
HAZ), conductive deposits (FeS and FeS,), corrosion
inhibitor (CRW11) presence, and sour conditions. A data set
of 144 points was compiled from LPR and EIS measurements,
addressing limitations of prior studies that relied on single
techniques.””®” Categorical variables like weld regions, deposit
types, and inhibitor status were encoded via one-hot vectors,

with IE as the target output. The data was split into training
(80%) and testing (20%) subsets, ensuring proportional
representation of electrochemical methods. Seven regression
algorithms (i.e., LR, SVR, KNN, RF, DT, GB, and XGBoost)
were evaluated using R?,, RMSE, and MAE metrics. This
approach represents a significant advancement by integrating
multimodal data for enhanced corrosion prediction.*®

The cumulative correlation matrix of welded CS samples
across three regions, i.e., CS-BM, CS-WM, and CS-HAZ, was
analyzed under sour conditions with and without the CRW11
inhibitor (Figure 16a). ML algorithms were applied to the
input data, and their performance was evaluated by comparing
actual versus predicted values (Figure 16b). Validation tests
demonstrated that RF and DT regressors achieved high R*
(0.99) values with no RMSE/MAE (Figure 16c), confirming
their suitability for predicting the behavior of welded CS
samples without deposit under these conditions. A detailed
summary of model performance metrics is provided in Table 3.

The correlation matrix of welded CS samples with FeS
deposits (CS-BM-FeS, CS-WM-FeS, and CS-HAZ-FeS) was
analyzed under sour conditions, with and without the CRW11
inhibitor (Figure 16d), to integrate the input data into ML
algorithms. RF and DT regressors demonstrated superior
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Figure 16. Correlation matrix of entire data set, comparison of actual vs predicted IE using LR DT, RF, GB, and XGB regressors, and models
performance metrics for testing data sets of (a—c) welded CS and (d—f) welded CS + FeS 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 (FeS or FeS,) in

the Presence of CRW11 Inhibitor in Sour Conditions

Test data metrics (no deposit)

Test data metrics (with FeS deposit)

Test data metrics (with FeS, deposit)

ML models R? RMSE MAE R?
LR 0.98 33 2.8 0.99
RF 0.99 0.2 0.1 0.99
GB 0.99 1.0 1.0 0.99
DT 0.99 0.7 0.5 0.99
XGBoost 0.99 0.8 0.7 0.99

RMSE MAE R? RMSE MAE
2.8 2.1 0.99 3.8 2.8
0.2 0.1 0.99 1.0 1.0
1.0 1.0 0.99 1.3 1.6
0.1 0.1 0.99 1.0 1.0
1.0 1.0 0.99 0.1 0.1

predictive performance, achieving high R* (0.99) and
insignificant RMSE/MAE during validation. Figure 16e
highlights the comparison of actual versus predicted values
for top-performing models, while Figure 16f confirms their
accuracy through testing the behavior of welded CS coupons
with FeS deposits under varying conditions (Table 3).

The correlation matrix of welded CS samples with FeS,
deposits (CS-BM-FeS,, CS-WM-FeS,, and CS-HAZ-FeS,) was
analyzed under sour conditions, without/with the CRW11
inhibitor, to integrate data into ML algorithms (Figure S26a—
c). The resulting data compared actual and predicted values for
top-performing models, revealing that XGBoost and RF
models achieved near perfect R* (0.99) value and least
RMSE/MAE values (Table 3), demonstrating excellent
predictive capabilities for the behavior of welded CS coupons
with FeS, deposit under sour conditions. These findings
quantitatively support algorithm selection for predicting

23647

corrosion behavior in such samples, with model performance
metrics.

Feature importance analysis revealed electrochemical
parameters, specifically R, from EIS and i, from LPR were
the most influential predictors of IE Additionally, categorical
variables like deposit type (FeS or FeS,) and welded CS
regions (CS-BM, CS-WM, CS-HAZ) contributed significantly
to model outputs, aligning with experimental trends in
corrosion susceptibility. These relationships are also visually
evident in the correlation plots (Figures 16a,d and S26a),
where strong associations between these input features and IE
can be observed across different sample conditions. This visual
correlation supports the relevance of these features in the
predictive modeling framework. Moreover, inhibition power
(IP) was evaluated as an additional target variable alongside IE.
We found that model performance in predicting IP was similar
to that of IE, owing to their high correlation across the data set.
This justifies our focus on IE on the main ML results, while
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still supporting the broader applicability of the models. This
comparison reinforces our conclusion that RF and XGBoost
models are most suitable for accurately predicting both IE and
IP under the sour conditions

4. CONCLUSIONS

This work addresses the interaction of microstructure,
elemental compositions, and mitigation measures of X65
welded CS pipes in sour environments to provide a thorough
understanding of PWC and pitting corrosion. The key findings
are highlighted as follows:

e Corrosion mechanisms and hierarchies, where CRs
increased in the sequence of CS-BM (0.34—0.42
mmpy) < CS-WM (0.38—0.73 mmpy) < CS-HAZ
(0.48—1.75 mmpy), are among the important findings of
the inquiry that are demonstrated by electrochemical
analyses (EIS and LPR). Deposition of conductive FeS
or FeS, deposits increased localized acidity and potential
variations between weldment locations, further aggravat-
ing this hierarchy.

e The welding sections’ (i.e., CS-WM and CS-HAZ)
vulnerability to localized attack was highlighted by the
notable microstructural and elemental compositional
alterations that were seen both before and after
corrosion tests, evidenced by SEM, microstructures,
and EDX.

e With IE (>80%), the amine-based CRWI1 inhibitor
showed remarkable efficacy in lowering CRs below the
crucial 0.1 mmpy threshold. This was accomplished by
scavenging oxygen and forming protective layers, which
reduced microgalvanic interactions.

e Raman spectroscopy was used to identify important
corrosion products, such as a-Fe,O; y-FeOOH, and
Fe;0,. Also, the studies of artificial pits showed the
kinetics of pit propagation, especially under FeS-induced
heterogeneity, with CS-BM-FeS having the highest pit
depth (714 + 11.8 um), but increased pit density
(568.0 mm?*) recorded in CS-HAZ-FeS,. This implies
the impact of various conductive deposits on the pitting
of regions of welded CS.

e Combining ML techniques showed that utilizing
electrochemical data, environmental factors, and optimal
CRWI11 inhibitor dosages, the DT, RF, and XGBoost
were the most viable ML models for this study with R*
(99%). However, the least values of RMSE/MAE (0.2/
0.2) of the RF model for welded CS without/with FeS
deposit, while XGBoost performed best for welded CS,
with FeS, deposit having the lowest RMSE/MAE (0.1/
0.1). Hence, RF and XGBoost are appropriate to
accurately predict the IE for welded CS without/with
FeS and those with FeS,, respectively.

This study enables a practical framework for managing PWC
and pitting in welded CS pipelines under sour conditions as
established by these findings. Although robust cross-validation
and testing were employed, external validation on independent
data sets would further establish model generalizability and is
proposed for future work. In oil and gas systems, this paradigm
makes it possible to choose materials more effectively, apply
inhibitors more effectively, and control pipeline integrity
better. All things considered, this study gives useful
information for reducing the impact of PWC on vital oil and

gas infrastructures while also advancing our understanding of
PWC and pitting of welded CS in sour conditions.
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